
Abstract The incorporation of heteroduplex analysis in-
to conventional strategies for the study of polymor-
phisms at microsatellite loci has allowed us to obtain in-
formation useful in determining genetic diversity and re-
lationships among organisms. We have chosen, as a
model for the testing of this strategy, several Solanum tu-
berosum varieties cultivated on Tenerife Island (Canary
Archipelago) and a (TCT)n microsatellite located in in-
tron I from the gene for granule-bound starch synthase.
The data obtained confirm the high degree of agreement
between molecular and farmer taxonomy. 
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Introduction

Microsatellites or simple sequence repeats (SSRs) are
tandemly repeated, short nucleotide sequences that have
been shown to be highly polymorphic and abundant in
higher eukaryotes (Tautz and Renz 1984; Bell and Ecker
1994; Wang et al. 1994). They appear to be randomly dis-
tributed throughout the genome and occur both intragen-
ically and intergenically (Weber 1990). Microsatellites
are among the fastest evolving DNA sequences with mu-
tational rates estimated to vary between 2.5 x 10-5 and 10-2

mutations per generation (Kashi et al. 1990; Hederson
and Petes 1992; Weber and Wong 1993). During recent
years SSRs have attracted considerable attention because
of their abundance, the simplicity of the experimental
procedures for their analysis and their considerable varia-
tion among different organisms. These distinctive charac-
teristics can be used to identify evolutionary relationships
among closely related species (Crawford et al. 1998) and

between varieties or populations of the same specie (Pro-
van et al. 1996; Krieger and Keller 1997). 

In routine studies, microsatellite sequences are am-
plified by polymerase chain reaction (PCR), and alleles
are identified by size. PCR-generated DNA fragments
containing allelic microsatellite motifs may have the
same length but different nucleotide sequences (size
homoplasy: Estoup et al. 1995; Fitzsimmons et al.
1995; Grimaldi and Crouau-Roy 1997; Angers and Ber-
natchez 1997), and this situation can arise from inde-
pendent mutational events that have converged in an al-
lelic size-class. One consequence of homoplasy is a
clear underestimation of genetic distances, especially
between distantly related populations, since the range
of repeat numbers found at microsatellite loci appears
to be constrained (Bowcock et al. 1994; Goldstein et al.
1995; Gorza et al. 1995; Lehmann et al. 1996). This
fact calls into question whether allelic size is a reliable
indicator of phylogenetic affinity. Recently, Ortí et al.
(1997) described an alternative assay for scoring micro-
satellite loci that minimised size homoplasy. They used
single-strand conformational polymorphism (SSCP) for
the identification of alleles and gel isolation for direct
sequencing analysis. In order to reveal this occult poly-
morphism we have incorporated the analysis of hetero-
duplexes, as an optimised approach, to the conventional
genotyping with microsatellites. Heteroduplexes are
double-stranded DNA molecules formed between two
different alleles and, therefore, they contain mismatch-
es. Heteroduplexes can be detected because they mi-
grate differently to the corresponding homoduplexes in
an electrophoresis gel (White et al. 1992). The greater
the number of mismatches, the greater the relative gel
retardation of the heteroduplex molecules, and unstable
mismatches contribute more to the gel retardation than
stable mismatches (Aboul-ella et al. 1985; Ke and War-
tell 1993, 1996). The strategic labelling of ‘probe’ se-
quences has given rise to a modification of heterodu-
plex analysis termed directed-heteroduplex analysis
(DHDA, Zimmerman et al. 1993), which has allowed a
more accurate testing of genetic polymorphism as well
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as the standardisation and automat of this class of geno-
typing (Zimmerman et al. 1995; Argüello et al. 1998).
These approaches have been used successfully in the
assessment of haplotypes and estimation of genetic dis-
tances and phylogenetic relationships (Campbell et al.
1995; Rodrigues et al. 1995; Martinelli et al. 1996;
Moreira et al. 1996). At present, practically any differ-
ence in genetic composition between two amplified al-
lelic DNA fragments with the same length can be re-
vealed by heteroduplex analysis (Van den Akker et al.
1992; Zimmerman et al. 1993; Oka et al. 1994; Gu et
al. 1998). Furthermore, heteroduplex fragments can serve
for separating alleles from any heterozygous genetic lo-
cus without cloning (Arguello et al. 1997). Once a hetero-
duplex fragment is isolated from an electrophoresis gel it
can be employed for directly sequencing two different al-
leles with the same primers used in amplification reac-
tions (Tamura et al. 1993; Arguello et al. 1997).

