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Abstract Sequence-tagged-site primers, previously
developed based upon black spruce (Picea mariana)
cDNA sequences, were tested for their ability to direct
specific amplification in two individuals of each of 12
additional conifer species. Nearly all (95—97%) of the
primers functioned well in congeneric trials, while
a lower proportion (21—33%) scored positively in other
Pinaceae genera. Outside of the Pinaceae, amplification
of homologous products was not achieved. Products
from the various species often differed in size from their
homologs in black spruce. In one case a large difference
in size was due to the lack of an intron in a jack pine
product while in several other cases the differences were
due to the presence or absence of large direct repeats in
the DNA sequences. Length polymorphism was occa-
sionally evident between the two individuals examined
of a given species. We investigated marker poly-
morphism in detail in a panel of 15 white spruce
(Picea glauca) trees. Allelic segregation among haploid
megagametophytes was revealed directly at 16 loci by
standard agarose-gel electrophoresis without any addi-
tional manipulation of amplification products. Poly-
morphisms observed at 12 of these loci were exclusively
co-dominant. For this subset of 12 loci, the average
number of alleles was 3.2 and the average observed
heterozygosity was 0.37.

Key words Co-dominant molecular markers ·
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Introduction

In recent years, polymerase chain reaction (PCR)-based
molecular markers have gained wide popularity in
population genetics and genome mapping. Of the vari-
ous classes of PCR-based markers currently available,
those which reveal co-dominant polymorphisms in spe-
cifically targeted sequences are the most informative
because they can be scored unambiguously in diploid
tissues and concern about the homology of markers
among individuals or populations is greatly reduced. In
an effort to obtain markers having these characteristics
for use in black spruce [Picea mariana (Mill.) B.S.P.],
we have developed a set of cDNA-based STS primers
(Perry and Bousquet 1998). Many of the markers gen-
erated by using these primers have polymorphisms that
may be revealed directly by standard agarose-gel elec-
trophoresis and ethidium bromide staining, without the
need for further manipulation of PCR products. At
many loci, the polymorphisms observed have been ex-
clusively co-dominant.

As with any PCR-based markers that target specific
sequences, considerable cost is incurred during the de-
velopment of cDNA-based STS markers. Sequence
data must first be obtained, followed by primer design,
synthesis and testing. If the primers generated for one
species could be used in others, the time and resources
required to launch studies involving ‘‘new’’ species
would be significantly reduced. In general, the wider
the taxonomic range across which primers are transfer-
able, the more economically attractive primer develop-
ment becomes.

The transferability of cDNA-based STS primers
among plant species has not been well studied. Perhaps
the most extensive trial to-date was carried out by
Tsumura et al. (1997) using primers developed for the
conifer Cryptomeria japonica screened against a panel
of 14 different coniferous species. Under stringent
(specific) amplification conditions, about 47% of the
C. japonica primers directed amplification of single



fragments from the closely related ¹axodium distichum
and, although there was considerable variation among
species, this number averaged about 18% within the
Taxodiaceae. Outside of the Taxodiaceae, amplifica-
tion success was generally much reduced.

To our knowledge, no comparable studies have been
carried out using a primer source from within the
Pinaceae, a family that includes many of the ecologi-
cally and economically important tree species world-
wide. Here we present the results of an investigation of
the degree to which cDNA-based STS primers that
were originally developed for black spruce are useful in
other conifers. We examined cross-species amplifica-
tion in four other spruces, five additional Pinaceae
genera, and two phylogenetically more distant conifers.
Successful amplification is only one measure of utility;
we also screened a panel of 15 white spruce (Picea
glauca) trees to assess the amount and nature of poly-
morphism revealed.

Materials and methods

PCR conditions

Primers were based upon arbitrarily selected black spruce cDNA
sequences as previously described (Perry and Bousquet 1998). Thirty
nine pairs of primers that had successfully directed amplification of
genomic targets in black spruce were selected for this study.
PCR with these STS primers was carried out using a standard set
of conditions as previously described for genomic amplification
(Perry and Bousquet 1998), and the products were subjected to
electrophoresis through thin (3-mm) gels (2% agarose in TAE,
except for Sb01 products for which 1.2% agarose in TAE was used)
followed by ethidium bromide staining.

