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A New Problem with Cross-Species Amplification of Microsatellites:
Generation of Non-Homologous Products
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Abstract: Microsatellites have been widely used in studies on population genetics, ecology and evolutionary biology.
However, microsatellites are not always available for the species to be studied and their isolation could be
time-consuming. In order to save time and effort researchers often rely on cross-species amplification. We revealed a new
problem of microsatellite cross-species amplification in addition to size homoplasy by analyzing the sequences of
electromorphs from seven catfish species belonging to three different families (Clariidae, Heteropneustidae and
Pimelodidae). A total of 50 different electromorphs were amplified from the seven catfish species by using primers for 4
microsatellite loci isolated from the species Clarias batrachus. Two hundred and forty PCR-products representing all 50
electromorphs were sequenced and analyzed. Primers for two loci amplified specific products from orthologous loci in all
species tested, whereas primers for the other two loci produced specific and polymorphic bands from some
non-orthologous loci, even in closely related non-source species. Size homoplasy within the source species was not
obvious, whereas extensive size homoplasy across species were detected at three loci, but not at the fourth one. These data
suggest that amplification of products from non-orthologous loci and appearance of size homoplasy by cross-amplification
are locus dependent, and do not reflect phylogenetic relationship. Amplification of non-orthologous loci and appearance
of size homoplasy will lead to obvious complications in phylogenetic interference, population genetic and evolutionary
studies. Therefore, we propose that sequence analysis of cross-amplification products should be conducted prior to
application of cross-species amplification of microsatellites.
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Microsatellites are short tandem repeat DNA
sequences with the unit length of 1 to 6 base pairs
(Weber & May, 1989). Because they are highly
polymorphic, co-dominant in nature, easy to score by
PCR and rather abundant in most organisms studied, they
have been widely used for the study of linkage mapping,
comparative mapping, demographic structure and
phylogenetic history in populations (Goldstein &
Schlotterer, 1999; Zhang et al, 2001). However,
microsatellites are not always available for the species to
be studied and their isolation could be time-consuming
(Lin et al, 2008; Wang et al, 2008). In order to save time
and effort researchers often rely on cross-species
amplification (Chang et al, 2008; Kiipper et al, 2008;
Kayser et al, 1996; Kijas et al, 1995; Lin et al, 2008).
This procedure uses PCR primers complementary to the
flanking regions of loci from a extensively studied
(source) species to amplify microsatellites from closely
(Harr et al, 1998) or sometimes quite distantly related
species (Gonzalez-Martinez et al, 2004) for which no
such markers are described. One problem related to
cross-species amplification is size homoplasy
(Anmarkrud et al, 2008; Estoup et al, 1995). PCR
products of microsatellite loci with the same fragment
length, but different sequence can arise from mutational
events (deletion or insertion) in the flanking regions of
the repeats or by interruptions in a perfect repeat
producing alleles of the same size, which however are
not identical by decent. Microsatellite size homoplasy
has been reported in a number of papers (Hempel &
Peakall, 2003; Makova et al, 2000; van Oppen et al, 2000)
and was thought be a major problem of cross-amplific-
ation. It seems that size homoplasy increases with time
divergence among populations and taxa (Estoup et al,
1995). However, a current study showed that homoplasy
at microsatellite electromorphs did not represent a
significant problem for many types of population
genetics analyses performed by molecular ecologists, as
the extensive variability at microsatellite loci often
compensated for their homoplasious evolution (Estoup et
al, 2002).

In this paper, we describe a new problem of
applying microsatellites for several different taxa.
Cross-species amplification of microsatellites generated
polymorphic products from non-orthologous loci, which
were revealed by sequence analysis of 240 clones
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representing all 50 electromorphs from four loci in seven
species (Clarias batrachus, C. fuscus, C. gariepinus, C.
Heterobranchus longfilis,
pneustes fossilis and Phractocephalus hemioliopterus).

1 Materials and Methods

macrocephalus, Hetero-

1.1 Species and phylogenetic analyses

Seven species of catfish were used in this study,
namely: Clarias batrachus (abbreviation: Cba; the
source species), C. fuscus (Cfu), C. gariepinus (Cga), C.
macrocephalus (Cma), Heterobranchus longfilis (Hlo),
Heteropneustes  fossilis (Hfo),
hemioliopterus (Phe).
taxonomical system, five of the species studied were