We propose that the study of PCR-amplified micro-
satellite loci at both the homo- and heteroduplex level
can be a powerful tool for inferring genetic relationships
among polyploid individuals belonging to different vari-
eties of the same species. In the investigation presented
here, we have chosen some of the different varieties of
Solanum tuberosum that are currently planted on Tene-
rife Island (Canary Archipelago; Alvarez and Gil 1996).
Some are imported yearly as tuber seeds from Europe,
mainly from Great Britain (i.e. ‘King Edward’), and
these occupy the largest part of the fields dedicated to
potato cultivation on the island due to their high produc-
tivity. Others are traditional local varieties which were
introduced to Tenerife Island during the past centuries
(Gil 1997) from Europe (i.e. ‘Palmera’, ‘Peluca’) as well
as from America (i.e. ‘Negra’ and ‘Borralla’). These last
two varieties probably arrived from Peru (Lobo-Cabrera
1988) independently of the introduction of Solanum tu-
berosum into the European Continent, which occurred
during the last quarter of the sixteenth century (Hawkes
1992), as after the discovery of the Americas, the Canary
Archipelago was an obligatory stop-over for ships on the
Spain-America route due to its geographical situation.
These Canary potato varieties are still present in a relict
form and, despite their low productivity, are highly ap-
preciated for local consumption. The identification of
these local varieties by farmers is based on morphologi-
cal (skin and flesh colour, tuber eyes) and cultivation
characteristics. Has this popular classification system a
genetic basis? To resolve the dilemma – molecular tax-
onomy versus folkloric classification – we decided to
study genetic polymorphism at a microsatellite locus in
five potato cultivars of Solanum tuberosum from Tene-
rife Island employing the strategy outlined above. 

Materials and methods

Plant material and DNA isolation

Studies were carried out on four local S. tuberosum varieties from
the Canary Islands with varying degrees of relatedness (Zubeldia

et al. 1955), three varieties being tetraploid (‘Peluca negra’,
‘Palmera negra’ ‘and ‘Bor-ralla’) and one triploid (‘Negra’), and
a tetraploid British variety (‘King Edward’). The number of sam-
ples analysed from each variety were 20 from ‘Negra’, 8 from
‘Peluca negra’ and ‘King Edward’ and 7 from ‘Palmera negra’
and ‘Borralla’. Tubers belonging to the same varieties were col-
lected from different cultivars. Genomic DNA was isolated using
a miniprep procedure based on the method described by Edwards
et al. (1991). The surface of the potato tubers was cleaned by pol-
ishing with a paper soaked in ethanol. Small pieces of tuber peel
(50 mg) were excised with a scalpel, avoiding underlying starch,
deposited into a microfuge tube and frozen at -70 ºC for at least
1 h. Tissue samples were ground while frozen, dispersed in 400 µl
of extraction buffer (200 mM TRIS-HCl, pH 8.0, 250 mM NaCl,
25 mM EDTA, 0.5% SDS) by vigorous vortexing for 10 s and in-
cubated at room temperature for 5 min. Cellular debris was elimi-
nated by centrifugation at 13 000 g for 10 min at room tempera-
ture, and the supernatant (approx. 300 µl) was then collected and
mixed with an equal volume of isopropanol. After a standing
phase of 15 min and a centrifugation at 13 000 g for 10 min, both
at room temperature, the resulting pellet was washed twice with
80% ethanol (5 min each time) and dried at 50 ºC (10 min). Nu-
cleic acids were recovered by incubation in 100 µl of sterile TE
buffer (10 mM TRIS-HCl, pH 8.0, 1 mM EDTA) at 50 ºC for 1 h,
with occasional gentle agitation. Finally, the sample was centri-
fuged at 13 000 g for 5 min at room temperature, and 80 µl of the
supernatant was transferred to a new microfuge tube.