Cross-species amplification

Needle samples for all multi-species panels were collected locally
from arboreta or wild trees. Isolation of DNA from needles followed
Bousquet et al . (1990) with an additional chloroform extraction. The
suitability of DNA samples for PCR was tested in reactions using
degenerate primers that were based on copia-like retrotransposon
reverse transcriptases (see Voytas et al . (1992) for primer sequences
and PCR conditions). These amplification trials were positive for all
but the two ¹axus canadensis samples which were subsequently
replaced by DNA that was extracted using a DNeasy Plant Mini Kit
(Qiagen) and amplified well.

Each pair of black spruce-derived STS primers was tested for its
ability to direct amplification with two individuals from each of 12
coniferous species. This multi-species panel included four spruces
(Picea abies, P. glauca, Picea pungens and Picea rubens), six addi-
tional members of the Pinaceae (Abies balsamea, ¸arix laricina,
Pinus banksiana, Pinus strobus, Pseudotsuga menziesii and ¹suga
canadensis) and two other conifers (¹axus canadensis of the Taxaceae
and ¹huja occidentalis of the Cupressaceae). Amplification was ten-
tatively judged as positive if a single product was clearly predomi-
nant for both representatives of a species, or if it gave a single
predominant band in one and produced none, or a banding pattern
consistent with a heterozygous genotype, in the other. DNA se-
quences were obtained for a selection of amplification products
(using a Perkin—Elmer—ABI model 373 automated DNA sequencer),
with an emphasis on products for which homology was suspect

owing to sizes that differed considerably from corresponding prod-
ucts in other species. For ¹axus canadensis and ¹. occidentalis,
sequence data were obtained in all cases judged tentatively positive
regardless of product size. Sequences were manually aligned and
compared to those previously obtained from black spruce.

In a second phase of cross-species trials, primer pairs that had
scored positively in amplifications of A. balsamea, ¸. laricina, P.
banksiana or P. strobus were tested against additional species.
Primers that functioned in A. balsamea were tested against Abies
concolor and Abies lasiocarpa. Where ¸. laricina had scored posit-
ively, ¸arix gmelinii and ¸arix sibirica were also tested. Additional
hard pine (subgenus Pinus) trials were carried out with Pinus mugo,
Pinus nigra and Pinus sylvestris, while for soft pines (subgenus
Strobus), Pinus cembra and Pinus koraiensis were used. Two repli-
cates of a single individual from each additional species were exam-
ined alongside the congeners initially tested.

Polymorphism within white spruce

Needles were collected from white spruce clones that originated
from provenances in Ontario and Quebec and were established in
the Cap Tourmente breeding orchard (Natural Resources Canada).
We selected one clone from each of 15 provenances. Needle DNA
was isolated following Bousquet et al . (1990), with an additional
chloroform extraction. These 15 diploid DNAs were screened with
each of the 39 pairs of STS primers for variation that was revealed
directly by electrophoresis.

Markers that were polymorphic in the diploid white spruce panel
were investigated further using haploid DNA of seeds from the 15
white spruce clones. Seedcoats and embryos were removed and
DNA isolation from individual haploid megagametophytes followed
Bousquet et al. (1990) modified to include a phenol : chloro-
form : isoamyl alcohol (25 : 24 : 1) extraction and precipitation with
ethanol. Six megagametophyte DNAs were included per clone giv-
ing a total haploid panel size of 90. Examination of this haploid
DNA panel served two purposes: (1) the observation of allelic
segregation among haploid megagametophytes of heterozygous
trees facilitated the interpretation of polymorphisms as dominant or
co-dominant, and (2) null alleles that were undetected in a hetero-
zygous state could be uncovered. With six megagametophytes,
the probability of observing both alleles of a heterozygote is
1!(1/2)5"0.97 if segregation is 1 : 1.