and Phractocephalus
According to the current
from the Clariidae family, one (Heteropneustes fossilis)
from the Heteropneustidae family, which is closely
related to Clariidae and the last (P. hemioliopterus) from
the more distant Pimelodidae family. In order to
determine the exact evolutionary relationship among the
seven catfish species, phylogenetic analyses were
conducted on the basis of the partial sequences of cytb
genes from their mitochondrial genome. The sequences
of six species C. batrachus [AF235932], C. fuscus
[AF416885], C.  gariepinus  [AF126823], C.
macrocephalus [AJ548464], Heterobranchus longfilis
[AY995125], and Heteropneustes fossilis [AF126828]
were downloaded from Genbank, whereas the one of P,
hemioliopterus was amplified with PCR and sequenced
as described (Agnese & Teugels, 2005). The sequence of
the cytb gene of the Asian arowana (Scleropages
formosus; DQO023143) was used as an outgroup. All
seven sequences were aligned using Clustal X
(Thompson et al, 1997), and a NJ tree was reconstructed
using the Kimura-2 parameter model of nucleotide using
MEGA 3.0 (Kumar et al, 2001). The partial sequence of
the cytb gene of P. hemioliopterus was deposited in
GenBank under the accession number DQ200272.
1.2 Sequencing of electromorphs generated by
cross-species amplification

All 50 electromorphs (Tabs. 1—4) generated in an
earlier study (Yue et al, 2003) from four microsatellites
(Cba0l, Cba03, Cba06 and Cba20) from each of the
seven species were used for cloning and sequencing.
PCR products (25 pL) were cleaned using a
glassmilk-based optimized procedure described earlier

(Yue et al, 2007; Yue & Orban, 2001) prior to ligation of
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the fragments in to the pGEM-T-Easy vector (Promega)
and subsequent transformation into XL-10 gold
ultracompetent cells (Stratagene). Colonies were
subjected to white/blue selection, and the insert of
selected white clones was amplified by colony PCR as
described (Yue et al, 2000). Un-incorporated PCR
primers were removed by treating 5 pL PCR product for
each clone with 0.5 unit shrimp alkalic phosphatase
(SAP; USB) and 0.2 unit Exonuclease I (Exol; USB) in
1x SAP buffer at 37°C for 30 min, followed by a

treatment at 80°C for 15 min to inactivate the enzymes.
One pL treated PCR product was directly used as
template for sequencing from both directions using a
BigDye kit (Applied Biosystems) and either M13
forward or M13 reverse primer in a PTC-100 PCR
machine (MJ Research). Electrophoretic separation of
the sequencing products was performed by using an
ABI3730xl sequencer (Applied Biosystems). In order to
exclude the possibility of cloning artifacts, for each
electromorph from each species, multiple clones (at least

Tab.1 Electromorphs amplified by the primer pair designed for Cba01 in seven catfish species

Electromorph (bp)  Species (occurence)

GenBank No. (species)

199 Hfo (12)°
241 Cba (1), Cma (1)
243 Cha (2)
245 Cba (2)
247 Cha (3), Cma (1)
249 Cba (2), Cma (2
251 Cma (2), Hlo (7)
253 Cba (2), Cma (1)
255 Cfit (4)
259 Hio (3)
261 Hio (1), Phe (6)
263 Cma (1)

Cfu (10), Cma (1),
265

Hio (1)
267 Cma (2), Phe (6)
269 Cfu (2)
271 Cfu (7), Cma (1)
277 Cfu (1)
311 Hfo (1)
315 Cga (3)
341 Cga (3)
345 Cga (6)
347 Hfo (4),
349 Hfo (7)

AY196549 (Hfo)

AY238446 (Cba), AY196536 (Cma)
AY196532 (Cba)

AY196533 (Cba)

AY196518 (Cba), AY196520 (Cma)
AY 196534 (Cba), AY196537 (Cma)
AY196538 (Cma), AY196554 (Hlo)
AY196535 (Cba), AY196521 (Cma)
AY196542 (Cfu)

AY196530 (Hlo)

AY196531 (Hlo), AY196523 (Phe)
AY196539 (Cma)

AY196543 (Cfur), AY196540 (Cma),
AY196555 (Hlo)

AY196522 (Cma), AY196547 (Phe)
AY 196544 (Cfu)

AY196519 (Cfu), AY196541 (Cma)
AY196545 (Cfu)

AY196550 (Hfo)

AY 196548 (Cga)

AY196524 (Cga)

AY196525 (Cga)

AY196526 (Hfo)

AY196527 (Hfo)

“This locus appeared to be duplicated in Heteropneustes fossilis, as all individuals contained more

than two loci. The 199 bp electromorph contained a 150 bp deletion in comparison to the largest

allele from the same species (Hf0349).

