
Abstract Fifteen cDNA sequences are reported for the
European coniferous forest tree species Norway spruce
[Picea abies (L.) Karst.], including the results of similar-
ity searches in public electronic databases. The sequenc-
es were subsequently employed for the design of specific
primer pairs and PCR-based amplification of genomic
fragments. For seven primer pairs, polymorphic EST-
PCR markers were identified among 18 trees. Their
mode of inheritance was verified by analysing single-
tree offspring and studying segregation among haploid
endosperms in comparison to diploid tissue. Codominant
inheritance was indicated for six markers, while one
marker was apparently dominant. Variation of the six co-
dominant EST markers was tested by genotyping 110
randomly selected trees in a Bavarian Norway spruce
population. For comparison, the same trees were geno-
typed at 18 enzyme coding gene loci. There were 3.33
alleles per locus for EST markers and 3.00 for isoen-
zyme gene markers. In general, a trend to more even fre-
quency distributions and larger intrapopulational varia-
tion, including observed heterozygosities, was indicated
more for EST markers than for isoenzyme gene markers.
The benefits of these newly developed EST-PCR mark-
ers are outlined with respect to population genetics and
ecological genetics.
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Introduction

Norway spruce [Picea abies (L.) Karst.] is one of the
most important tree species from both an ecological and
an economical point of view (for detailed informations
see Schmidt-Vogt 1986, 1987, 1991). Its prehistoric ori-
gin was probably East Asia from where the species mi-
grated to Europe, now covering continuous areas in Cen-
tral and Southeast Europe, Northeast Europe as well as
Siberia. The species has been widely sown and planted
in Central Europe, particularly during the last two centu-
ries, so that large areas with artificial forests exist out-
side the natural habitat. Like other conifers, Norway
spruce contains an extremely large nuclear genome (ap-
prox. 30–40×109 bp per haploid nucleus according to
Govindaraju and Cullis 1991), which is organized in
2n=24 chromosomes.

Until the early 1990s, population genetic surveys 
and genome analysis as well as the development of ge-
netic maps for Norway spruce were constrained by the
availability of a only small number of morphological
markers, monoterpenes and isoenzyme gene markers
(Geburek and von Wuehlisch 1989; Lagercrantz and
Ryman 1990; Baradat et al. 1991; Mueller-Starck and
Ziehe 1991). During the last few years, however, the de-
velopment of different classes of DNA-based markers
has significantly advanced our knowledge of P. abies
(Pfeiffer et al. 1997; Scheepers et al. 1997; Scotti et al.
1998, 2000). On the basis of DNA markers, the first ge-
nome maps were constructed for Norway spruce (Binelli
and Bucci 1994; Bucci et al. 1997; Paglia et al. 1998).
These maps are still incomplete since the markers co-
alesce into more than the 12 linkage groups expected,
obviously demonstrating the experimental difficulties
encountered when attempting to saturate a large genome
of a non-domesticated species with markers.

Genetic markers are defined as heritable polymorphic
characters that simply reflect differences in DNA se-
quences directly at the nucleotide level or indirectly at
the level of gene expression. The selection of appropriate
markers is essential since no marker presently used in
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forest tree species has turned out to be absolutely perfect
in answering all biological questions (see Neale and 
Harry 1994). The majority of DNA-based markers which
are currently applicable for the characterization of 
the nuclear genome of P. abies represent multilocus 
approaches [randomly amplified polymorphic DNA
(RAPD) and amplified fragment length polymorphic
DNA (AFLP)], visualizing many anonymous bands si-
multaneously. The fundamental drawbacks of these tech-
nologies are their limited comparability among different
studies and the dominant mode of inheritance of the
marker bands (for detailed informations see Sunnucks
2000). In contrast to dominantly inherited markers, co-
dominant markers allow the identification of two differ-
ent alleles at a single heterozygous locus of a diploid or-
ganism. Assays confirming the level of heterozygosity or
the number of alleles present per locus are essential tools
in forest genetics, since the proportion of genetic varia-
tion has been found to be high within populations of the
major indigenous tree species in comparison with annual
plants (Mitton 1983; Hamrick and Godt 1989; Mueller-
Starck 1991; Mueller-Starck et al. 1992). Genetic diver-
sity has been verified to be correlated with fitness 
(Mitton and Grant 1984; Allendorf and Leary 1986) and,
consequently, has been considered as an important deter-
minant of the stability of long-lived ecosystems under
complex environmental conditions (for review see 
Harwood and Amos 2000). In order to characterize un-
known nuclear genome regions of Norway spruce, we
designed additional multiallelic DNA markers with the
main emphasis on codominantly inherited single-locus
polymorphisms. Once developed, these markers would
allow the unambiguous identification of all genotypes
and a more efficient utilization of the information poten-
tial of the population studied. The generation of such
markers involves gene discovering in order to address
transcribed genome parts, polymerase chain reaction
(PCR)-based amplification of the respective genomic re-
gions and population tests to detect nucleotide polymor-
phisms, including the analysis of their inheritance.