Results

Cross-species amplification

Nearly all (95—97%) of the black spruce-derived STS
primers functioned well in congeneric trials (Table 1),
with only three loci (Sb52, Sb53 and Sb66) scoring
negatively in one or more spruce species. Although
all spruces scored positively for Sb18, one of the
two P. pungens individuals was a null homozygote.
These four loci are among the six at which null
alleles were apparent in black spruce (Perry and
Bousquet 1998).

Amplification success rates were lower with non-
Picea templates. The proportion of primers scoring
positively was remarkably consistent among A. bal-
samea, ¸. laricina, P. menziesii and ¹suga canadensis
(31—33%) but the primers comprising these successful
subsets differed considerably among the genera
(Table 1). For Pinus, success rates dropped to 21—23%,
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Table 1 Amplification trials of 39 black spruce-derived STS
markers in 12 conifer species. Each species-primer combination was
scored in two individuals for success (#) or failure (!) of putative

or confirmed homologous amplification, putative length polymor-
phism (p), or the presence of a null homozygote (n). Products that
were investigated by DNA sequencing are also indicated (s)

Locus Picea
abies

Picea
glauca

Picea
pungens

Picea
rubens

Abies
balsamea

¸arix
laricina

Pseudotsuga
menziesii

¹suga
canadensis

Pinus
banksiana

Pinus
strobus

¹axus
canadensis

¹huja
occidentalis

Sb01 #p # # # # # #p # #s #s ! !

Sb06 #p # # # ! ! ! ! ! ! ! !

Sb07 # # # # # ! # ! ! ! ! !

Sb08 # # # # ! ! ! ! ! ! ! !

Sb11 # # # # ! ! ! ! ! ! ! !

Sb12 # # # # ! #s # # ! ! ! !

Sb14 # # # # ! # ! # ! ! ! !

Sb16 # # # # ! ! ! ! ! ! ! !

Sb17 # # # # ! ! ! ! ! ! ! !

Sb18 # # #n # !s ! ! ! ! ! ! !

Sb19 # # # # ! ! ! ! ! ! ! !

Sb21 # # # # ! ! # !s ! # !s !s
Sb24 # #p # # ! ! ! ! ! ! ! !

Sb28 # # #p # # ! ! ! ! ! ! !

Sb29 #p #p # # # ! # ! ! ! ! !

Sb31 # # # # ! # # # ! ! ! !

Sb32 #p #ps # #p ! ! ! #s #p #s !s !

Sb34 # # #p # # #p # # # ! ! !

Sb35 # #p #p # ! ! !s ! ! ! ! !

Sb36 # # # # #s ! ! ! ! ! ! !

Sb41 # # # # ! # # # ! # ! !

Sb42 #p # # #p # ! ! ! ! ! ! !

Sb46 # # # # # # ! # #p # ! !

Sb49 # # # # # # # # #s # ! !

Sb50 # # # # ! ! ! ! ! ! ! !

Sb51 # # # # ! # ! ! ! ! ! !

Sb52 ! ! # ! ! ! ! ! ! ! ! !

Sb53 #n ! ! # ! ! ! ! ! ! ! !

Sb56 #p # # # # # # ! ! ! ! !

Sb58 # # # # ! ! ! ! # # ! !

Sb60 # # # # # # ! #s ! ! ! !

Sb62 # # # # # # # ! ! ! !s !

Sb64 # # # # ! ! # # # ! ! !

Sb66 # # # ! ! ! ! ! ! ! !s !

Sb67 # # # # ! ! ! ! ! ! ! !

Sb68 # # # # ! ! ! ! #s # ! !

Sb70 # # # # #p ! # # ! # ! !

Sb71 # # # # ! ! ! ! ! ! ! !

Sb72 # # # #p ! ! ! ! ! ! ! !

Total
positive 38 37 38 37 13 12 13 12 8 9 0 0

and outside of the Pinaceae amplification of homolog-
ous targets was not achieved.