Tab.2 Electromorphs amplified by the primer pair designed for Cba03 in seven catfish species

Electromorph (bp) Species (occurence)

GenBank No. (species)

Cba (12), Cfir (24),
Cga (12), Hlo (12),

129
Phe (12),),
Hfo (4)
132 Cma (8), Hfo (8)

135 Cma (4)

AY196556 (Cba), AY 196557 (Cfu),
AY196558 (Cga), AY 196563 (Hlo),
AY 196564 (Phe)

AY1965561 (Hfo)

AY196559 (Cma), AY 196562 (Hfo)
AY 196560 (Cma)
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Tab.3 Electromorphs amplified by the primer pair designed for Cba06 in seven catfish species

Electromorph (bp) Species (occurence) GenBank No. (species)

168 Cga (6), Hlo (12), AY196572 (Cga), AY 196574 (Hlo),
172 Cga (6) AY 196573 (Cga)

174 Phe (12) AY196578 (Phe)

199 Hfo (12) AY 196579 (Hfo)

211 Cba (6) AY196567 (Cba)

214 Cba (6) AY 196568 (Cba)

242 Cma (2) AY196569 (Cma)

245 Cfit (24), Cma (5) AY196571 (Cfur), AY 196570 (Cma)
248 Cma (3) AY196580 (Cma)

255 Cma (1) AY196581 (Cma)

258 Cma (1) AY196582 (Cma)

Tab. 4 Electromorphs amplified by the primer pair designed for Cba20 in seven catfish species

Electromorph (bp) Species (occurence) GenBank No. (species)
93 Cha (1) AY'196596 (Cba)
95 Cha (3) AY'196584 (Cba)
99 Cha (1) AY 196597 (Cba)
109 Cfu (1) AY'196586 (Cfu)
111 Cfu (1), Hlo (2) AY 196585 (Cfu), AY 196593 (Hlo)
113 Cba (3), Cma (2) AY'196598 (Cba), AY 196603 (Cma)
117 Cga (2) AY196587 (Cga)
119 Cba (3), Cga (10), Hfo (2),) AY'196599 (Cba), AY 196588 (Cga), AY 196591 (Hfo)
121 Cha (1) AY 196583 (Cba)
13 Cfu (22), Cma (3), AY'196600 (Cfu), AY 196589 (Cma),
Hio (2), Hfo (1) AY 196594 (Hlo), AY 196605 (Hfo)
125 Cma (5), Hlo (2), Hfo (9) AY'196590 (Cma), AY 196601 (Hlo),AY 196592 (Hfo)
129 Cma (2) AY196604(Cma)
143 Hlo (6) AY 196602 (Hlo)

3) were sequenced. Altogether the following number of
: . 2 Results

clones were sequenced for the four microsatellite types:

Cba0l - 107 clones, Cha03 - 20 clones, Cha06 - 50 2.1 Phylogenetic relationship of the seven catfish

clones and Cha20 - 63 clones. Alignment of sequences species

was carried out by using Clustal X (Thompson et al, Based on the partial sequences of the cyrb gene of

1997). the seven species, a NJ tree was constructed (Fig. 1). The

r Clarias gariepinus

Heterobranchus longifilis

96

78 | Clarias batrachus
94 C. fuscns

C. macrocephalus

91

Heteropneustes fossilis

Scleropages formosus

Phractocephalus hemioliopterus

0.02

Fig. 1 Phylogenetic relationship among the seven catfish species

Scale bar (substitution/sites) is shown under the tree, whereas the bootstrap values (>50%) after 1000 replicates are shown on the branches.
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three species Clarias batrachus, C. fuscus and C.
macrocephalus were closely related and clustered into a
group. This group was linked to the group of C.
gariepinus and Heterobranchus longifilis. The remaining
two species: Heteropneustes fossilis and
Phractocephalus hemioliopterus were distantly related to
other five species.
2.2 Sequence analysis of electromorphs amplified by
the ChaOl primer pair

The primer pair designed to the CbaOl locus
amplified polymorphic products in all seven catfish
species tested. Altogether 23 clear bands (eletromorphs)
were detected in the seven species (size range: 199—349
bp), their sequencing analyses uncovered the total of 34
different alleles (Tab. 1). In C. fuscus, C. macrocephalus
and P. hemioliopterus both the repeat and the flanking
regions exhibited high similarity to source sequences
from C. batrachus (Fig. 2A). On the other hand, the
corresponding sequences from C. gariepinus, and
Heteropneustes fossilis species were completely different
from the source sequences (Fig. 2B), but quite similar
among these three species. The length of Heterobranchus
longifilis alleles was similar to those of the source
species, but the flanking region and repeats were entirely

different (Fig. 2C).

