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Abstract We have identified, isolated, and character-
ized microsatellite/simple sequence repeat (SSR) loci
in trembling aspen (Populus tremuloides) by screening
partial genomic libraries. We have also examined the
compatibility and use of the P. tremuloides SSR primers
to resolve microsatellites in other Populus species.
Fourteen microsatellites were identified from 1600
clones screened. The TC/AG microsatellites were the
most abundant. A total of 29 alleles were detected in 36
P. tremuloides individuals at the four SSR loci (two
each of di- and tri-nucleotide repeats) characterized.
The number of alleles at the SSR loci ranged from 5 to
11, with an average of 7.25 alleles per locus, and the
observed heterozygosity ranged from 0.19 to 0.82, with
a mean of 0.46 per locus. Although the highest poly-
morphism was observed for a dinucleotide SSR locus,
the trinucleotide SSR loci showed substantial polymor-
phism. There were 34 unique multilocus genotypes
among the 36 P. tremuloides individuals examined, and
89% of the individuals had unique multilocus geno-
types. Two pairs of SSR primers were successful in
PCR, amplifying genomic DNA and resolving micro-
satellites of comparable size from Populus deltoides,
P. nigra, P.x canadensis, and P. maximowiczii. The
microsatellite DNA markers developed could be used
for clonal fingerprinting, certification of controlled
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crosses, genome mapping, marker-assisted early selec-
tion, genetic diversity assessments, and conservation and
sustainable management of poplar genetic resources.
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Introduction

Trembling aspen (Populus tremuloides Michx.) is a fast-
growing, widespread tree species in North America,
and an important source of wood for pulp and paper
and oriented stranded board industries. In the last
decade, its utilization in the Canadian province of Al-
berta alone has increased tenfold and is expected to
increase significantly in the near future (Ondro 1991).
This increasing commercial demand for trembling as-
pen wood may deplete its existing stock in natural
forests unless the quality and productivity of regenerat-
ing stocks are improved (Rajora 1991). The precocious
flowering, profuse vegetative reproduction through
suckering, and relatively easy methods for controlled
pollination and propagation through tissue culture
techniques make P. tremuloides an ideal candidate for
genetic improvement through breeding and genetic
engineering. Highly informative genetic markers are
essential for assisting genetic improvement processes,
such as clonal identification, certification of controlled
crosses, identification of species and hybrids, genome
mapping, and marker-assisted early selection. Such
markers are also valuable in assessing genetic diversity
and structure and genetic effects of harvesting and
natural disturbances, and in developing effective strat-
egies for conservation and sustainable management of
forest genetic resources.

A relatively new class of DNA markers with high
allelic diversity, known as microsatellites or simple



sequence repeats (SSRs) (Weber and May 1989; Hearne
et al. 1992) are now available for many animal and
plant species. These DNA markers have also been
developed for a small number of forest tree species
(Smith and Devey 1994; Kostia et al. 1995; Echt et al.
1996; Chase et al. 1996; Van de Ven and McNicol 1996;
Pfeiffer et al. 1997). However, there is no information
on microsatellite markers in Populus tremuloides or any
other Populus species. Their hypervariability, repeata-
bility, and codominance make SSRs ideal for genome
mapping as well as for population genetic studies. SSRs
are being used in genome mapping of human (Weber
1990), trees (Devey et al. 1996; Echt and Nelson 1997)
and many other organisms, as well as in population
and conservation genetics of animals (e.g., Paetkau and
Strobeck 1994) and plants (e.g., Chase et al. 1996). The
utility of SSRs as genetic markers for tree species has
been somewhat limited due to a paucity of available
sequence data as well as the specificity of SSRs to
a given taxon. However, it has been documented that
SSR primers characterized for a given species could be
used to detect polymorphism in related species, minim-
izing laborious steps of cloning and screening
(Dayanandan et al. 1997).