Amplification of Sb12 produced a double-banded
pattern in both examples of A. balsamea tested and, in
compliance with our judging criteria (see Materials and
methods), this species-primer combination was given
a negative score. Attempts to amplify Sb12 in A. con-
color and A. lasiocarpa also produced identical double-
banded patterns, suggesting that the targeted gene was
duplicated in Abies. A double-banded pattern was also
observed for Sb32 in both examples of P. banksiana
tested (Fig. 1); however, we gave this combination
a positive score because in other hard pines a single
band was obtained for Sb32, suggesting that the pattern
seen in P. banksiana was the result of a polymorphism

at a single locus. For several other markers, polymor-
phisms were evident between the two individuals rep-
resenting a species (Table 1). Except for P. glauca (see
below), we did not examine these polymorphisms in
haploid material, and therefore cannot comment on
allelic segregation.

We investigated the homology of 18 PCR products
by DNA sequencing (Table 1). Although one locus in
¹. occidentalis and four loci in ¹axus canadensis were
tentatively scored as positive, sequences of the ampli-
fied products bore no apparent similarity to the se-
quences originally targeted in black spruce. In general,
the sizes of these products differed considerably from
those amplified from spruces, but in one case (¹axus
canadensis Sb32), a product was cleanly amplified and
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Fig. 1 Results of amplification
trials of black spruce-derived STS
locus Sb32 in a panel of 12
conifers. A negative image of an
ethidium bromide-stained
agarose gel is shown. The size
markers in the outside lanes are
fragments of a 100-bp ladder
(Pharmacia)

co-migrated with spruce Sb32 products (Fig. 1). Even in
this case, the ¹axus canadensis amplification product
was not homologous to the gene targeted in black
spruce. Three species-primer combinations within the
Pinaceae (A. balsamea Sb18, P. menziesii Sb35 and
¹suga canadensis Sb21) were initially given positive
scores, but the amplification products were later found
to be nonhomologous to the targets in black spruce. In
the first two of these cases, these results were not viewed
as surprising since the products were several hundred
bp larger than those obtained from spruces, and no
other non-Picea panel members had scored positively.
Conversely, a smaller size of the ¹suga canadensis Sb21
product had also alerted us to the possibility that it was
not homologous to the fibrillarin gene targeted in black
spruce. The genomic Sb21 product of black spruce
(471—474 bp) included a 92—93-bp intron and 95—97 bp
of 3@-untranslated region (3@-UTR). If homologous, the
¹suga canadensis Sb21 product (approximately 400 bp)
would necessarily have lacked a large proportion of
this noncoding sequence. In all other cases, sequencing
confirmed the homology of amplified products and we
are reasonably confident that the remaining untested
products are true homologs of the sequences targeted
in black spruce.

Some of the sequenced products (P. glauca Sb32, P.
strobus Sb32 and A. balsamea Sb36) did not differ mark-
edly in size from those amplified from black spruce and
homology was clearly anticipated. However, in several
cases homology was also confirmed among products
that differed considerably in size. The most extreme
case was P. banksiana Sb01 which was 220 bp in com-
parison to about 1900 bp for Sb01 in black spruce.
Although the P. banksiana Sb01 product closely resem-
bled the aquaporin gene originally targeted in black
spruce (92% nucleotide identity), it completely lacked
an intron where one was predicted based upon se-
quences of similar genes in other plants (Guerrero and
Crossland 1993; Kaldenhoff et al. 1993). P. strobus Sb01
had a 382-bp intron at the expected location and the
corresponding products of all soft pines were of very
similar size. Larger Sb01 product sizes in all of the other

Pinaceae members examined (Fig. 2) were suggestive of
much longer introns ('1500 bp).

The Sb01 intron characterized in P. strobus con-
tained a complex pattern of repeated sequences; one
element of a direct repeat of 72 bp was interrupted by
a tandem triplication of 26 bp. Several of the other
sequenced products also contained large direct repeats
that accounted for some or all of the difference in size
compared to homologous black spruce products. The
¸. laricina Sb12 product had a direct repeat of at least
49 bp that included the reverse primer site. ¹suga cana-
densis Sb32, ¹suga canadensis Sb60 and P. banksiana
Sb68 products contained tandem repeats of 68 bp,
179 bp and 86 bp, respectively.