PCR amplification and analysis of a microsatellite locus

A (TCT)n microsatellite, located in intron I from the gene for
granule-bound starch synthase of S. tuberosum (GBSS gene; Van
der Leij et al. 1991), was amplified employing as primers the oli-
gonucleotides of sequence 5’-AATCGGTGATAAATGTGA-
ATGC-3’ and 5’-ATGCTTGCCATGTGATGTGT-3’, which were
designed by Provan et al. (1996). PCR was carried out in a total
reaction volume of 20 µl containing 16 mM (NH4)2SO4, 67 mM
TRIS-HCl (pH 8.8), 0.01% Tween-20, 2.5 mM MgCl2, 0.2 mM
dNTPs, 1 µM each primer, 0.2 U of Taq DNA polymerase (Bio-
line, UK) and 2 µl of the template DNA preparation (approx.
50–100 ng). Amplifications were performed in a PTC-100™ ther-
mal cycler (MJ Research, Mass.) using the following cycling pro-
file: initial denaturation step at 94 ºC (2 min); followed by 25 cy-
cles at 94 ºC (30 s), 58 ºC (30 s) and 72 ºC (40 s); and one final
elongation step at 72 ºC (5 min). The products of the amplifica-
tion reactions carried out under the conditions described above
were essentially homoduplex DNA molecules. The generation of
a mixture of homo- and heteroduplex DNA molecules was en-
sured by increasing the number of amplification cycles up to 30
and, before the final elongation step at 72 ºC, denaturing the PCR
products at 94 ºC for 2 min and allowing renaturation at 20 ºC for
30 min.

For the re-amplification of specific subgroups of allelic micro-
satellites, the desired PCR products were recovered from the gel
with a scalpel and transferred separately to microfuge tubes. The
plugs of gel were triturated, mixed with 50 µl of 0.3 M sodium ac-
etate (pH 6.8), 1 mM EDTA, and incubated at 37 ºC overnight.
Following a centrifugation step at 13 000 g for 10 min at room
temperature, 10 µl of the supernatant was collected and diluted
103- and 104-fold with TE buffer. These diluted samples were
mixed in all combinations and used as template DNA (2 µl) in
PCR reactions. Different proportions of samples were tested in
these mixtures until a balanced amplification of individual allelic
microsatellites was achieved.

Duplexes were separated on 8% non-denaturing polyacryla-
mide gels (19:1 acrylamide: bisacrylamide) run in 1 × TBE buffer
(89 mM TRIS-borate, pH 8.3, 2 mM EDTA) at 300 V (constant) for
1.5 h in a Xcell II Mini-Cell electrophoresis unit (NOVEX, San
Diego, Calif.). Gels were stained with ethidium bromide (1 µg/µl)
for 15 min, destained in distilled water for 5 min and photo-
graphed under UV light.
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Results and discussion 

Generation and identification of heteroduplex
DNA molecules

The formation of heteroduplexes of DNA molecules can
arise during the PCR or can occur as a post-PCR event
(White et al. 1992; Jensen and Straus 1993) by cross-
hybridisation between different alleles from heterozy-
gous individuals. The first approach implies sub-opti-
mum conditions for an adequate amplification, such as a
low primer concentration or a higher number of amplifi-
cation cycles, and hence is more liable to produce unspe-
cific products, artefactual bands and smears. The proce-
dure described in the Materials and methods section falls
within the framework of the second approach and per-
mits a reproducible and informative pattern of electro-
morphs, including homo- and heteroduplex molecules
(Fig. 1a), to be obtained. After 30 PCR cycles the con-
centration of primer reached a level so low that it would
not efficiently compete with template reannealing when
the activity of the Taq polymerase was greatly reduced
(post-PCR step at 20 ºC). The amplification reaction un-
der these conditions rendered sufficient product for visu-
alisation of complex electrophoretic patterns with up to
16 bands (var ‘Borralla’, Fig. 1a). Sometimes, and espe-
cially with very fresh samples, the yield of DNA extrac-
tion was so high that the primers were soon depleted in
the amplification mixture and heteroduplexes were pro-
duced during PCR. Therefore, the number of amplifica-
tion cycles was reduced to 25 when the exclusive visual-
isation of homoduplexes was required (Fig. 1b). The na-
ture and origin of some of these hybrid duplexes were
demonstrated through the re-amplification of defined
subgroups of homoduplexes. This analysis was carried
out using the triploid variety ‘Negra’; three PCR frag-
ments of different lengths were visualised (Fig. 1b) and,
therefore, homoplasy can be disregarded. This allele dos-
age implied that six different heteroduplexes could be as-
sembled. The results of this study are shown in Fig. 2
and summarised in Table 1. As expected, heteroduplexes
were generated in pairs only if at least two different mi-
crosatellites were present in the assays. In this case, one
heteroduplex of pair H7 and H8, for example, is formed
by pairing the sense strand of M4 and antisense strand of
M5 and the other heteroduplex by the assemblage of the
antisense strand of M4 and the sense strand of M5. The
maximum number of heteroduplexes which can be
formed are 2 x (C n,2), n being the number of alleles. Va-
riety ‘Borralla’, with four homoduplexes, can form 2 x
(C 4,2) = 12 heteroduplexes (lane 4, Fig. 1a).

