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Abstract Characterization of nearly 1,000 cultivated
potato accessions with simple sequence repeats (SSRs;
also referred to as microsatellites) has allowed the
identification of a reference set of SSR markers for
accurate and efficient genotyping. In addition, 31 SSRs
are reported here for a potato genetic map, including new
map locations for 24 of them. A first criterion for this
proposed reference set was ubiquity of the SSRs in the
eight landrace cultivar groups of the potato, Solanum
tuberosum. All SSRs tested in the present study displayed
the same allele phenotypes and allele size range in the
diverse germplasm set as in the advanced potato cultivar
germplasm in which they were originally discovered.
Thirteen of 13 SSR products from all cultivar groups are
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shown to cross-hybridize with the corresponding SSR
product of the source cultivar to ascertain sequence
homology. Other important SSR selection criteria are
quality of amplification products, locus complexity,
polymorphic index content, and well-dispersed location
on a potato genetic map. Screening of 156 SSRs allowed
the identification of a highly informative and user-
friendly set comprising 18 SSR markers for use in
characterization of potato genetic resources. In addition,
we have identified true- and pseudo-multiplexing SSRs
for even greater efficiency.

Introduction

The potato collection held in trust at the International
Potato Center (CIP; Lima, Peru) is comprised of landrace
cultivars of Solanum tuberosum and 128 wild potato
species, represented by a total of 5,094 clonal and true
seed accessions (Huaman et al. 1997). The landrace
potatoes are extremely diverse, ranging from diploids to
pentaploids, and were collected in a range of agroecolo-
gies ranging from 1,000 m to 4,000 m above sea level and
from 10° north latitude to 42° south latitude. The use of
this gene pool in breeding programs contributes to the
improvement of the potato for current and future needs.
Documentation of genetic identity in such ex situ
collections fulfills various curatorial and utilization needs:
safeguarding of original types in germplasm repositories,
determining varietal distinctness and pedigree and variety
registration. The cultivated potato collection at CIP has
been extensively characterized for morphological descrip-
tors, taxonomy, disease and pest resistances and isozyme
patterns (Huamdn et al. 2000a, 2000b; Huamén and
Spooner 2002) and partially characterized using random
amplified polymorphic DNA markers (RAPD) (Ghislain
et al. 1999a). Our interest was to complement these data
with descriptive information that is neutral in terms of
environmental influences and conducive to quantitative
estimates of genetic similarity and distance.



882

Marker systems that are rapid, reliable, informative
and relatively simple are continually sought for practical
applications in germplasm conservation, management and
enhancement. Simple sequence repeats (SSRs), or mi-
crosatellites, are tandem repeats of 1-5 nucleotides whose
repeat number reveals genetic differences among indi-
viduals. Alleles most likely arise through DNA polymer-
ase slippage by adding and subtracting repeat units but
also through point mutations (Kruglyak et al. 1998). SSRs
have the advantage of being based on simple PCR assays,
are highly polymorphic, co-dominant and inexpensive to
use (Powell et al. 1996; Jones et al. 1997). SSRs also
provide an appropriate technology for laboratories and
breeding programmes in developing countries with mod-
est funding and expertise in molecular techniques.
Additional advantages of SSRs over dominant marker
systems in potato are the capacity to reflect ploidy status
and their high heterozygosity, which facilitate the com-
parison of genetic maps based on different populations
(Milbourne et al. 1998; Ghislain et al. 2001b).

SSRs present two major disadvantages. First, they
have high development costs associated with the identi-
fication of DNA sequences flanking SSRs and the
development and testing of reliable primers. Second,
microsatellites are often useful for only closely related
germplasm sources, and even moderately divergent cross-
species amplification can lead to false positives and
provide significant distortion in genetic similarity esti-
mates (Peakall et al. 1998; Westman and Kresovich
1998). This was demonstrated in potato when SSRs
developed for modern cultivars worked very well in a
cultivated species gene pool (Raker and Spooner 2002)
but produced limited amplification and clearly distorted
phylogenetic information in germplasm from another
phylogenetic clade of tuber-bearing Solanum (Lara-
Cabrera and Spooner 2003). However, once SSRs are
identified, their high allele and genetic information
content make them a highly desirable system for finger-
printing large collections of related accessions, and the
system also is amenable to automation (Mitchell et al.
1997).