The 5' and 3' flanking sequences for each allele were
nearly identical in different individuals of C. batrachus,
C. fuscus, C. macrocephalus and P. hemioliopterus,
respectively. On the other hand, several differences were
found between sequences from different species both at
the 5' and 3' flanking regions (seven and eight positions,
respectively). Most of them seem to have been caused by
substitution, whereas the rest by insertion or deletion of a
single base pair. A notable feature is, that the repeat
structures of this locus were slightly different in these
four species: (GC),(AC), in the source species,
(GC);GT(GC)s5-6(AC)s(GC)p-1(AC), in C. fuscus and P
hemioliopterus, whereas (GC),-5(AC)qo-;
(GC)y-4(AC)y,GC(AC), in C. macrocephalus (Fig. 2A).
Therefore, the polymorphism at this locus was caused by
change in the number of either AC or GC repeat units in
different species, resulting in fragments of the same
length, but with quite different sequences. Within species,
detected in C.
macrocephalus, but not in the source species, C. fuscus

size homoplasy could only be
or P. hemioliopterus.

In C. gariepinus and H. fossilis, the sequences of
the 7 electromorphs (Tab. 1) were different from those in

A
Chaz47 CTATGCGC--———-——==—===—- ACACACACACACACACACACACACACACAC-~——————-— BAAGAC
€fuz7l CTATGCGCGCBTGCGCGEGCGEC-—ACACACACACGCACACACACACACACACACACACACACACARRGAC
cmazd7 CTATGCGCACGCGCGC-——————= ACACACACACACACACACACAC-————————=———————m ARAGAC
€ma253 CTATGCGCACGCGCGC-——————- ACACARCACACACACACACACACACACAC - ———————=——— BAAGAC
tma267 CTATGCGCGCGCGCACGCACACGCACACACACACACACACACACACACACACACACAC-————~ ARAGAC
PheZfl CTATGCGCGCBTGCGCGCGCGEC-—ACACACACACGCACACACACACACACACAC——————~—= ARAGAC
EE R R LR R IR R RS EEEE S R E R E LR E LR ER SRR
B
Cga34l GGTTCAGTGG-——-———— AARAATGTAAGCGATGAATTTAAACAGCGGGGARAGALGAAG
Cga3ds GGTTCAGTGG-—--——-— AARAATGTAAGCGATGAATTTAAACAGCGGGGARAGALGAAG
Hfo347 GGGTCTGTAA--AAAAAAABMAATGTAAGCGATGAATTTAAACAGCGGGGAARGAAGRAG
Hfo349 GGGTCTGTAAAARAAAAAAARAATGTAAGCGATGAATTTAAACAGCGGGGAAAGAAGRAG
% k% x % RS RS R RS EEE R LR R R E R R R R R R R LR LR
Cga3dl AAGAGARGAAGAGG---------- AGAG-—-—~ AAGACCGGGAAL-——GAAGAGAAGTGG
Cga345 AAGAGAAGRAGAGG-—-——-—-—- AGAGGAGAGRAGACCGGGARA - —~ GAAGAGAAGTGE
Hfo347 GAGAGAGGAGAAGGAGAGAGGAGGAGGAAAGGCGAGGAGGGGAAACGAGGAGAARAGGAT
Hfo349 GAGAGAGGAGAAGGAGAAAGGAGGAGGAGAGGCGAGGAGGGGAMACGAGGAGAARAGGAT

kdk bk & & * & 4

ok R L

* kkk ki

Cga3dl AGACGAGAGGAGGGGGA---TTTTTTTTTCTGAT
Cga3di AGACGAGAGGAGGGGGA---TTTTTTTTTCTGAT
Hfo347 AGAAGAGAAGAGGAGGGGGA---TTTTTCCTGAT
Hfo349 AGAAGAGGAGAGGAGGGGGA---TTTTTCCTGAT

Ekd kEEk kkkE kA
C
Hi10Z59

HloZ61l

khkhkkd hEd ki

khkEkE A FEEFE

GTGTATAAATGTG----TGTGTGTGTGTGTTACCTGGTGTGTGCTGTGTGC TGACACA
GTGTATAAATGTGGTGTTGTG TG TGTGTGTTACCTGGTGT--GCTGTGTGCTGACACA

LR R LR R R R R AR LR R LR R ]

e L L T

Fig. 2 Sequence alignment of some electromorphs (amplified by the primer pair designed for Cba01)

from seven different catfish species

Only the repeat sequences and the ends of the flanking regions adjacent to the repeats from a selected subset of alleles are shown.