Heteroduplexes can be detected on polyacrylamide
gels because they migrate more slowly than their corre-
sponding homoduplexes. This shift is enhanced by dif-
ferences in the length of the strands composing the het-
eroduplex (Van der Akker et al. 1992), a circumstance
that usually occurs when different microsatellite alleles
are amplified in the same reaction. The relative electro-
phoretic mobility of the heteroduplexes is moderately

sensitive to the separation conditions. In our assays, the
proportion between acrylamide and bisacrylamide was
the most influential factor on the global pattern of elec-
tromorphs obtained from an individual sample.

Composition of GBSS alleles deduced by heteroduplex
analysis

The current approach for the analysis of microsatellite
loci presupposes that allelic PCR fragments of the same
length present identical nucleotide sequences. Neverthe-
less, several reports point out the possibility of homop-
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Fig. 1 a Homo- and heterodu-
plex band patterns. b Homodu-
plex band patterns

Fig. 2 Heteroduplexes generated after re-amplification of differ-
ent subgroups of homoduplexes from var ‘Negra’. Numbers above
lanes are the same as these in Table 1, thereby enabling the com-
parison of these results with data included in Table 1

Table 1 Summary of the results from Fig. 2

Lane Homoduplexa Heteroduplex

1 M2, M4, M5 H7, H8, H11, H13, H17, H18
2 M4, M5 H7, H8
3 M2, M4 H11, H13
4 M2, M5 H17, H18
5 M2 −
6 M4 −
7 M5 −

a Allele M4 was later renamed M4a



lasy (Estoup et al. 1995; Fitzsimmons et al. 1995; Grim-
aldi and Crouau-Roy 1997; Angers and Bernatchez
1997). The differences in genetic composition (nucleo-
tide substitution, insertions and/or deletions) between
two or more PCR products of the same length could be
revealed by promoting the formation of hybrid mole-
cules (heteroduplex pairs). A comparison of the results
shown in Figs. 1 a and b allows the identification of five
homoduplex and 21 heteroduplex electromorphs, which
were designated as is indicated in Fig. 3. In our analysis
we have assumed that if two varieties share a heterodu-
plex pair then they also share a homoduplex pair. 

The two varieties ‘Negra’ and ‘Borralla’ produced a
number of PCR fragments of different sizes that was
equal to their ploidy (triploid and tetraploid, respective-
ly), and therefore the homoplasy state can be disregard-
ed. In ‘Borralla’, the presence of four GBSS alleles im-
plies that 12 heteroduplex molecules could be formed
(Fig. 3). Since the heteroduplexes H7, H8, H11, H13,
H17 and H18 are present in ‘Borralla’ and ‘Negra’, the
two varieties shared homoduplexes M2, M4, M5 (Table 1).
Subsequent analysis demonstrated a homoplasy state for
the allelic size-class M4, and hence we designated this
first allele as M4a. The other heteroduplexes detected in

‘Borralla’ result from M1 combining with the rest of the
homoduplexes. The allele dosage inferred for vars ‘Bor-
ralla’ and ‘Negra’ are 1M1: 1M2: 1M4a: 1M5 and 1M2:
1M4a: 1M5, respectively.

