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Abstract The development of microsatellite markers
can be a time-consuming process, especialy in species
such as conifers where many microsatellites have been
shown to be associated with the repetitive fraction of the
genome and to produce complex banding patterns fol-
lowing electrophoresis. Therefore, procedures to elimi-
nate this fraction from further processing are sought. In
this paper, we report on the development of 53 dinucle-
otide SSR markersin Norway spruce, 35 of which (66%)
produce simple, polymorphic patterns. This high effi-
ciency is obtained by introducing a dot-blot selection
against high copy number sequences, performed on the
microsatellite-containing clones. The resulting markers
turned out to be polymorphic and useful for population
genetic studies and for linkage mapping. Seven addition-
al markers that were not subject to the dot-blot selection
are also presented.

Keywords SSR - Picea abies - Dot-blot - Molecular
markers - Enrichment

Introduction

Microsatellites (or SSRs, simple sequence repeats) have
in recent years become the marker system of choice in
population genetics and linkage analysis, due to their co-
dominant nature and their polymorphism. Nevertheless,
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the procedures to develop markers are complex and
time-consuming, and this somehow prevents researchers
from setting out for the isolation of such loci. Large
numbers of SSRs, comparable to those usually seen for
anonymous markers, such as AFLPs (amplified fragment
length polymorphisms; Vos et a. 1995), are so far avail-
able only in a few species, in which a large-scale effort
towards the construction of an SSR database has been
made (Humans, mouse, rat). In plants, specific projects
have aimed at searching for large numbers of microsatel-
lite markers in important crops, mostly cereals and soy-
bean (e.g. for maize. Maize database, http://www.
agron.missouri.edu/ssr.ntml; for rice: RiceGenes, http://
ars-genome.cornell.edu/rice; for soybean: SoyBase,
http://129.186.26.94/SSR.html, and Cregan et al. 1999;
for wheat: Roder et a. 1998; for barley: Ramsay et al.
2000). Beside these relatively few extensive searches,
SSR markers for plant species are usually produced in
relatively small numbers. A typical example is reported
by Teulat et a. (2000), who developed 37 SSRs for co-
conut palm. Such cases indirectly show that isolating
useful microsatellite sequences can be a high-throughput
process only if systematic investment is made on this
task. ldentifying and sequencing microsatellite-contain-
ing clones is only the first step towards the successful
development of microsatellite markers, which depends
upon the capacity to amplify efficiently a single locus
based on the target sequence. While some papers report
on the efficiency in the marker development process
(e.g. Pfeiffer et a. 1997; Huang et al. 1998), which will
be variable from species to species, others simply report
the sequences (e.g. Elsik et a. 2000) without mentioning
whether they can provide useful markers or not.

In conifers, the problems encountered during the de-
velopment of markers are even bigger. Despite the gen-
eral observation that microsatellites in plants are prefer-
entially associated with the low-copy DNA fraction of
the genome (Morgante et al. 2002) and that this can be
true for some microsatellite sequence motifs even in
pines (Elsik and Williams 2001), it has been shown that
a high proportion of the primer pairs derived from ge-
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nomic clones produces multiple-band patterns, and must
be discarded in conifers due to their occurrence within
repetitive DNA sequences. This is most-likely due to the
size of the genome, which on average is ten-times larger
than in maize, and displays a high proportion of repeated
sequences (Elsik et al. 2000), as well as to the ancient or-
igin of the repetitive DNA amplification (Stuart-Rogers
and Flavell 2001). Multiple-band patterns can be used,
but only a segregation test allows one to properly assign
bands to loci, and therefore these markers are of limited
use except in mapping. The numbers of good microsatel -
lite markers reported in conifers are therefore even lower
than for other species: Hicks et a. (1998) reported the
development of five markers in lodgepole pine, Echt
(1996) developed 19 SSRs for Eastern white pine, Scotti
et a. (2000) isolated three markers for Norway spruce,
Khasa et a. (2000) report 14 in larch, while the most ex-
tensive study for this species is described in Pfeiffer et
al. (1997). Here just 7 out of 36 primer pairs produced
the desired single-locus pattern.