Numbers behind the species abbreviations indicate the allele length. Bold letters highlight the interruptions of the repeats. The flanking
sequences are indicated in grey. GenBank identifiers from top to bottom: [AY196518—AY196529] and [AY196530—AY196531]. A:
Sequences from Clarias fuscus (Cfu), C. macrocephalus (Cma) and Phractocephalus hemioliopterus (Phe) exhibiting high level of

similarity to the source species (Cha); B: Sequences from C. gariepinus (Cga), and Heteropneustes fossilis (Hfo) differing from

sequences in the source species both in the repeat and flanking regions; C: Partial sequences from Heterobranchus longifilis (Hlo).
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source species. The flanking sequences were quite
similar among different alleles, although the polyA and
polyT repeats (located at the 5' and 3' flanking regions,
respectively) showed polymorphism both within and
among species (Fig. 2B). Moreover, a deletion of 16 bp
was detected in the 5' flanking region of Heteropneustes
fossilis (data not shown). In C. gariepinus (but not in H.
fossilis) a CAG unit was deleted from the 3' flanking
region. A few point mutations, short deletions or
insertions have also been detected in the 5' and 3'
flanking regions among electromorphs from different
species (data not shown). Polymorphism in the repeat at
this locus was caused either by a change in the length of
polyA stretch in the 5' flanking region, or by the unit
number of (GA),, (GAA),, (GGA), compound
or by a deletion of three base pairs CAG and a change in

repeats

the length of the polyT in the 3' flanking region (Fig.
2B).

In H. fossilis, the locus appeared to be duplicated,
because more than two bands were detected in the PCR
product of each individual tested, whereas no such
phenomenon was observed in the other two species. The
199 bp allele from all six individuals of H. fossilis tested
(Genebank No. AY196549) lacked a 150 bp fragment
including the 5' flanking region and even the whole
repeat region as compared with the largest allele (Hfo349)
(Fig. 2B).

In Heterobranchus longifilis, the sequences of
electromorphs were entirely differently from the alleles
of the source species, although the length of the
electromorphs was similar to those of the source species
(Fig. 2C). The
electromorphs was caused by the change of number of

length  polymorphism of the

CT repeats.
2.3 Sequence analysis of electromorphs amplified by
the Cbha03 primer pair
At the Cha03 locus, a total of three electromorphs
(range: 129 — 135 bp) were detected across the seven

species (Tab. 2). Sequencing of each electromorph (20
clones) revealed that the sequence of this locus was
highly conserved across the catfish species studied (Fig.
3). The polymorphism was caused exclusively by the
change in the unit number of the (GGA), repeat. At three
positions of 3' flanking region, single base pair
in two
and P hemiolopterus). No size

substitution was also seen species (C.
macrocephalus
homoplasy was identified among individuals of any
species.
2.4 Sequence analysis of electromorphs amplified by
the Cbha06 primer pair

At the Cba06 locus, a total of 11 electromorphs
(range 168 —258 bp) were identified across the seven
species (Tab. 3). Their sequence analysis demonstrated
that they could be divided into two groups and two
individual sequences (Fig.4A — D). Fragments amplified
from C. fuscus (1 allele) and C. macrocephalus (4 alleles)
showed an overall high similarity to the source sequence
(Fig. 4A). In these two species, an insertion of a 34 bp
fragment was detected at the 5' flanking region between
the primer and repeats in every allele in comparison to
the source sequence. Additional single base pair
substitutions, located in the flanking regions were also
found. The length polymorphism was caused by the
change in the unit number of the (AAC), repeat within
each species, but among species the length
polymorphism could also be caused by change in the
extent of polyA in the 3' flanking region or the insertion
of a 34 bp fragment into the 5' flanking region. Although
no size homoplasy was identified within these two
species, its presence was quite obvious among species.
For example, the 245 bp electromorph in C. fuscus and
that in C. macrocephalus showed different unit number
of CAA-repeats and appearance of a CTA sequence due
to an A—T mutation in the latter.

The second group (Fig. 4B) included sequences

from C. gariepinus (2 alleles), and H. longifilis (1). The

Chal2® ARGGGAGGAGGAGGAGGA--———---— AGGGAAARCATGAAGCAGCAGTTTRACTGTA
Cful2® ARGGGAGGAGGAGGAGGRA-——----— AGGGARAARCATGAAGCAGCAGTTTRACTGTA
Cgalzs ARGGGAGGAGGAGGAGGA—————— AGGGAAARCATGAAGCAGCAGTTTAACTGTA
Cmal3z AAGGGAGGAGGAGGAGGAGGA---AGRGAAARCATGARGCAGCAGTTTGACTGTA
Cmal35 ARAGGGAGGAGGAGGAGGAGGAGGAAGRGAARRCATGAAGCAGCAGTTTGACTGTA
Hf0ol2% ARGGGAGGAGGAGGAGGA--———---— AGGGAAARCATGAAGCAGCAGTTTRACTGTA
Hfol32 ARGGGAGGAGGAGGAGGAGGA--—AGGGARARCATGAAGCAGCAGTTTAACTGTA
HIol2% ARGGGAGGAGGAGGAGGA--———-—-— AGGGARARCATGAAGCAGCAGTTTRACTGTA
Phel2% ARGGGAGGAGGAGGAGGA-———--— AGAGARARCATGAAGCAGCAGTTTRACTGTA