Some species had smaller Sb49 products than did the
spruces. The 3@-UTR of the Sb49 sequence targeted in
black spruce included a large direct repeat of at least
100 bp and the reverse primer (SB49-R) had been
placed within the second element of this repeat at
a position where the sequence differed slightly from the
first element. In conjunction with primer SB49-F, the
PCR yielded a 323-bp product in black spruce (Perry
and Bousquet 1998) and we obtained similarly, perhaps
identically, sized products from ¸. laricina, P. menziesii
and each of the additional spruces tested. However, for
A. balsamea, ¹suga canadensis, P. banksiana and P.
strobus, Sb49 products were about 170 bp. Sequencing
of this smaller product in P. banksiana revealed that it
was homologous to the black spruce target, but lacked
the large repeat. Either the large repeat is absent in
these species, or the sequences differ in other ways such
that amplification from within the distal element is
inhibited. Amplification of additional congeners indicated
that Sb49 product sizes were consistent within genera.

In general, any primers that scored positively in one
member of a genus (or subgenus in the case of pines)
were functional in all additional members of that genus
(or subgenus) tested. Exceptions noted were: Sb36 was
positive in A. balsamea but did not function in A.
concolor or A. lasiocarpa; Sb58 was positive in all hard
pines tested except for P. mugo; Sb60 scored positively
in A. balsamea and A. lasiocarpa, but not in A. concolor;
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Fig. 2 Results of amplification
trials of black spruce-derived STS
locus Sb01 in the ten Pinaceae
members of a multi-species panel.
A negative image of an ethidium
bromide-stained agarose gel is
shown. The size markers in the
outside lanes are fragments of
a 100-bp ladder (Pharmacia)

Table 2 Co-dominant length polymorhpisms revealed at 12 loci in
a panel of 15 white spruce trees using black spruce-derived STS
primers. Polymorphisms were directly observed on agarose gels
without further manipulation of amplification products

Locus Putative
identification!

No.
of alleles

Observed
heterozygosity

Sb01 Aquaporin &10" 0.80
Sb08 Unknown 2 0.20
Sb12 Nucleolysin TIA-1 2 0.27
Sb16 Ribosomal protein L13a 4 0.47
Sb17 Unknown 3 0.40
Sb21 Fibrillarin 2 0.07
Sb29 ATAF1 homolog 2 0.40
Sb32 Mitotic cyclin 3 0.60
Sb41 ISP42 homolog 2 0.60
Sb58 Ribosomal protein L5 2 0.13
Sb60 Unknown 3 0.33
Sb62 Ribosomal protein L15 3 0.13

!Putative identification was based on similarity to gene products
identified in searches of public databases (Perry and Bousquet 1998)
"An exact determination of the number of alleles was problematic
(see Fig. 4)

and Sb01 was amplified in P. banksiana, but not in
other hard pines.

Polymorphism in white spruce

Although two loci (Sb52 and Sb53) were previously
given negative scores in white spruce (see above), we
screened all 39 black spruce-derived STS markers
against the diploid white spruce panel. Sb53 failed to
amplify satisfactorily in any of the 15 panel members,
while Sb52 was successfully amplified from one indi-
vidual. Null alleles were also apparent at an otherwise
invariant Sb66 where a single null homozygote was
observed.

Based upon screening of the diploid panel, length
polymorphisms were suspected at 18 loci. When corres-
ponding products were examined in the haploid mega-
gametophyte DNA panel, we were unable to detect
length differences among those derived from apparent
Sb28 or Sb46 heterozygotes, but allelic segregation was
clearly evident for the others. In one case (Sb16) we
departed from standard PCR reaction conditions and
used an annealing temperature of 49°C rather than
55°C. This improved the intensity of bands obtained
from megagametophytes but did not alter the patterns
observed.