Here we report the results of a study aimed at the
identification, isolation, and characterization of SSR
loci in Populus tremuloides by screening genomic libra-
ries. We have estimated the genomic frequency of the
identified SSRs and surveyed allelic diversity at four
loci. Utility of the characterized SSRs in P. tremuloides
clonal identification was assessed by constructing
multilocus genotypes of each individual. We also exam-
ined the cross compatibility and possible use of the
P. tremuloides SSR primers in resolving microsatellite
loci in three other Populus species and an interspecific
hybrid.

Materials and methods

Plant material and DNA extraction

Thirty-six individuals of P. tremuloides Michx. selected from 12
different locations distributed in the geographic range from 52°56' to
57°46’ in latitude, and from 114°55" to 119°53’ in longitude, in the
province of Alberta, Canada, were used for the present study
(Table 1). In addition, 12 individuals belonging to three Populus
species (P. deltoides Marsh., P. nigra L., and P. maximowiczii Henry)
and an interspecific P. deltoides x P. nigra hybrid (P. x canadensis
Moench) were selected to test the cross compatibility of SSR primers
developed from P. tremuloides in other Populus species. Populus
deltoides was represented by both var ‘deltoides’ and var ‘occiden-
talis’ Rydb. Leaf samples of the 13 individuals of P. tremuloides from
the Leddy Lake and DMI Plantation locations were collected from
the trees growing in the forest or field. The leaf samples of the
remaining 23 P. tremuloides individuals from 11 locations (Table 1)
were collected from shoot sprouts of their root cuttings propagated in
a greenhouse. The leaf material of 12 individuals of the other poplars
was collected from shoot sprouts of their rooted shoot cuttings.

DNA was extracted from leaf tissues of each individual following
a method described in Rajora and Dancik (1995a).
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Table 1 Origin of trembling aspen individuals/clones studied in
Alberta

Location Number of Latitude Longitude
individuals (N) (W)
Sand Creek 1 52°56 115°14
Brazeau Tower 4 53°03' 115°30
Parker Lake 1 55°05 114°36¢'
Island Creek 3 55°09 115°20’
Swan River 3 55°10 115°20’
Mooney Creek 3 55°18 114°55
Wagner 2 55°18' 114°55
Boundary Lake 4 56°32' 119°53
Carcajou 1 57°35 117°08'
Keg River 1 57°46' 118°01"
Leddy Lake 7 56728 1717
DMI Plantation 6 56°22 117°17

Library construction and screening for SSR sequences

Fifty microliters (50-100 pg) DNA of an individual tree was digested
with Sau3al (New England Biolabs, Beverly, Mass.) in a total vol-
ume of 200 pl for 3h at 37°C. The digested DNA was precipitated by
adding 400 pl of 100% ethanol, washed with 70% ethanol, and
dissolved in 30 pl of TE buffer (pH 7.4). One microgram of the M 13
vector DNA (M13mp19; Life Technologies, Gaithersberg, Md.) was
digested with BamHI and dephosphorylated with 5 U of calf intesti-
nal phosphatase (New England Biolabs, Beverly, Mass.) The phos-
photase was deactivated by adding 0.25 ul of 0.5 M EDTA and
heating to 75°C for 10 min. The digested DNA samples were elec-
trophoresed on a 1% agarose gel with 1 x TBE buffer. DNA frag-
ments between 250 and 1000 bp and M13 DNA were excised from
the gel and purified with QIAquick gel extraction kit (Qiagen, Santa
Clarita, Calif.).

The ligation of plant and vector DNA was performed in a total
volume of 15 pl, with 4 pl of each of the gel-purified DNAs (approx-
imately 80 ng of each DNA) and 1 ul of T4 DNA ligase (New
England Biolabs, Beverly, Mass.), at 16°C for 16 h. Ligated DNA
was transfected into XL1BlueMRF’-competent bacterial cells (Strat-
gene, Calif)) following the manufacturer’s recommendations and
plated on 150-mm culture plates with LB/tetracycline agar, Xgal,
and IPTG. A library of about 1600 clones with a density of 200-300
plaques per plate was prepared.