Fig. 3 Sequence alignment of some electromorphs (amplified by the primer pair designed for Cba03)

L R R TRk AAAXAXAAXAAXALAAXALEA LA A XA A XA A4 R

from seven different catfish species shows no size homoplasy within or among species
See Fig. 1 for labeling and other details. GenBank identifiers from top to bottom: [AY 196556—AY 196564].
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DNA sequence of the fragments from the two species
showed high similarity to each other, but differed from
the source sequence both in their flanking regions and
repeat motif [(AAC), vs. (CA),]. An insertion of five
base pairs (CGAAC) was seen in the 5' flanking region
of the species H. longifilis, as compared the sequences
from the C. gariepinus (Fig. 4B). Apart from this
insertion, the length polymorphism was caused by the
different number of the (AC), repeat units in all
fragments. Between the two species, single base pair
substitution was observed at several positions of the
flanking regions. The 168 bp fragment appeared in both
species. However comparison of sequences between the
two species revealed two different alleles.

The remaining two sequences (Fig. 4C-D;
GenBank Nos. AY 196578 and AY196579) originated
from P. hemioliopterus and Heteropneustes fossilis,
respectively. They did not show any similarity to the first
two groups except the primer binding sites and did not
contain repeats.

2.5 Sequence analysis of electromorphs amplified by
the Cha20 primer pair

A total of 13 electromorphs (range: 93 — 143 bp)
were detected across six species (Tab. 4), but not in P,

hemioliopterus. Sequence analysis revealed 10 additional
alleles (Fig. 5), without any evidence of homoplasy
within the source species. In the 5' flanking region,
single base pair substitutions were detected at three
positions among species. As compared with the source (4
alleles), sequences from C. macrocephalus (4) and
Heterobranchus longifilis (3) showed an insertion of
three basepairs (GTC) in the 3' flanking region. Single
basepair substitutions were also detected at two positions
of the 3' flanking regions. The repeat region was highly
variable within and among species. In the source species,
repeat structure for the 95 bp allele was (TC)sGC(TC)s,
although longer and shorter alleles showed change in
repeat number of longer repeat, the GC(TC), motif
remained constant among all alleles. In C. fuscus (3
alleles), where the (TC), repeat was interrupted by a TA
unit, the (TC); upstream from the TA remained
unchanged, whereas the downstream (TC), repeat
showed polymorphism among individuals. In C.
gariepinus (2 alleles) the TC repeats were interrupted by
GC and TG units at several positions and the
polymorphism was caused by the change of the long,
upstream TC repeat, whereas the shorter ones remained
constant. In C. macrocephalus and Heteropneustes

A:
Cdrill TCATCT------c--cmccccccccccccmcee e cee - ACCTATTETTCCT GEAS
Cbaild TCATCT-----------emcmm e ccceeeee e - - ACCTATTGTTCCT GG RS
Cfuid45 TCATCTITTTATCTACATCTTGHATCACTELACCTECTT CTACCTATICTTCCT (LAY
Crexid4t TCATCTTTTTATCTACAT GTTEATCACTGGACC TECTTCTACCTATTIGTTCCT GRS
Creei45 TCATTTGTTTATCTACAT(TTEATCACTLGACCTECTTCTACCTATICTICCTLRAS
ST AREREREE KR RRE KL RS
Cbd2ill TAC------CATTTACALCAACAACZACAACALCEA------ACTCT
Cdaild TaC=-==-=-=--CATTTACAACRACAACAACAMCARCRACA---ALTCT
Cfuéd4S TAC-24bp-CATTTACAACAACRACAACALCAS ------ 2825CTCT
Crex2dt TAC-24bp-CATTTACAACRACARACAACAS ---------322ACTCT
Crmeid5 TAC-24bp-AATTTACALCAACAACRACRACTR -~ --- - 2325CTCT
T RARARARRRXARR AR AR ARS aan s
B:
CgalEs ACCAGAD-- -- - 3R A0 TAC CAAGA CACTT TCACL CAACACACAT AL --- CCLAGTCACGTTEAT
Cgnl7t ACLALAC-- -- 233 (TACGAAGACACTTIT A GLL AL CACACACACACACCCCAGTCACCTTEAT
MlolEs -2 ATCA A LA CAR AL TAT CAAGE CACTTACALE CALCACACAT -~ -~ CCCAGTCACGTTART
MlolEs-1 ATRAGACCGAL AR AGTAT GAAA CACTTACAGA CALTACA LA -- --- CL CAGTC ACGTTART
P Y] XERXEE RXRERARRRERARE AR KRR RS ARARERERRR AR ARS
c .