At 12 loci, all observed polymorphisms were co-
dominant (Table 2, Fig. 3). In general, more slowly
migrating heteroduplex products made it possible to
detect heterozygotes using short gels (10 cm), but long
gels (22 cm) were necessary to view allelic segregation
and to assign diploid genotypes when differences
among alleles were small. Sb01 was highly variable,

having a large number of co-dominant alleles. Al-
though the largest differed from the smallest by about
150 bp, size differences among many Sb01 alleles were
slight and when all were ordered on the basis of length,
the gradient appeared rather continuous, making an
exact determination of the number of alleles problem-
atic under current electrophoretic conditions (Fig. 4).
With the number of alleles at Sb01 estimated as ten, the
average number of alleles at these 12 loci for which only
co-dominant polymorphisms were evident was 3.2 and
the average observed heterozygosity was 0.37. When
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Fig. 3a–k White spruce alleles and heterozygous genotypes ob-
served at 11 of the 12 black spruce-derived STS loci at which only
co-dominant polymorphisms were evident in a panel of 15 white
spruce trees. Products of individual alleles were PCR—amplified
from DNA of single megagametophytes, while products of hetero-
zygotes were amplified from DNA of needles. Polymorphisms were
revealed by electrophoresis without further manipulation of PCR
products. Negative images of ethidium bromide-stained agarose gels
are shown. The assignment of alphabetic designations to alleles was
arbitrary. The size markers in the left-hand lanes are fragments of
a 100-bp ladder (Pharmacia)

Sb01 was excluded, these values were reduced to 2.5
and 0.33, respectively. A similar set of 12 loci in black
spruce had an average of 2.8 alleles and an average
observed heterozygosity of 0.26 in a range-wide sample
of 22 trees (Perry and Bousquet 1998).

Various combinations of allele types were evident at
the remaining polymorphic loci (co-dominant and null
alleles, Sb18; co-dominant and dominant length vari-
ants, Sb24 and Sb35; dominant length variant, Sb71)
(Fig. 5). Again, Sb18 was among the six loci at which
null alleles were apparent in black spruce (Perry and
Bousquet 1998). Sb24 was polymorphic in black spruce,
but only co-dominant alleles were observed in that
species. In white spruce, allele Sb24-C was dominant
over Sb24-A, but not over Sb24-B; however, in Sb24-
B/Sb24-C heterozygotes, almost all of the Sb24-B allele
product appeared to be incorporated into heteroduplex
(Fig. 5 b). A dominant length polymorphism had also
been observed at Sb35 in black spruce, but the appear-

ance of the dominant allele was unlike the one found in
white spruce. Finally, although we classified the poly-
morphisms at Sb71 as dominant, it was evident that the
dominance of the smaller allele was not quite complete
(Fig. 5 d). The difference in size between Sb71 alleles was
quite remarkable, about 1100 bp.

Discussion

Almost all of the STS primers that we developed for
black spruce function well in other Picea. We con-
sidered four spruce species, including P. glauca, which
was among the most genetically distant from black
spruce of the 31 North American and Eurasian spruces
previously included in a phylogenetic study of Picea
(Sigurgeirsson and Szmidt 1993). Therefore, we expect
our results to be representative for Picea in general.
A reasonably high proportion (21—33%) of the primers
also directed amplification in other Pinaceae genera.
Since primers that functioned well in one member of
a genus (or subgenus in the case of pines) were generally
also successful in other members of that genus (or
subgenus), our scoring of primer performance (Table 1)
may provide a useful starting point when initiat-
ing studies involving any of a large number of ‘‘new’’
species.

In similar trials using cDNA-based STS primers
of C. japonica (Tsumura et al. 1997), some primers
were reported to be successful in amplifications
across a much broader taxonomic range than was
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Fig. 4 A negative image of an ethidium bromide-stained agarose gel
showing amplification products of black spruce-derived STS locus
Sb01 from 27 haploid white spruce megametophytes. Both alleles
from each of 12 heterozygotes and a single allele from each of three
homozygotes found in a panel of 15 white spruce trees are ordered
according to length. The lower band in each lane is a size standard
loaded in advance to facilitate comparison across the gel. Numbered
bars represent the classification of alleles. The size markers in the
outside lanes are fragments of a 100-bp ladder (Pharmacia)