Plates were blotted with Nylon membranes (Hybond N*, Amer-
sham) for 1 min. Membranes were baked at 80°C for 2 h, soaked in
2 x SSC for 10 min and washed with 5x SSC, 0.5% SDS for 1 h.
Membranes were prehybridized overnight in a plastic bag (six mem-
branes per bag) containing 150 ml of hybridization medium (150 ml
20 x SSC, 25 ml 100 x Denhardts, 5 g BSA, and 2 g SDS dissolved in
a total volume of 500 ml with distilled water). Following prehybri-
dization, the hybridization medium in the bag was replaced with
75 ml of fresh hybridization medium, and 80 pl of the probe (pre-
pared as given below) denatured at 90°C was added and incubated
in a shaking incubator for 4-12h at 45°-55°C, depending on the
probe used. Hybridized blots were washed twice with 150 ml of 0.1%
SDS and 6 x SSC at room temperature, and then with 500 ml of
0.1% SDS and 6 x SSC for 10 min at 45°C. The washed, hybridized
blots were exposed to autoradiographic film after blot drying.

We used oligonucleotides (AAAG)7, (AGAT)7, (AAAT)7, (AT)15,
(AG)15,(ACG)10, (CA)15, (TC)15 and (TG)15 as probes. Each probe
(20 pmol) was endlabelled with 1.11 x 10° Bq of y-AT[32P] (Amer-
sham) using T4 Polynucleotide Kinase (Epicentre Technology) at
37°C for 30 min in a total volume of 30 pul, and the enzyme was
inactivated by heating to 75°C for 10 min. The labelled probe was
purified using Qiagen nucleotide removal columns (Qiagen, Calif.),
following the addition of 50 pl distilled water.
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Sequencing of positive clones, designing primers, and resolving SSR
polymorphisms

Positive plaques were picked up with a sterile pipette tip and placed
into 15-ml culture tubes containing 2 ml of LB/tetracycline and
100 pl of overnight-grown XL1BlueMRF’ bacterial cells. Tubes were
incubated at 37°C with shaking for 6 h. A portion of each culture
was transferred to 2-ml microfuge tubes and centrifuged at max-
imum speed (14000 rpm) for 5 min. Single-stranded DNA was iso-
lated from the supernatant using the Wizard M13 DNA purification
system (Promega, Madison, Wis). Purified DNA was sequenced
using the ABI prism 377 automated DNA sequencer (Perkin Elmer
— Applied Biosystems).

Oligonucleotide primers complementary to flanking regions of
identified repeats were synthesized (Operon Technologies, Alameda,
Calif.), and microsatellites in different P. tremuloides individuals
were studied using the polymerase chain reaction (PCR). Amplifica-
tion reactions were performed in a total volume of 15 pl, with
02mM dNTP, 2mM MgCl,, 50 mM KCIl, 10 mM TRIS-HCI
(pH 9.0), 0.1% Triton X-100, 2.5 pmol of each primer and 3.7 x 10*
Bq of «-dCT [32P]. After an initial denaturation for 1 min at 94°C,
5 cycles at 94°C (denaturation), 55°C (anealing), and 72°C (exten-
sion) were performed, each step for 1 min, followed by 30 cycles, with
each step for 30s. PCR reactions were repeated with different an-
nealing temperatures (from 55°C to 66°C) to determine the optimal
PCR conditions. After thermal cycling, 10 pl of stop solution (Xylene
cyanol, Bromophenol blue in deionized formamide) was added.
Amplified products (4 pl each) were electrophoresed on 6% denatur-
ing polyacrylamide gel with 6 M urea and 1 x TBE. Electrophoresis
was performed on a S2 electrophoretic apparatus (Owl Scientific,
Woburn, Mass.) for about 4 h at 1750 V and 60 W. Radioactively
labelled 10-bp ladder DNA (Research Genetics) was used as a size
standard.