Using an elicitor-induced cDNA library of Norway
spruce, we recently started analysing expressed sequence
tags (ESTs) (Schubert et al. 1997; Nageisky 1999). We
report here 15 cDNA sequences, mostly corresponding
to known genes, and PCR primer pairs for their amplifi-
cation. For seven of them genetic markers were devel-
oped by verifying size differences or restriction site
polymorphisms. The intrapopulational variation of the
newly generated codominant EST-PCR markers was
quantified in a population of 110 trees, and the results
were compared with reference data from isoenzyme gene
markers.

Materials and methods

Plant material

Leaf buds and corresponding single tree seed samples were col-
lected from 18 trees (Forest of Kranzberg, located near Freising,

Bavaria, 490 m asl) during October 1995, immediately after the
trees had been cut down. Cones were induced at room temperature
to release their seeds. Based on a neighbouring population, addi-
tional leaf buds were sampled during February 1999 from 110 ran-
domly selected growing trees (age class: 50 years). Buds and
seeds were stored at –20°C and +4°C, respectively, until use.

cDNA library

For the construction of a spruce cDNA library in the plasmid
pSPORT1 see Galliano et al. (1993). In brief, poly(A)+ RNA was
isolated from photomixotrophic suspension cells which had been
treated with an elicitor preparation of the fungus Rhizosphaera 
kalkhoffii Bub. Following enzymatic synthesis of cDNA, direc-
tional cloning was carried out with the Superscript Plasmid
System (Gibco/BRL, Karlsruhe, Germany).

DNA extraction

Megagametophytes (endosperm tissues) were isolated by remov-
ing both the inner and outer seed coats as well as the embryo. In-
dividual megagametophytes and single leaf buds were used to ex-
tract total genomic DNA according to the method of Doyle and
Doyle (1989). For this purpose, the cell lysis buffer employed was
supplemented with 1 mg/ml RNase A (Qiagen, Hilden, Germany).

The DNA of randomly picked recombinant pSPORT1 plasmid
derivatives was isolated from 5-ml liquid bacterial cultures (culti-
vated over night at 37°C) by means of the Plasmid DNA Isolation
Mini Kit and tip 20 columns as has been recommended by the
manufacturer (Qiagen, Hilden, Germany).

cDNA sequence analysis and gene identification

Recombinant plasmid DNA was sequenced on both strands by an
oligonucleotide walking strategy, employing the Cy5-AutoRead
Sequencing Kit and the Cy5-dATP Labeling Mix (Amersham
Pharmacia Biotech, Freiburg, Germany). Using electrophoretic
separation on 6 M urea/5.5% (w/v) Hydrolink (Biozym, Hess.
Oldendorf, Germany) long ranger gels (large plate, 800 min, 
800 V, 60 mA, 25 W, 55°C, 0.5×TBE), we detected fluorescently
labeled dideoxy chain terminated fragments using an ALFexpress
automated laser sequencer (Amersham Pharmacia Biotech).
Clone-specific oligonucleotides were synthesized by Gibco/BRL
and MWG Biotech (Ebersberg, Germany). For the amino acid se-
quences deduced, online gene identification (http://www.ncbi.nlm.
nih.gov/BLAST/) was performed by means of the BLASTX algo-
rithm (Altschul et al. 1990).