Pfeiffer et al. (1997) showed that it is possible to
identify low- or single-copy clones among those contain-
ing microsatellites from a Norway spruce genomic libra-
ry through dot-blot selection after hybridisation to la-
belled total genomic DNA. We report here on the devel-
opment of 50 microsatellites using a library enriched for
AC/GT microsatellites and selection for low-copy num-
ber clones. We also describe ten additional markers that
were not selected against the presence of repetitive
DNA. AC/GT repeats were chosen, although Pfeiffer et
al. (1997) report that AG/CT repeats are more abundant,
because the latter tend to be over-represented in a highly
repetitive DNA family (Zuccolo et al., in preparation).

Materials and methods

DNA of asingle tree [V 23, from the population of Val Meledrio
(TN), Italy] was used for the construction of a genomic library.
The markers were tested on a panel of six individual trees from
different natural populations of Norway spruce belonging to the
Italian apine range of the species, including the tree used for li-
brary construction [V23 and V34, Va Meledrio (TN); VdF37, Va
di Fiemme (TN); T37, Tarvisio (UD); F8, Fusine (UD); 11121,
Passo Giau (BL)]. The progeny of a controlled cross between
clones N2022 and E2006 (Skogforsk, Sweden) was used for test-
ing the segregation of the markers. DNA was extracted from |eaf
tissue using the Qiagen DNeasy Kit.

The enrichment for microsatellites was performed as described
in Tenzer et al. (1999).

The selection of low-copy number clones was performed as
described in Pfeiffer et a. (1997), using Norway spruce total
genomic DNA as a probe. Plasmids were purified (Wizard
Minipreps, Promega Corp.) and sequenced on an ALF automated
sequencer (Pharmacia Biotech., Inc.) using the ThermoSequenase
fluorescent-labelled primer cycle sequencing kit (Amersham
Pharmacia Biotech).

Oligonuclectide primers flanking the microsatellite regions
were designed using the computer program PRIMER (version 0.5;
Whitehead Institute for Biomedical Research, Cambrige, Mass.).
The theoretical annealing temperature of the primers was chosen
to be 58 °C for al markers, and tested in the range 53-63 °C.

For each primer pair, the products were resolved on agarose
gels or on polyacrylamide gels, depending on their pattern. PCR

amplifications were performed in a final volume of 10 pl contain-
ing 1.5 ng of template (genomic DNA of Picea abies), 200 uM of
each dNTP, 50 mM of KCI, 10 mM of Tris-HCI pH 8.3, 2.5 mM
of MgCl,, 0.25 uM of each forward and reverse primer, and 0.4 U
of AmpliTaq Gold Taq polymerase (Perkin Elmer, Inc., Foster
City, Calif.). When amplification products were separated on
acrylamide gels, one of the two primers was end-labelled in the
following way: 2.5 pM of the primer were combined with 1 uCi
of [y3PJATP and 0.5 U of T4 polynuclectide kinase (New
England BioL abs, Inc., Missisauga, Canada) in 1 x kinase buffer
and incubated for 35 min at 37 °C; the enzyme was de-activated
by heating for 10 min at 70 °C. The labelling reaction was then
combined with the PCR mix. Amplifications were performed in
9600 or 9700 Gene Amp PCR systems (Perkin Elmer, Inc., Foster
City, Calif.) with the following profile: one cycle of hot start
(95 °C for 10 min); seven cycles of touch down [95 °C for 30 s,
(Tat+7 °C) for 30 sA1 1.0 °C, 72 °C for 30 g]; 28 cycles of amplifi-
cation (95 °C for 45 s, Tafor 45 s, 72 °C for 45 s); one cycle of fi-
nal extension (72 °C for 10 min). Non-radioactive amplification
products were separated on 3.5% Metaphor agarose gels (FMC
BioProducts, Inc.) in 1 x TBE, stained with 1 x ethidium bromide;
gels were visualised on a UV lamp and photographed on Polaroid
film. Radioactively labelled amplification products were run on
acrylamide gels and visualised as described in Paglia et a. (1998).

All sequences of microsatellite-containing clones were compared
to a set of highly repetitive Norway spruce sequences that we isolat-
ed (EMBL accesson numbers: AF100427-AF100453; AF101009-
AF101028; AF104476-AF104495; AF105147-AF105148; AF105962-
AF105966; AF107119-AF107153; AF144643-AF144644; AF152541-
AF152546; AF180427-AF180429; AF180922-AF180937; AF187273-
AF187300; AF305095-AF305192) using BlastN (gapped Blast,
score for matches: 4; score for mismatches: —5), as well as to each
other using the FastA sofware.