SSR technology has been developed for potato using
DNA from modern cultivars of S. tuberosum. The first
generation of SSRs in potato was obtained from the
identification of specific repeat motifs in gene sequences

(Veilleux et al. 1995; Kawchuk et al. 1996; Provan et al.
1996; Schneider and Douches 1997). The second wave of
SSRs came from screening genomic libraries enriched for
repeat motifs (Milbourne et al. 1998). More recently, as
reported in the present publication, the search for repeat
motifs within expressed sequence tags (ESTs) from potato
showed that 5% of ESTs evaluated contained SSRs. It is
crucial to address the applicability of these SSRs across
the various cultivar groups in potato in order to convert
these markers into practical genetic tools for germplasm
conservation and management and genetic mapping, and
in particular to exploit the cultivated Andean gene pool.
In the present report, the degree of applicability across
cultivar groups and the polymorphic index content (PIC)
of SSRs derived from modern cultivars of S. tuberosum
are investigated. We use these results to propose a highly
informative and user-friendly set of SSRs for cultivated
potato fingerprinting, diversity assessment and phyloge-
netic studies.

Cultivated potato taxonomy has been especially diffi-
cult due to the likely hybrid origins, multiple origins and
evolutionary dynamics of continuing hybridization. The
most commonly used taxonomic system recognized seven
cultivated species and seven subspecies (Hawkes 1990).
Recent phenetic studies, based on morphology combined
with a summary of prior crossing and molecular data,
showed little or no support for these taxa and led to the
reclassification of cultivated landraces (i.e., all “taxa”
except modern cultivars of S. fuberosum subsp. tubero-
sum) as a single species, S. tuberosum (Huamdn and
Spooner 2002). Within S. tuberosum, eight cultivar
groups were recognized: Ajanhuiri, Andigenum, Chau-
cha, Chilotanum (previously referred to as S. tuberosum
subsp. tuberosum from Chile), Curtilobum, Juzepczukii,
Phureja, and Stenotomum. These authors deferred classi-
fication of modern cultivars, traditionally classified in
subsp. tuberosum for a later study.

Materials and methods
Germplasm and DNA extraction
A total of 931 accessions in eight taxonomic groups of cultivated

potato germplasm held at CIP were characterized with SSRs
(Table 1). This material had been previously cleared of redundant

Table 1 Potato accessions conserved in the gene bank at the International Potato Center and currently genotyped using SSR markers

Cultivar-groups of Solanum Ploidy Number of Genotyped Number Total number
tuberosum accessions to date of SSR of alleles
Stenotomum group (stn) 2n=2x=24 268 237 9 82
Phureja group (phu) 2n=2x=24 170 128 22 152
Ajanhuiri group (ajh) 2n=2x=24 10 4 13 49
Chaucha group (cha) 2n=3x=36 97 4 13 41
Juzepczukii group (juz) 2n=3x=36 31 4 13 36
Andigenum group (adg) 2n=4x=48 2,644 546 4 70
Chilotanum group (cht) 2n=4x=48 127 4 13 47
Curtilobum group (cur) 2n=5x=60 11 4 13 34
Total cultivated 3,358 931




accessions. Plants were propagated in vitro, and total DNA was
extracted using standard protocols adapted at CIP (Ghislain et al.
1999b). DNA quality and quantity were estimated by comparison
with CsCl-purified 2 DNA (Gibco-BRL, Gaithersburg, Md.)
digested with PstI on ethidium bromide-stained agarose gels.

SSR sequences

SSR sequences were identified through potato database searches
(Provan et al. 1996), enriched genomic libraries (Milbourne et al.
1998) and expressed sequence tags developed at the Scottish Crop
Research Institute, Invergowrie, UK. Primer sequences for an
original set of 108 SSRs were obtained from Milbourne et al.
(1998). Forty-eight new EST-derived primers were designed
(forward and reverse) using DOPE software (http://doprimer.
interactiva.de/pro/frameset.html). Criteria for design were 18- to
22-oligonucleotide length, Tj, between 47 and 60°C and an
amplification product above 140 bp or below 250 bp. Primers
were synthesized by commercial suppliers (Gibco-BRL and Genset,
La Jolla, Calif.).