Fig. 5 a–d White spruce alleles and heterozygous genotypes ob-
served at four black spruce—derived STS loci at which dominant
polymorphisms were evident in a panel of 15 white spruce trees.
Products from homozygous genotypes are also included for Sb71
(panel d). Individual alleles were PCR—amplified from the DNA of
single megagametophytes while diploid products were amplified from
the DNA of needles. Polymorphisms were revealed by electrophoresis
without further manipulation of PCR products. Negative images of
ethidium bromide-stained agarose gels are shown. The assignment
of alphabetic designations to alleles was arbitrary. The size markers
in the left—hand lanes are fragments of a 100-bp ladder (Pharmacia)

achieved using our black spruce-derived primers. This
could be a reflection of differing primer placement
strategies. For each of our markers, we made an effort
to locate the reverse primer in the 3@-UTR of the cDNA
(Perry and Bousquet 1998). While this approach may
have achieved our goals of ensuring the inclusion of
noncoding, presumably more variable, DNA in the
product and increasing specificity when primers were
based upon one member of a gene family, it is also
expected to adversely affect the taxonomic range across
which primers can be transferred. This is because 3@-
UTRs are likely to have diverged much more rapidly
than protein-coding regions. Tsumura et al. (1997) did
not provide details about the positioning of their am-
plification primers nor did they indicate whether their
cDNA library was constructed using methods that
would promote the inclusion of 3@-UTRs, but it is likely
that in the absence of a specific effort to place reverse
primers in the 3@-UTR, at least some would fall within
the protein-coding region. Under such circumstances,
primer sites would likely tend to be conserved across
a wider range of taxa. However, we also note that
Tsumura et al. (1997) did not report having verified the
homology of any of their amplification products. In
each of five cases where we had tentatively scored
amplification as positive in species outside of the
Pinaceae, homology of the amplification product was
later disproved by DNA sequencing. This was true even
in a case where a ¹axus canadensis product was the
same size as the product targeted in black spruce. It is
possible, particularly in some of the more taxonomic-
ally distant trials, that Tsumura et al. (1997) may have
inadvertently included some false positives.

How does cross-species transferability of cDNA-
based STS markers compare to that of nuclear micro-
satellite (also known as simple-sequence-repeat, SSR)
markers? At present, published data concerning the
cross-species transferability of microsatellite markers in
plants are only available from non-coniferous species.
In one study (Whitton et al. 1997), just two of 13 sets of
primers developed for Helianthus sp. amplified homo-
logous microsatellite loci outside of the tribe Helian-
theae and no single locus amplified in all species tested
within that tribe. In investigations of microsatellite
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markers developed for Quercus myrsinifolia (nine loci)
(Isagi and Suhandono 1997) and Quercus petraea (17
loci) (Steinkellner et al. 1997), amplification success
within the source subgenus was nearly complete while
it was reduced by about one half in other Quercus
subgenera and generally (but not always) declined
markedly in other Fagaceae genera. In another study
(White and Powell 1997) of 11 microsatellite markers
developed for Swietenia humilis, four did not function in
other Swietenia species, while three were successful in
all six additional Meliaceae genera tested. Our ability
to draw conclusions by comparing our results with
these cross-species trials in angiosperms is clearly lim-
ited. Intuitively, one might expect cDNA-based primer
sequences to be better conserved among taxa than
microsatellite primers; however, we reiterate that our
practice of placing one primer in the 3@-UTR most
likely reduced the conservation across taxa. A proper
evaluation must await the availability of results from
cross-species trials of microsatellite markers performed
within the Pinaceae.