Phel?4: CARATCLUTL GO ATAACACALTLL GO TTAAGCLATC CTTCLACTC COTCC AR ACATARATITAT CCABATCTA GLA
AGTATAGTATCATCAGATCATACTAC TITAC TAGLAGT GC TCA AL AT TG GG CTETTATATT CCATACACCAC CTTAT CT GTS

TTCLCTEACCCTTTC
D .

Mo199: CARAT L TR CLATAACACA LA CRATTALCTC LR CETTC GL GAT GT CT CTATAAT CTC ACAG CTCATTCTCTTA
TCCAETTA AT AL TTCTL GA LG TAT Rl T TAT AL CATCA GA CT (TAATAA TTAGACC AT (T GLA CCTLAGT GL CTCLGGT

TCTTATCTTCAT CTTTCATLTCTATIC GLTCACC CTTTC

Fig. 4 Sequence alignment of some electromorphs

from seven different catfish species

(amplified by the primer pair designed for Cba(06)

See Fig. 1 for labeling and other details. GenBank identifiers from top to bottom: [AY 196567— AY 196575] and [AY 196578—AY 196579]. A:
Alignment of the sequences from Clarias batrachus (Cba), C. fuscus (Cfu) and C. macrocephalus (Cma); B: Alignment of the sequences

from C. gariepinus (Cga), and Heterobranchus longifilis (Hlo). Alleles Hlo168-1 and Hlo168-2 were amplified from two different

individuals of H. longifilis; C: The 174 bp allele from Phractocephalus hemioliopterus (Phe). Underlining indicates the sequences of

primers designed to match the flanking regions in the source species and used for cross-species amplification; D: The 199 bp allele from

Heteropneustes fossilis (Hfo). Underlining indicates the sequences of primers designed to match the flanking regions in the source species

and used for cross-species amplification.
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Chalil ATTGCGTCTCTCTCTCTCTCTCTCTCTCTCTCTCTC TCTCTCTCGCTCTC -~ TTTTCACCTCACCTGC TA- -~ CTCC
Chal9d ATTGCGTCTCTCTCTICT -~ == === === -- === —o—om——m e GCTCTC--TTTTCACCTCACCTGCTA-——CTCC
Cfulll ATTGCGTCTCTCTATCTCTCTCTCTCTCTC TCTCTC TCTC-—————~—~~—~ TTTTCACCTCACCTGCTA---CTCC
Cful09 ATTGCGTCTCTCTATCTCTCTCTCTCTCTCTCTCTCTC - —————————=——— TTTTCACCTCACCTGCTA---CTICC
Cgall? ATTGCTTCTCTCTCTCTCTCTC TCTCGCTCTCTCGC TC TCTGTGTC -~ -~~~ TTTTCAGCTCACCTGCTA--—GTICC
Cgall9 ATTGCTTCTCTCTCTCTCTCTCTC TCTCGCTCTCTCGC TCTCTGTIGT -~~~ TTTTCAGCTCACCTGC TA--—-GTCC
Cmali3d ATTGCTGCTCTCTCTCTCTCTCTCTCTCCCTCTTTC TC TCETTC TCTC-—— -~ TTTTCACCTCACCTGC TAGTCCTCC
tmalls ATTGCTGCTCTCTCTCTCTCTC TCTCTCTCTCCCTC TTTCTCTCGT TCTC -~ TTTTCACCTCACCTGC TAGTCCTCC
F¥foll9 ATTGCTGCTCTCTCTCTCTCTCTCCCTCTTTCTCTCGT TCTCTC-—-——-—— TTTTCACCTCACCTGCTAGTCCTCC
Hfolid ATTGCTGUTCTCTCTCTCTCTCTCTCCCTCCCTCTTTC TCTCGTTCTCTC-~TTTTCACCTCACCTGCTAGTCCTCC
Hilolll ATTGCTTCTCTCTCTCTCTCTCTCGCTCTCTCTCAGTC TC-——————————— TTTTCACCTCACCTGCTA---GTICC
Flo123 ATTGCTTCTCTCTCTCTCTCTC TCTCTCGCECTCTC TCGCTCTCTGTGTCTC TTTTCAGCTCACCTGC TA-——-GTCC

khkdhd FEbkdd kAt kkhkkdt Akkd kb r bk bt kk ok

Fig. 5 Sequence alignment of some electromorphs (amplified by the primer pair Cba20)

from seven different catfish species

See Fig. 1 for labeling and other details. GenBank identifiers from top to bottom: [AY196583—AYAY 59694].

fossilis (3 alleles), the (TC), repeat was interrupted by
CC, TT and GT motifs, whereas in Heterobranchus
longifilis by GC, AG and TG units. The reason for the
polymorphism was similar to that described for C.
gariepinus.