SSR amplification conditions

PCR reactions were performed in a 20 pl volume containing
100 mM Tris-HCI, (Sigma-Aldrich, St. Louis, Mo.) 20 mM
(NH4),SO4 (Merck, Lima, Peru), 2.5 mM MgCl, (Merck),
0.2 mM of each dNTP (Pharmacia, Washington, DC or Amersham
Biosciences, Piscataway, NJ), 0.5 uM of each primer (forward and
reverse, Genset or Operon Technologies, Alameda, Calif. and
Gibco-BRL), 1 unit Taqg polymerase (Gibco-BRL) and 10 ng of
genomic DNA. PCR was carried out in a PTC-100 thermocycler
(MJ Research Inc., Watertown, Mass.), set to the following
program: 3 min at 94°C, 2 min at annealing temperature (7},),
1 min 30 s at 72°C, 29 cycles of 1 min at 94°C, 2 min at T,, and
1 min 30 s at 72°C, with a final extension step of 5 min at 72°C. In
some cases (indicated as Td.60-50 in Table 2), a modified PCR
program was used: 3 min at 94°C, 16 double cycles of 1 min at
94°C, 2 min at 60°C, 1.5 min at 72°C, and 1 min at 94°C, 2 min at
50°C, 1.5 min at 72°C and one final elongation cycle of 5 min at
72°C.

Amplification products were detected by polyacrylamide gel
electrophoresis and silver stained using standard protocols adapted
at CIP (Ghislain et al. 1999b). Allele sizes were determined by
coincidence of gel-mobility between the band of the sequencing
reactions (pUC18-forward primer) and either the upper band (when
two are visible) or the most intense one (in the case of stutter bands)
of the SSR marker.

Amplification product homology

Southern blot hybridization was conducted using the amplified
SSRs from a Chilotanum group cultivar of Solanum tuberosum as a
probe. The amplification products were isolated from agarose gel
slices by centrifugation at 13,000 rpm for 20 min in an Eppendorf
microcentrifuge using a SpinX tube (Costar, Cambridge, Mass.).
The protocols for Southern blot and DNA detection were those
provided with the ECL kit (Amersham) using stringent hybridiza-
tion conditions.

Genetic localization

The ‘PD’ mapping population and corresponding molecular data set
were used to localize SSR markers in the potato genome (Ghislain
et al. 2001b). SSR markers were analyzed by linkage analysis of
marker alleles segregating from the respective source parent
following our published methodology (Ghislain et al. 2001b).
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Data analysis

The PIC was calculated according to Nei’s statistic (Nei 1973):
PIC=1-X(p;?), where p; is the frequency of the ith allele detected in
the germplasm.

Results

SSR conservation among Solanum tuberosum
cultivar groups

Of 156 SSR primers tested, 130 generated amplification
products in a large set of cultivated potato accessions
comprised of at least four genotypes from each of the
eight cultivar groups of S. tuberosum (Table 1). SSRs
produced several allele phenotypes using denaturing
polyacrylamide gel electrophoresis, such as discrete
bands, double or triple bands or stutter bands. Those
phenotypes that represented alleles common across the
groups were clearly conserved among the eight groups
tested, supporting the analogous nature of the SSRs across
all cultivar groups (Fig. 1). Southern blotting was
performed for 13 SSRs, selected randomly, to corroborate
sequence homology among amplification products
(Fig. 2). Both of these analyses are concordant with the
conservation of SSR loci across all cultivar groups of
potato.

SSR characterization
Quality of amplification

Out of 156 SSRs tested, 22 were found to be most useful
for germplasm fingerprinting. The poor quality of prod-
ucts from the remaining sequences was due to various
factors such as poorly-designed primer sequences, intron
insertion, presence of stutter bands, background amplifi-
cation products and overlapping loci. Comparison of
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Fig. 1 Southern blot hybridization of the amplification products
corresponding to microsatellite STM1049 between one accession,
selected randomly, for each of the eight cultivated potato groups
and the Solanum tuberosum product used as a probe. High
stringency hybridization conditions were used
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0.8216
0.7865
0.8641
0.2803
0.5189
0.4679

PIC

of repeat

Multiple
unit

Yes

No

Yes

No

Yes

Yes

Allele
range
131-197
75-125
122-191
180-209
188-199
107-122
132-136

No. of
alleles
15
13
15

5

7

5

3

of
geno-
types
476
504
315
275
275
239
275

No.