Table 2 SSR sequences identified in a partial genomic library of
P. tremuloides

Repeat sequence

(GGT)s(N)45(AGG)o
(TGG)g

(TGG)5

(TO)11

(TO)17

(TO)8

(TG)7
(A)9CTG(A)6
(AAAG)3
(A)TTAC(A)9
(AT)8

(TC)5 A(TC)8
(A)11(TC)8
(AT)3(A)18(AG)5

Data analysis

The genomic distribution frequency of the SSRs was estimated by
dividing the estimated total length of the cloned genomic library by
the observed number of a given SSR. Informativeness of each locus
was evaluated by calculating the number and frequency of indi-
vidual alleles, and the observed heterozygosity. Single- and multi-
locus genotypes of each individual were determined to identify
unique genotypes in order to assess the utility of the characterized
SSRs in genetic fingerprinting of clones.

Results

The screening of a partial genomic library of P.
tremuloides consisting of about 1600 clones with an
average insert size of 600 bp with nine di-, tri- and tetra-
nucleotide repeat oligonucleotide probes identified 20
positive clones. The sequencing of positive clones re-
vealed SSRs with 3-18 repeat units in 14 clones
(Table 2). The dinucleotide SSR, TC/AG, showed high
abundance with 5 clones, and TG/AC showed low
abundance with only 1 positive clone, suggesting re-
spective frequencies of once in every 200 bp and
1000 bp. We isolated 3 clones with trinucleotide repeat
sequences containing GGT/ACC, TGG/ACC and
GGA/CCT wusing the dinucleotide probe (TG)15.
Oligonucleotide primers were designed and PCR con-
ditions were optimized for 4 SSR sequences (Table 3).

From 36 P. tremuloides individuals surveyed, a total
of 29 alleles were identified at the four SSR loci. The
highest diversity of 11 alleles was observed for the
dinucleotide SSR locus PTR3. The loci PTRI, PTR2,
and PTR4 showed 5, 7 and 6 alleles, respectively
(Fig. 1; Table 3). The frequency of a given allele varied
from the lowest value of 0.01 at the most polymorphic
PTR3 locus to the highest value of 0.60 at the locus
PTR4 (Table 4). The most polymorphic locus, PTR3,
showed the highest heterozygosity value of 0.82, and
the locus PTR4 showed the lowest heterozygosity
value of 0.19 (Table 3). Among the 36 individuals exam-
ined using four SSR loci, a total of 34 multilocus geno-
types (about 95% of the total) were observed. Thirty-
two individuals, or 89% of the total individuals, had
unique genotypes, and the remaining 2 genotypes, were
shared by two individuals each.

Table 3 Repeat pattern, primer

sequence, annealing temperature Locus  Repeat Primer sequence (5" — 3') T(C) A Ho
(T), number of alleles (A), and
observed heterozygosity (Ho) for PTR! (GGT)sNy5(AGG)y  AGCGCGTGCGGATTGCCATT 66 5 053
four SSR loci in P. tremuloides TTAGTTTCCCGTCACCTCCTGTTAT
PTR2 (TGG)s AAGAAGAACTCGAAGATGAAGAACT 63 7 031
ACTGACAAAACCCCTAATCTAACAA
PTR3 (TO)11 CACTCGTGTTGTCCTTTTCTTTTCT 60 11 0.82
AGGATCCCTTCCCTTTAGTAT
PTR4 (TO)17 AATGTCGAGGCCTTTCTAAATGTCT 60 6 019

GCTTGAGCAACAAACACACCAGATG




Fig. 1 Allelic variation at the
four SSR loci (PTRI, PTR2,

PTR3, and PTR4) in selected
individuals of P. tremuloides

Table 4 Size and frequency of alleles for four SSR loci in 36
P. tremuloides individuals

Locus Allele size Frequency
PTRI 254 0.50
260 0.07
266 0.13
269 0.25
272 0.04
PTR2 204 0.02
207 0.02
210 0.22
213 0.21
216 0.31
219 0.03
225 0.19
PTR3 190 0.08
216 0.05
220 0.06
228 0.15
232 0.05
236 0.24
238 0.11
242 0.11
246 0.09
248 0.06
266 0.01
PTR4 200 0.60
202 0.12
210 0.03
224 0.12
226 0.07
230 0.06

Two pairs of SSR primers developed from P.
tremuloides showed PCR amplification products of
a size comparable with that of genomic DNA from
other Populus species (Fig. 2; Table 5). The locus PTR2

Size
bp) PTR2 . PTR4 ‘

300-
290~
280-
270-
260-
250-

240-
230-

220 -

210

200

190

- : .