Development of EST-PCR markers

Using the HIBIO DNASIS programme (version 2.5, Hitachi Soft-
ware Engineering Europe, Olivet Cedex, France), we employed
cDNA sequences in order to design clone-specific primer pairs
(see Table 2). The reverse primer was in all cases originally la-
beled at the 5′ site by the dye Cy5 for fluorescent detection (all
oligonucleotides and labeling reactions provided by MWG Bio-
tech). Later, the Cy5-label was omitted from reverse primers P2
and P22 because the polymorphisms which were detected for
marker PA0002 and PA0055 are easily scoreable on agarose gels.

PCR using individual primer pairs was performed in a total
volume of 25 µl, containing 2.5 µl 10× PCR-buffer, 1.5 mM
MgCl2, 0.1 mM each dNTP, 10 pmol each primer, 0.5 U Platinum®

Taq DNA polymerase (all reagents provided by Gibco/BRL) and
approximately 40 ng template DNA. Three distinct temperature
profiles were tested by means of two different thermocycler in-
struments. Amplification programme JAN1 (Uno instrument, Bio-
metra, Göttingen, Germany, lid temperature at 94°C) consisted of
an initial denaturation of DNA and activation of the Taq polymer-
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ase at 94°C (5 min), annealing of the primers at 60°C (5 min) and
primer extension at 72°C (1 min), followed by 42 cycles of 94°C
(1 min), 60°C (1 min) and 72°C (1 min), a final elongation was
carried out for 9 min at 72°C. The thermocycler (PTC-100 instru-
ment, MJ Research, USA, lid temperature at 94°C) conditions for
programme RR2 were an initial denaturation at 94°C (4 min) fol-
lowed by 34 cycles, each consisting of denaturation (94°C, 1 min),
primer annealing (50°C, 1 min) and primer extension (72°C, 
1 min). For programme RR3 (PTC-100 instrument, as-mentioned),
an initial denaturation (see RR2) was carried out, followed by 30
cycles each with 1 min at 94°C, 1 min at 55°C and 1.5 min at
72°C. Both programmes were terminated with a final elongation
(RR2: 5 min; RR3: 10 min) at 72°C.

Following denaturation, genomic PCR products were directly
analysed for the presence of DNA length polymorphism using the
ALFexpress instrument. Fluorescently labeled fragments were de-
tected by electrophoresis on 7 M urea/6% (w/v) acrylamide gels
(small plate, 120 min, 1500 V, 38 mA, 34 W, 50°C), and their siz-
es were calculated by the ALLELE LINKS version 1.0 software
(Amersham Pharmacia Biotech) using comparisons with both in-
ternal and external size standards. For marker PA0043, however,
the above-mentioned Hydrolink gel matrix was employed to re-
solve all alleles present using the small plate. Monomorphic PCR
products were digested with different restriction enzymes (AluI,
BspI, DraI, HaeIII, HhaI, HinfI, MspI, NdeII, RsaI, TaqI and
XbaI) according to the instructions of the manufacturer (Quantum
Appligene, Heidelberg, Germany). The digestion products were
detected by the ALFexpress instrument during electrophoresis
(small plate with 7 M urea/6% (w/v) acrylamide gels). Alterna-
tively, digested PCR products were run on standard agarose gels in
0.5× TBE buffer.

Inheritance analysis of EST-PCR markers

In the case of a putatively heterozygous pattern in the PCR reac-
tions of bud samples (diploid DNA panel), segregation in at least
12 corresponding haploid megagametophytes (haploid DNA pan-
el) was studied. Megagametophytes represent the female meiotic
products in conifers. When there was a 1:1 segregation of the two
marker bands in the megagametophyte samples together with the
appropriate band combination in diploid tissue, codominant inher-
itance was assumed. The occurrence of two or more marker bands
that appeared together in one and the same haploid megagameto-
phyte sample was interpreted to indicate the annealing of the PCR
primer pair with multiple genomic targets.