Type
Intron
Intergenic
Intergenic
Intergenic
Intron

3’ UTR

5" UTR

1

Copies

>1

Chrom.
XI

XII

111

X

11

Anneal-
ing tem-
perature
)

55

53

53

55

55

55

53

AATTTAACTTAGAAGATTAGTCTC
ATTTGGTTGGGTATGATA
TCTTCCCAAATCTAGAATACATGC
AAAGTTAGCATGGACAGCATTTC

GTTCTTTTGGTGGTTTTCCT
CCAAATTTGTATACTTCAATATGA

Primer sequences (5'-3"") forward-reverse
TCCAGCTGATTGGTTAGGTTG
ATGCGAATCTACTCGTCATGG
AGAGATCGATGTAAAACACGT
GTGGCATTTTGATGGATT
TTATTTCTCTGTTGTTGCTG
ACAATTTAATTCAAGAAGCTAGG
GACACGTTCACCATAAAA
AGAAGAATAGCAAAGCAA

(TA)12..(TG); GT

(TO)s (AC)s AA
(TG)s

(AC)7 (AT)4
Compound
(GT/GC)(GT)s
(CA)3, (TA)s

Repeat
(ATT)13
(ATT)s
(ATT)s

Table 2 (continued)

SCRI

STM1106
STMO0037
STMO0030
STM2030
STM1064
STM1058
STM1017
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agarose gel (3%) and polyacrylamide gel electrophoresis
revealed that allele resolution could be as little as 10 bp
(and no less) in agarose gels (Fig. 2). Three percent
agarose gels provided enough resolution to distinguish
about 60% of the potato samples tested in this study, but
for genetic identification purposes, complete resolution of
up to 1 bp present on polyacrylamide gels is needed.

Genome coverage

A criterion for selecting the set of 22 SSR is that it will
provide genetic information for all 12 chromosomes at
least once, a criterion met in our set of 22 markers
(Fig. 3). At the DNA sequence level, 75 SSRs were from
untranscribed regions whereas 55 were from transcribed
regions.

Number of alleles

The number of alleles detected per SSR at single loci
across the 935 cultivated accessions ranged from 3 to 27
(Table 2). For the 130 SSRs with clear amplification
products, we analyzed polymorphism and SSR location at
the gene structure level, and polymorphism was observed
more frequently with SSRs found in untranscribed than in
transcribed DNA (Table 3). A y 2 test was applied to
determine independence of polymorphism and location in
transcribed vs. untranscribed regions. The hypothesis of
independence is rejected (P=0.024). When a similar
assessment was made within genes, grouping coding
sequences with EST, the hypothesis of independence was
again rejected (P=0.028). Therefore, the 12 SSRs that
have their repeat sequence within the coding region were
omitted from the group of selected SSRs because they
would detect polymorphism among potato genotypes less
frequently.

Allele size and repeat motif relationships

When sample size allowed us to conduct such an analysis,
we found that discrete allele size differences were directly
proportional to the nucleotide repeat length. This was the
case for 16 SSRs out of 22 analyzed with simple motif
repeats (indicated in Table 2). The rare exception alleles
(not fitting with a multiple of the repeat motif) may have
been generated by mechanisms other than polymerase

slippage.

Polymorphic index content

About half (63 of 130) of the SSRs tested proved to be
polymorphic in this large germplasm sample. PIC values
were calculated for 22 microsatellites from a total number
of genotypes ranging from at least 137 and up to 544
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Fig. 2 Amplification products
(range: 125 to 190 bp) of 36
cultivated potato accessions
with microsatellite STM0030
resolved by electrophoresis on a
3% agarose gel (upper picture)
and a 6% and 7 M urea poly-

acrylamide gel. The M label bp -
stands for molecular weight =
standards as described in the -
Materials and methods section 88 b
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Table 3 Test of independence of polymorphism and SSRs location
within or between genes. 130 SSRs with clear amplification
products were considered here on the entire cultivated potato

germplasm fingerprinted. UTR Untranslated region, CdS coding
sequence, EST expressed sequence tag