12345678 12345678

Fig. 2 PCR amplification products of genomic DNA from Populus
deltoides (lanes 1, 2), P. nigra (3, 4), P. maximowiczii (5, 6), and
P. x canadensis (7, 8) using SSR primers for the PTR2 and PTR4
loci developed for P. tremuloides

showed amplification and resolution in both the hybrid
and in all of the other three Populus species tested. The
locus PT R4 showed no amplification in P. deltoides but
showed positive amplification with P. x canadensis,
P. nigra, and P. maximowiczii.

Discussion

The estimated genomic frequency of TC/AG falls with-
in the range of dinucleotide repeat frequency reported
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Table 5 PCR amplification and resolution ( + ) of SSR loci in differ-
ent species of Populus using primers developed for P. tremuloides

Species Locus
PTRI PTR2 PTR3 PTR4
P. deltoides —a + — —_
P. nigra — + - +
P. maximowiczii - + — +
P. x canadensis — + - +

* —, depicts no PCR amplification and resolution of microsatellite
loci

for other plant species, including forest trees (Condit
and Hubbell 1991; Morgante and Olivieri 1993; Smith
and Dewey 1994; Terauchi and Konuma 1994; Chase
et al. 1996; Pfeiffer et al. 1997). However, TG/AC re-
peats were found to be about fivefold less abundant
than TC/AG repeats in P. tremuloides. This is in agree-
ment with the general finding that TC/AG repeats are
more abundant than TG/AC repeats in plants (Wang et
al. 1994; Jarret et al. 1997; Pfeiffer et al. 1997). An
opposite trend with a higher abundance of TG/AC
than TC/AG has been reported in primates (Jerka and
Pethiyagoda 1995). Although trinucleotide SSRs are
considered to be relatively less abundant (Wang et al.
1994), the detection of 3 trinucleotide SSRs using
a dinucleotide probe indicates that trinucleotide SSRs
may possibly be abundant in P. tremuloides.

The highest level of polymorphism, with 11 alleles,
was observed for the locus PTR3 with dinucleotide
repeats and the lowest level of polymorphism, with
5 alleles, was detected for PTRI, a locus with trinuc-
leotide imperfect repeats. Although clones with long
repeats are considered to potentially contain many
alleles (Weber 1990; Terauchi and Konuma 1994; Pfeif-
fer et al. 1997), locus PTR3 with 11 repeat units showed
higher polymorphism than the locus derived from 17
units of TC/AG repeats. Similar results where longer
repeats do not necessarily show high polymorphism
have been reported for Pinus (Echt et al. 1996). Con-
trary to the general view that trinucleotide repeats are
less polymorphic than dinucleotide repeats, two trinuc-
leotide repeat loci in P. tremuloides (PTRI and PTR?2)
showed a considerable level of polymorphism. The
locus PTR2, which had only 8 repeat units in the clone,
showed a relatively high level of polymorphism with
a total of 7 alleles. Thus, trinucleotide repeat SSR loci
are quite highly polymorphic in P. tremuloides.