Successful amplification of homologous targets is
only one aspect of cross-species primer utility. With
heterologous microsatellite markers, a reduced level of
polymorphism compared to the primer source species
is often observed. This trend has been reported for
a variety animals (e.g., Fitzsimmons et al. 1995; Prim-
mer et al. 1996; Ellegren et al. 1997) and also in plants
(Steinkellner et al. 1997; van Treuren et al. 1997). In
general, the greater the evolutionary distance, the
greater the reduction in polymorphism. It has been
argued that this reduction in polymorphism is due to
the ascertainment bias inherent in microsatellite-
marker development procedures (Ellegren et al. 1995).
The sequences selected are not a random sample of
simple-sequence-repeats from the source species; rather
they are biased in favor of longer repeat regions that
are more likely to be polymorphic. In a non-source
species, the same set of loci would be more random
with respect to length, making them shorter on average
and less likely to be variable. Development of cDNA-
based STS markers does not promote such an
ascertainment bias, and therefore a reduction of poly-
morphism in non-source species is not expected.
Indeed, the proportion of polymorphic loci that we
observed in the panel of 15 white spruce was about the
same as we had found for black spruce (Perry and
Bousquet 1998) and the average observed heterozygos-
ity at these polymorphic loci may actually be somewhat
higher. Also, the composition of the subsets of poly-
morphic loci in the two spruces differed; some loci were
polymorphic in black spruce but not in white spruce
and vice versa. As for the other taxa that we examined,
two individuals per species was clearly insufficient to
allow a rigorous assessment of marker polymorphism;
however, we did observe putative length polymor-
phisms in several instances, indicating that many of
these markers may be polymorphic in diverse taxa.

We often found considerable variation in size among
products amplified from our multi-species panel
(e.g., Figs. 1 and 2). This contrasts with the report by
Tsumura et al. (1997) that, under high-stringency con-
ditions, the sizes of PCR products amplified in their 14-
species, five-family panel were not different from those
obtained from the primer source species (C. japonica).
Fairly consistent product sizes might be expected if
only conserved protein-coding regions are included,
but the lengths of introns and UTR sequences are
presumably under less selective constraint. With one of
the loci that we examined (Sb01), differences in product
sizes among taxa were due not only to presumed vari-
ation in intron length, but also to the presence or
absence of an intron. The lack of an intron in the jack
pine Sb01 product suggests that we may have amplified
a portion of a processed pseudogene in that case. Pro-
cessed pseudogenes have been reported in Picea (Kvar-
nheden et al. 1995, 1998) and retrotransposon reverse
transcriptase gene sequences are present in conifers
(Voytas et al. 1992). Indeed, we used reverse transcrip-
tase-targeted primers as a positive amplification con-
trol for our DNA. However, the P. banksiana Sb01
reading frame was uninterrupted (57 codons) and, in
comparison to the aquaporin protein inferred from the
black spruce cDNA, there were only two conservative
amino-acid differences, both having isoleucine sub-
stituted for valine. Therefore, it is also possible that
a functional, but intron lacking, gene was amplified.

In many cases the size differences among STS
markers from different taxa may be due to the presence
or absence of large direct repeats. Of the ten products
for which homology was confirmed by sequencing,
seven differed notably in size from the corresponding
products in spruce. The size differences for five of these
seven products were explained by the presence or ab-
sence of large repeats. Sb49 was particularly interesting
because our ability to classify all of the Pinaceae exam-
ined into two groups (Picea, ¸arix and Pseudotsuga, or
Abies, ¹suga and Pinus) based upon the presence or
absence of a large direct repeat may be indicative of
evolutionary relationships. We are becoming increas-
ingly aware of the ubiquity of large direct repeats in
conifer DNA sequences (Perry and Furnier 1996; Perry
and Bousquet 1998).

It is encouraging that many of the STS markers that
we developed for black spruce are successfully ampli-
fied in diverse species. These primers may provide
a ready source of markers to initiate population studies
of other species, at least within the Pinaceae. Hetero-
logous primers also have many other potential applica-
tions such as in comparative genome mapping.
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of (GA)

n
microsatellite loci between Quercus species. Mol Ecol

6 : 1189—1194
Tsumura Y, Suyama Y, Yoshimura K, Shirato N, Mukai Y (1997)

Sequence—tagged—sites (STSs) of cDNA clones in Cryptomeria
japonica and their evaluation as molecular markers in conifers.
Theor Appl Genet 94 : 764—772

van Treuren R, Kuittinen H, Kärkkäinen K, Baena-Gonzalez E,
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