SSR location 3’ UTR? 5’ UTR® Cdse EST¢ Intron® Intergenic'
Monomorphic 5 6 7 27 7 15
Polymorphic 6 4 5 15 14 19
2% test Monomorphic Polymorphic Monomorphic Polymorphic P Chi
observed observed expected expected
Ho: Transcribed 45 30 39 36
(a+b+c+d)
Untranscribed 22 33 28 27 0.024 5.082
(e+f)
Ho: Coding (c+d) 34 20 28 26
Non-coding 33 43 39 37 0.028 4.827
(a+b+e+f)

accessions from the eight cultivar groups. PIC values per
SSR varied from 0.280 to 0.892 (Table 2).

Genetic mapping of SSRs

One hundred thirty SSRs were surveyed for polymor-
phism in the PD mapping population. Sixty-one were
polymorphic, 57 of which segregated according to the 1:1
ratio expected for heterozygous loci in F; progeny. Thirty
SSRs previously mapped in other populations by Mil-
bourne et al. ( 1998) displayed identical map locations on
the PD mapping population, with the identification of
new, secondary loci in four cases. Twenty-seven addi-

tional SSRs were mapped in PD (Fig. 3), which includes
seven already placed on the PD map (Ghislain et al.
2001b). Segregation patterns in the mapping population
suggested a total of 21 null alleles for the 57 mapped
markers. Null alleles were more often found from the

Fig. 3 Location of microsatellite markers on the PD genetic maps
(Ghislain et al. 2001b). All microsatellite markers are indicated in
bold characters. Map positions are indicated with a plain line for
placement at LOD>2 and dashed line for a lower significance.
Microsatellites that are underlined are those with a new map
position. The microsatellites not mapped in PD are indicated at an
approximate position between the maternal and paternal linkage
groups by comparing published maps. Boxed microsatellites are
those selected for the potato genetic identification set
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Phureja group-derived parent than from the dihaploid of
an advanced potato cultivar (13 and 8, respectively).

Identification of a SSR set for potato genotyping

Out of the 22 SSRs most extensively characterized in the
present study, a group of 18 can be recommended as most
informative for genotyping cultivated potatoes, based on
quality criteria, genome coverage, and locus-specific
information content (Table 2). In order to improve the
applicability of this set of 18 SSRs, we tested the
multiplexing several SSRs in the same reaction mixture.
Two pairs (STM3023+STM0030; STPoAc58+STM3012)
can be used as a true multiplex reaction due to their
compatible annealing temperature and non-overlapping
alleles. Furthermore, pseudo-multiplex (separate reactions
but simultaneous loading) was more successful with two
triplex  (STM2013+STM1052+STM0037; STM1104+
STGBSS+STPoAc58) and three duplex (STMOO19+
STM1031; STM1106+STWAX-2; STM0030+STM1016)
combinations.

Discussion

A variety of molecular markers have been successfully
applied to potato genetic resources at low taxonomic
levels (species or closely related species groups) to
examine diversity, taxonomy, and to search for effective
fingerprinting tools. Each system bears advantages and
disadvantages, depending on the genetic distance of the
populations examined and the nature of the question
addressed. We have chosen to use SSRs for potato genetic
identification because of their high genetic information
content, high reproducibility, and simplicity of use. These
factors are appropriate for fingerprinting large germplasm
collections, investigating genome introgression through
breeding, and diversity and taxonomic questions. They
are appropriate, cost-effective and simple tools for
laboratories in developing countries with financial con-
straints.

The 130 SSRs with good amplification products were
from gene sequences and in genomic regions with no
known function. Those found in DNA devoid of any
known function were significantly more polymorphic
than in motifs located in the coding sequence of genes.
The SSRs encompassing non-coding sequences were
considered for the subsequent selection of the set because
of increased polymorphism and because of putative
selective neutrality. Untranslated (5" and 3’) and intron
sequences did not show significant differences with
intergenic DNA for the presence of polymorphic markers.
Therefore, their inclusion was independent of whether or
not they belong to a gene or not.