Results

The 150 clones showing the weakest hybridisation signal in
the dot-blot assay were selected for further processing, out
of 600 putative AC-positive clones screened. Based on se-
quencing, 108 clones (72%) contained the expected repeat.
When compared to each other using FastA, al of these
clones were unique, confirming the efficiency of the enrich-
ment procedure and of the selection for single-copy regions.
A comparison of these sequences with our database, con-
taining more than 100 kb of Norway spruce repetitive se-
quences showed that six clones (EAC1EO03, EAC6CIO,
EAC6D11, EAC6HO01, EAC7EO6 and EAC7F06) share
homology with different repetitive sequences (score
greater than 100, E value less than 1e-20). Therefore,
these six clones must in principle be assigned to the re-
peated fraction of the genome; that is, at least six repeti-
tive sequences, out of 108 clones (5.6%), are still present
after the dot-blot selection step. If we take the figure giv-
en in Elsik et al. (2000), with approximately 85% of the
genome of Pinaceae composed of repetitive sequences as
the baseline, and if we assume that dinucleotide micro-
satellites are randomly distributed across the genome,
the upper-limit estimate of efficiency of enrichment in
low-copy number sequences is 15-fold (if al the SSR
clones belonging to the repetitive fraction of the genome
have been correctly identified). Fifty three clones were
selected for primer design (see Table 1), and their perfor-
mances and features are described below; the last seven
markers in Table 1 were developed as described in



Fig. 1a,b Homology of micro-
satellite clones with repetitive
elements. a Homology of clone
EACT7EO6 with clone EMBL
AF107133 (P. abies repetitive
DNA clone PAB13D6). b Ho-
mology of clone EAC7F06
with clone EMBL AF100442
(P. abies repetitive DNA clone
PAB7F12R). Primer sequences
are displayed in bold. The mi-
crosatellite stretches have been
deleted for the FastA search,
and are found at position 56 in
clone EAC7EO06, and at posi-
tion 33 of clone EAC7F06
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Table 1 (continued)
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Pfeiffer et al. (1997) and used by Paglia et al. (1998), but
they have not been published yet. Therefore they are re-
ported here, but will not be further discussed.

After optimisation of the reaction conditions, 33 primer
pairs out of 53 (62%) produced a simple pattern, with no
more than two bands per sample, and can therefore be
considered as single-locus markers; two pairs (4%) pro-
duced two to four bands and could correspond to a two-
locus system; 12 gave a complex pattern (28%); three
gave no amplification at any annealing temperature in
the range 53-63 °C. All the markers are reported in Ta-
ble 1, including the multiple-band and unsuccessful
ones, with the EMBL accession number for the corre-
sponding sequence, since it is possible that the re-design
of the primers gives a positive amplification, or a simpli-
fied pattern. Three of the primer pairs from clones show-
ing similarity to repetitive sequences gave single-locus
markers, although two of them display homology with
repetitive sequences in the region of primer annealing
(Fig. 1); one gave a two-locus marker; the remaining two
gave complex patterns.

The number of alleles per locus ranged from one (six
markers) to nine, with an average of 4.6, as estimated
from the analysis of the sample of six Italian trees.
These estimates do not include the markers showing a
two-locus segregation, where up to 12 bands were visi-
ble on the same set of six trees. For 16 of the 33 single-
locus markers we have evidence of Mendelian segrega-
tion in either or both of two linkage mapping experi-
ments (Paglia et al. 1998; Scotti et al., in preparation).
Two markers that were monomorphic in our panel of six
trees were polymorphic in one mapping population (Ta-
ble 1). The attribution of bands to loci can only be ob-
tained, for markers showing a complex banding pattern,
through segregation analysis. In the two linkage map-
ping experiments we additionally observed Mendelian
segregation of at least one locus for 11 primer pairs
showing complex patterns. When more than one band
was segregating in these primer pairs, several dominant
markers (presence/absence of band) assorted indepen-
dently.