The presence of high levels of unique multilocus
genotypes makes SSRs a valuable molecular tool in
the fingerprinting and identification of P. tremuloides
clones. Isozymes have been used to identify clones in
several poplar species (Rajora 1988, 1989a, b; Rajora
and Zsuffa 1989; Rajora and Dancik 1992a), where
77-100% of the clones could be uniquely identified
based on their multilocus allozyme genotypes. How-

ever, the allozyme multilocus genotypes in these cases
were based on 9-17 polymorphic loci. In the present
study, 89% of the P. tremuloides individuals could be
uniquely identified using just only four SSR loci. The
2 clones that shared one multilocus genotype were from
the same population (Island Creek), whereas the
2 other clones which shared another multilocus geno-
types were from 2 distant populations (Island Creek
and Boundary Lake). The 2 individuals from the same
Island Creek population, sharing the same four-locus
genotype, are evidently highly genetically related. The
same multilocus genotype shared by 1 individual each
from the Island Creek and Boundary Lake seems to be
coincidental because these populations are geographi-
cally distant . We believe that these clones could also be
uniquely identified using additional SSR loci which we
are at present isolating and characterizing. Trembling
aspen is highly genetically variable in Alberta (Cheliak
and Dancik 1982; Rajora and Dancik 1995b). Each of
the 36 individuals included in our study was genetically
distinct based on random amplified polymorphic DNA
(RAPD) analysis, where a total of 564 RAPD
markers/loci were studied using 31 primers (Rajora and
Dancik 1995b). All the individuals could be distin-
guished by a combination of 2 or more RAPD primers.
However, each primer produced 7-28 products, each
assumed to be controlled by a single locus, with an
average of 18.2 loci per primer. Therefore, compared to
allozyme or RAPD markers for the same P. tremuloides
clones studied, SSR markers show higher polymor-
phism and, thus, are more informative per locus basis
for clonal identification.

The positive amplification of DNA and resolution of
microsatellite loci from different species of Populus us-
ing SSR primers developed for trembling aspen indi-
cates that these primers could potentially be used for
genetic studies of related Populus species. It has been
shown that SSRs developed for a given species could be
used with related species of animals (Moore et al. 1991;
Schlotterer et al. 1991; Levine et al. 1995) and plants
(Wu and Tanksley 1993; Kijas et al. 1995; Dayanandan
et al. 1997). However, the success of cross-species am-
plification and resolution of microsatellite loci depends
on the evolutionary relatedness of the taxa being sam-
pled (Dayanandan et al. 1997). Although locus PTR2
showed amplification in all of the Populus species
tested, locus PT R4 showed amplification in all but P.
deltoides, indicating that P. nigra and P. maximowiczii
are more closely related to P. tremuloides than the
evolutionary relatedness between P. tremuloides and
P. deltoides. This is in agreement with the genetic dis-
tances based on mitochondrial DNA restriction frag-
ment data (Barrett et al. 1993), which suggested that the
evolutionary relatedness of P. nigra and P. maximowic-
zii to P. tremuloides is closer than the evolutionary
relatedness between P. deltoides and P. tremuloides.
Populus x canadensis is a hybrid between P. deltoides
and P. nigra and has nuclear genomic compliments



from both the parental species (Rajora and Zsuffa
1989), and its organellar genomic compliment from its
maternal parent P. deltoides (Barrett et al. 1993; Rajora
and Dancik 1995c). As the SSR locus PT R4 was ampli-
fied in P. nigra, and not in P. deltoides, its amplification
in P. X canadensis was not unexpected because the
PTR4 primers could have amplified the P. nigra
genomic compliment in this hybrid. This would only be
possible if the PT R4 SSR was located in the nuclear
genome of P. nigra because the organellar genomes are
maternally inherited in P. deltoides x P. nigra hybrids
(Rajora and Dancik 1992b; Rajora et al. 1992).

In conclusion, we have for the first time isolated and
characterized microsatellite loci in P. tremuloides. This
may be the first report of microsatellites in any Populus
species. Certain SSR primers developed for P. tremulo-
ides could also be used for resolving microsatellite loci
in P. deltoides, P. nigra, P. x canadensis, and P. maxi-
mowiczii. The microsatellite markers developed could
be used in Populus for clonal fingerprinting, as demon-
strated in this study, and also for certification of con-
trolled crosses, identification of species and hybrids,
genome mapping, marker-assisted early selection, gen-
etic diversity assessment, and the conservation and
sustainable management of genetic resources. We are
continuing to isolate and characterize additional
microsatellite loci in P. tremuloides and other Populus
species.
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