When these SSRs were analyzed by segregation
analysis in a mapping population, we found a higher
degree of null alleles from the Phureja-derived parent
than for the dihaploid modern cultivar parent. This may

be due to lower sequence conservation of the primer for
the Phureja group-derived parent because primers were
designed from modern cultivar sequences. Null alleles
could not be identified in germplasm as a single allele
might reflect two genetic states, heterozygous (SSR allele
and a null allele) or homozygous. Therefore, a higher
number of null alleles present in more distant germplasm
will provide underestimates of heterozygosity. The SSRs
with clear amplification products were analyzed by
segregation analysis using the framework maps derived
from the PD population. Twenty-seven new SSRs could
be placed on the potato genetic map and four new
locations were found for previously described SSRs. This
increases the coverage of the potato genome with SSR
markers.

In the present study, three of the eight taxonomic
groups were characterized with a large sample. We found
differences between groups for the particular SSRs
studied. The Andigena group revealed on average a
higher number of alleles per SSR and a broader range of
allele size compared to the modern cultivars. However,
the unequal sample size and number of SSRs assayed
prohibit comparison of heterozygosity values among
cultivar groups.

An SSR set for potato genetic identification has been
selected using the highest PIC value, broad genome
coverage, low copy number and high quality of ampli-
fication as selection criteria. This set consists of 18 SSRs
covering all chromosomes. We have provided an addi-
tional optional group of four SSRs with lower PIC values
that will be replaced as new optimal SSRs are discovered
and characterized.

This potato genetic identification (PGI) kit will have
many uses, and a wide range of genetic resources
conservation issues may now be studied through this
simple and inexpensive genotyping technique. First,
genetic relationships within and between germplasm
collections may be established. SSRs can help to estimate
genetic distance of germplasm pools and genetic gaps in
these collections by comparison with natural populations
or farmer-maintained varieties. SSR-based studies of ex
situ collections will provide genetic data useful for the
identification of the smallest sub-set encompassing the
entire SSR allelic diversity at these 18 loci. Such core
collections will facilitate the evaluation large gene bank
holdings for useful traits and potentially the detection of
marker associations.

SSRs will be useful to identify redundancies between
collections held at different repositories. Such a project
has already been successfully approached with RAPDs, to
show differences in reputed duplicate populations be-
tween the US and Russian potato gene banks (Bamberg et
al. 2001). The collection genotyping will also be an
excellent reference to study the dynamics of on-farm
conservation. Interesting issues include the rate of selec-
tion that farmers apply when maintaining their agro-
biodiversity.

Aside from these conservation issues, the PGI kit will
be also used to help manage germplasm collections. The



most important management question is the true-to-type
nature of accessions held ex situ. The PGI kit will be
applied, for example, at CIP for new accession acquisition
to have a reference genotype of the plant material. This
reference will allow us to monitor authentic identification
throughout the introduction of the plant material in the
collection through the long and tedious process involving
tissue culture manipulations of eliminating pathogens.

The PGI kit is being used to help fingerprint breeding
lines for tracking purposes and may be useful for pedigree
analysis. It may also help protect varieties as one
descriptor integrated among others, such as tuber mor-
phology. However, it is not yet clear when distinctness
can be established using DNA markers, and what level of
DNA differences are needed to establish whether the new
variety is “essentially derived.”

Last but not least, the PGI kit can be used to trace past,
current, and future gene flow worldwide. SSR markers
have the potential to address different hypotheses for the
evolution of S. tuberosum group Andigenum by compar-
ing allele frequencies among other taxonomic groups and
wild species. The international movement of the cultivat-
ed potato half a millennium ago can also be followed by
SSR markers. We have shown in a separate study that the
long-standing varieties in India are more closely related to
the Chilotanum group germplasm from the Chiloe islands
than to the Andean potato germplasm (Ghislain et al.
2001a). A secondary center of diversity can be studied to
determine parentage of clones that were transported long
ago, and can be used to validate or recognize the
indigenous role in germplasm conservation. Examples
are the occurrence of potato on the Canary Islands and the
New-Zealand Maori germplasm, where potato genetic
resource conservation is part of the indigenous culture
established during post-Colombian times. The PGI kit
will also be useful to evaluate natural gene flow, an
important issue in the context of the preservation of agro-
biodiversity.
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