The tetraploid variety ‘Palmera negra’ exhibited only
two homoduplex fragments of different signal strengths
(M4 > M2; Fig. 1b), however 6 heteroduplexes could be
detected (Fig. 3), which implies the presence of three
different alleles. Two of these heteroduplexes are shared
with ‘Negra’ and ‘Borralla’: heteroduplexes H11 and
H13 formed by cross-hybridisation of M2 and M4a (Ta-
ble 1). The other heteroduplexes (H8, H10, H18 and
H19) must have been generated by the combination of
M2 and M4a with another homoduplex, which must be-
long to the size-class M4 and, therefore, was named
M4b. In conclusion, the allele dosage for this tetraploid
variety should be 1M2: 2M4a: 1M4b or 1M2: 1M4a:
2M4b. Notice that the proposed allele dosage for this va-
riety assumed a symmetric PCR amplification, which
may not have occurred. The level of homoplasy was
even more notable in ‘Peluca negra’, the other Canary
variety of European origin, which rendered one homodu-
plex and 6 heteroduplex fragments (Fig. 3). ‘Peluca ne-
gra’ and ‘Palmera negra’ shared the heteroduplexes H8
and H10 and, therefore, they shared a pair of homodu-
plexes. These should be the electromorphs M4a and M4b
since all the alleles detected in ‘Peluca negra’ belong to
the M4 size-class and M4a and M4b are the unique ho-
moduplexes of this class present in ‘Palmera negra’. The
heteroduplexes H13, H15, H20 and H21 were detected
exclusively in var ‘Peluca negra’, which implies the par-
ticipation of new M4-class allele denominated as M4c.
We could not discern which of these three alleles of the
M4 size-class were present in two copies in var ‘Peluca
negra’. The heteroduplexes H13 and H15, and especially
H20 and H21, were difficult to detect (‘invisible’ hetero-
duplexes; Hatcher et al. 1993). Their clear visualisation
required either an increase in the volume of sample load-
ed onto the electrophoresis gel or an increased exposure
time of the photographic film.

The tetraploid ‘King Edward’ variety showed three
homoduplex and 6 heteroduplex fragments (Fig. 3).
‘King Edward’ and ‘Borralla’ shared heteroduplexes
H14 and H16 and, hence, these two varieties shared a
pair of homoduplexes. These duplexes could only be M1
and M4a, the unique homoduplexes shared by ‘Borralla’
and ‘King Edward’ varieties. The homoduplex named
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Table 2 Composition of GBSS alleles inferred by heteroduplex
analysis

Allele

Variety M1 M2 M3 M4a M4b M4c M5

King Edward + + +
Peluca negra + + +
Negra + + +
Palmera negra + + +
Borralla + + + +

Fig. 3 Schematic representation of the homo- (solid lines) and
heteroduplexes (dashed lines) electromorphs detected in all of the
varieties analysed. Thin dashed lines represent heteroduplex mole-
cules of low intensity. M Homoduplexes, H heteroduplexes, a
number that increases in accordance with the electrophoretic mo-
bility (arrow) of the DNA fragment



485

M3 is present exclusively in the British variety and, in
combination with the other alleles, produces the rest of
heteroduplexes that were not detected in the other variet-
ies. Taking into account that the signal strength dis-
played by the homoduplexes detected was M4a > M1=
M3, we estimate that the allele dosage of this variety is
1M1: 1M3: 2M4a.

A summary of the allele composition deduced for all
the varieties studied through heteroduplex analysis is
shown in Table 2. The M4a allele is present in all variet-
ies, the M3 allele is present exclusively in the British va-
riety and alleles M2, M4b and M5 are present in more
than one of the local varieties. Note that heteroduplex
analysis increases the informativeness of the microsatel-
lite study, since alleles M4a, M4b and M4c are grouped
in one size-class allele by the homoduplex classical ap-
proach.

Exactitude of farmer’s assertions

The genetic differences among local potato varieties de-
tected in this study correspond accurately with the cur-
rent identification system of Tenerife farmers. Despite
this great intervariety diversity, no differences were
found when the intravariety diversity was examined: all
samples belonging to a variety exhibited the same pat-
tern of homo- and heteroduplex electromorphs. This re-
sult could be due to the sample size or to the fact that
they truly reflect a genetic drift (autochthonous varieties
are still present in a relict form) caused by agricultural
practice. Present-day farmers are highly specialised, se-
lecting only one variety to be planted in the field every
year by tuber clonal propagation, in contrast with the di-
versity of tuber variety crops chosen by farmers in the
past (Gil 1997). This old cultivation practice, similar to
that utilised by farmers in some regions of the Peruvian
Andes (Quiros et al. 1992), could explain the high de-
gree of intervariety diversity found in Tenerife Island
cultivars. The homogeneous procedure of cultivation of
the current farmers should be in relation with the null in-
travariety polymorphism detected.
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