3 Discussion

Microsatellites are very useful tools for genetic and
evolutionary studies. However, their genotyping is based
on prior sequence information from the genome to be
analyzed. Despite of recent improvements on the
procedure (for review see: Zane et al, 2002) the isolation
of microsatellites is still cumbersome. One of the
possible solutions for this problem is cross-species
amplification, which involves the use of primer pairs
designed for the flanking region of conserved
microsatellites (of a so-called source species) for
genotyping in related species amplification (Housley et
al, 2006; Kayser et al, 1996; Kijas et al, 1995). Data for
several such experiments have been reported in teleosts
during the last decade (e.g. Koskinen & Primmer, 1999;
Yue et al, 2004; Yue et al, 2003). However all PCR
products generated in the non-source species have only
been analyzed at the sequence level in a few cases
(Kayang et al, 2002; Viard et al, 1998). We have tested
the applicability of four conserved microsatellite markers
isolated earlier from C. batrachus (Yue et al, 2003) on
six additional catfish species. We found that PCR primer
pairs designed for the flanking regions of the four C.
batrachus microsatellite loci amplified products in most
of the related species. However, sequencing analyses of
240 clones representing 50 electromorphs from seven
catfish species revealed a new problem of cross-species
amplification of microsatellites: the generation of
non-orthologous loci, beside the appearance of size
homoplasy. Primer pairs designed for two C. batrachus
loci (Cha03 and Cbha20) amplified highly similar
(orthologous) sequence products in all non-source

species. On the other hand, those designed for other two
loci (Cba0l and Cba06) yielded polymorphic products
with entirely different sequence from some of the
distantly related species (e.g. P hemioliopterus and
Heteropneustes fossilis), and even in closely related
species (e.g. C. gariepinus) indicating that these bands
originated from non-orthologous loci. The amplification
of specific products from non-orthologous source was
locus-dependent, and did not reflect the phylogenetic
relationship. Thus, in the absence of sequence
information it would be very difficult to predict whether
certain primer pairs will amplify products from
orthologous loci in a given non-source species or not.
Similar phenomenon was observed earlier in soybean
(Peakall et al, 1998) and rice (Chen et al, 2002), but
those findings have not been analyzed in detail. Taken
together, our data suggest that generation of polymorphic
products from non-orthologous loci by cross-species
amplification is not a unique feature of certain taxonomic
groups in fish, instead it might occur throughout the
animal and plant kingdom. Although the mechanisms
underlying this phenomenon are not fully understood,
they are thought to be related to genome and gene
duplication, as well as speciation. Such events are
expected be more frequent in fish, since the ancestor of
today’s teleosts seems to have experienced an additional
round of genome duplication (Meyer & Schartl, 1999;
Postlethwait et al, 2000) and chromosome duplications
(Chang et al, 2005) after their ancestor has split from that
of the other vertebrates. Duplication of microsatellite loci
followed by gene conversion can lead to amplification of
non-orthologous loci as proposed (Angers et al, 2002).
Sequencing of all alleles of four microsatellite loci
in the source and six non-source species showed that
length difference of microsatellites was not restricted to
their repeat regions. A longer insertion and several
shorter insertions were detected in the flanking region of
the loci orthologous to Cha06 in non-source species. At
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the Cba0l, Cba06 and Cba20 loci, a number of alleles
from different non-source species showed the same
length, but with different sequences. At the same time, at
Cba03
represented the same sequences, suggesting that size

locus electromorphs of the same length
homoplasy for microsatellite markers produced by
cross-species amplification is locus-dependent, it does
not reflect the phylogenetic relationship. We also found
the tendency of increase in the number of interrupted
repeats of orthologous loci in non-source species, as
observed by others in different taxonomic groups (e.g.
Culver et al, 2001; Di Gaspero et al, 2000; Estoup et al,
1995; Garza et al, 1995; van Oppen et al, 2000). This
tendency also seems to be locus-dependent in catfish,
since two loci (ChbaOl and Cbha20) showed clear
interruptions in non-source species, whereas the other
two (Cba03 and Cba06)

interruptions in them.

exhibited no or few

Applications of microsatellites to population
genetics, ecological and evolutionary studies rely heavily
on the models used for explaining the mutational process
of these markers. However, all models relay on the
assumption that differences between alleles at
orthologous loci are due entirely to changes in the
number of repeats. In this study, we demonstrated that
appearance of size homoplasy and amplification of
non-orthologous products by cross-species amplification
were locus-dependent, and did not reflect phylogenetic
relationships. Therefore, application of cross amplific-
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