Discussion

The process of marker development needs to be made re-
liable and economic if alarge set of microsatellite loci is
desired. In order to obtain this, strategies must be adopt-
ed to improve the efficiency of recovery of the most use-
ful microsatellite markers, i.e. those amplifying a single
multialelic locus. In plant species with a large genome,
microsatellites can be found embedded within repetitive
DNA sequences, and produce complex or non-reproduc-
ible banding patterns on gels (Roder et al. 1998; Ramsay
et al. 1999).

One option is to select for microsatellites that intrinsi-
cally belong to the low-copy fraction of the genome,
such as tri- and tetra-nucleotide repeats, as shown by
Elsik et al. (2000); another possibility is to select against
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those microsatellites that are embedded or flanked by re-
petitive fragments.

This work shows that several clones belonging to the
repeated fraction of the genome can be excluded from
further processing through dot-blot analysis. We ob-
tained 35 primers with a simple pattern out of 53 (66%),
which is a rather high rate compared to what is usually
found in conifers. Pfeiffer et al. (1997) reported an effi-
ciency of 19% (seven successful primer pairs out of 36)
in the process of marker development without using such
a selection procedure. Due to the dot-blot selection, the
percentage of single-locus markers is thus more than tri-
pled. It is worth noting that in species with a smaller ge-
nome, such as rye, it has been reported that only 47% of
the primer pairs amplify simple single-locus patterns
(Saal and Wricke 1999), and therefore this method could
be helpful also with less problematic species. The dot-
blot selection, in combination with down-scaling of the
reaction and with the amplification of very small
amounts of genomic DNA, allowed us to obtain cleaner
PCR profiles.

Only two of the six markers developed on sequences
showing similarity to our set of spruce repetitive DNA
sequences (clones EAC6C10, EAC6D11) gave complex
patterns while the other ones identified one (EAC1EOQ3,
EAC6HO01, EACTEO6) or two (EACT7F06) loci. The lack
of astrong signal in the dot-blot for these clones may in-
dicate that they belong to middie or lowly repetitive fam-
ilies, or that they are quite divergent from the consensus
sequence for the family. The success in amplifying some
but not others may simply depend on where the primers
are designed from and on the degree of conservation of
that specific sequence between the different members of
the repetitive sequence family. If thisis the case, then the
dot-blot selection worked also for these clones, and with
a very high accuracy. On the other hand, a subset of
primer pairs (13 out of 53, or 24%), that did not appear
to be repetitive on the basis of either the dot-blot hybrid-
isation experiment or the sequence similarity searches,
still produce complex patterns. Dinucleotide microsatel-
lites derived from expressed sequences (Scotti et al. 2000),
which by definition should belong to the low-copy frac-
tion of the genome, are affected, to an even larger extent,
by the same problem. The presence of multiple bands
cannot therefore be taken as a proof that these clones are
actually repeated. While the dot-blot procedure like oth-
er reassociation-kinetic based procedures can effectively
discriminate between high and low copy number se-
guences, the separation between low and single-copy se-
guences may be impossible to achieve. The fact that
these primer pairs giving complex patterns are not de-
rived from highly repetitive sequences is confirmed by
the observation that in many cases they still give discrete
banding patterns with bands that are inherited in asimple
Mendelian fashion and thus correspond to single loci.
Re-designing of primers may improve these markers.

The variability of these microsatellites, as tested on a
panel of six trees from natural provenances sampled
across the alpine range, is rather high, as is expected for

this class of markers. Also for the primer pairs producing
complex patterns it was possible to identify variable
markers on acrylamide gels, as can be noted from Ta-
ble 1, where the inclusion of the marker on at least one
map implies that at least one Mendelian marker ap-
peared.

The inclusion of these markers in genetic linkage
maps makes them an even more powerful tool for differ-
ent purposes (such as population genetics and prove-
nance identification), allowing one to select for markers
that provide an even coverage of the genome, or to iden-
tify markers at the desired map distance (e.g. unlinked
markers for diversity studies, or linked markers for link-
age disequilibrium analyses).

By allowing us to rescue 35 “good” markers out of
only 53 primer pairs designed, the introduction of a sim-
ple procedure, such as the dot-blot selection, has made
the otherwise cumbersome task of isolating tens of SSRs
in a conifer a reasonable job. This increase in efficiency
in the future will alow one to obtain large numbers of
SSR markers, a valuable and flexible tool for all genetic
studies.
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