Isoenzyme analysis

The following 18 enzyme coding gene loci with known codomi-
nant inheritance were surveyed (enzyme commission code num-
bers are given in brackets): aconitase ACO-A (EC 4.2.1.3), ala-
nine aminopeptidase AAP-B (EC 3.4.11.2), aspartate aminotrans-
ferase AAT-A, -B, -C (EC 2.6.1.1), glutamate dehydrogenase
GDH-A (EC 1.4.1.2), isocitrate dehydrogenase IDH-A (EC
1.1.1.42), leucine aminopeptidase LAP-A,-B (EC 3.4.11.1), malate
dehydrogenase MDH-C (EC 1.1.1.37), menadione reductase
MNR-A, -B (EC 1.6.99.2), NADH dehydrogenase NDH-A (EC
1.6.99.3), phosphoglucose isomerase PGI-B (EC 5.3.1.9), phos-
phoglucomutase PGM-A (EC 2.7.5.1), 6-phosphogluconate dehy-
drogenase 6PGDH-B, -C (EC 1.1.1.44) and shikimate dehydroge-
nase SKDH-A (EC 1.1.1.25). Protein extraction of bud samples,
electrophoretic methods and genotyping were done according to
Mueller-Starck (1998).

Quantification of intrapopulational genetic variation

Following genotyping, all calculations were performed by means
of the GSED computer software version 2.0 (E. Gillet, University of
Goettingen, Germany).

Results and discussion

cDNA sequencing and gene identification

Fifteen cDNA clones (summarized in Table 1) were ran-
domly chosen for nucleotide sequence analysis. They
originate from an elicitor-induced cDNA library and
therefore represent expressed genes of the spruce ge-
nome. Their deduced amino acid sequences were fed to
the network BLASTX algorithm in order to detect simi-
larities with those polypeptides which have already been
deposited in public databases. For 12 queries, all show-
ing 54% to 100% sequence identity at the amino acid
level with known genes from other organisms, putative
biochemical functions were assigned. The spruce genes
identified encode a broad spectrum of cellular compo-
nents, including house-keeping proteins and defense pro-
teins, which are in an evolutionary sense conserved
among widely divergent taxa. Three non-identified
ESTs, harbouring distinct repeat motifs, were included
the subsequent analysis. Such dinucleotide and trinucle-
otide sequence repeats are known to exist in the genetic
material of many plant species and tend towards length
polymorphisms due to DNA slippage (Powell et al.
1996).

Development of PCR-based EST markers

PCR primer pairs (depicted in Table 2) were designed
using the 15 cDNA sequences. For genomic PCR, we
mainly focused on a target range that involves potential
hypervariable 3′ untranslated gene regions, with the ex-
ception of primer pairs P3/P4, P7/P8 and P27/P28. All
primer pairs generated bands from diploid genomic
spruce DNA whose sizes matched exactly those predict-
ed by the cDNA sequences (see underlined fragments 
in Table 2), but primer pair P1/P2 yielded an amplicon
190 bp longer than the size expected.

Analysing the fluorescently labeled amplicons from
different trees by vertical denaturing polyacrylamide gel
electrophoresis, we detected DNA length polymorphisms
for the PCR products of four primer pairs (P11/P12,
P15/P16, P23/P24, and P27/P28) in contrast to the
monomorphic products obtained from the remaining
primer pairs (detailed informations are given in Table 2).
These size-polymorphic PCR products represent genom-
ic markers which were named PA0034, PA0043, PA0066
and PA0076 according to the cDNA clones. The 1:1 seg-
regation patterns of the marker bands which were found
in PCR samples of haploid megagametophytes and the
corresponding band combination achieved from the cor-
responding diploid bud extracts of heterozygous trees
clearly demonstrated codominant inheritance for markers
PA0034, PA0043, and PA0066 (Fig. 1). These markers
indicate allelic polymorphisms at three single loci, each
of which follows the Mendelian mode of inheritance. For
marker PA0076, however, genomic PCR bands of 213 bp
and 233 bp were repeatedly seen together in one and the

1225



same megagametophyte sample, strongly indicating that
the present DNA length polymorphism is derived from at
least two different genomic loci (Fig. 1). Using the 18
trees tested, we exclusively observed non-amplifying al-
leles in the case of the 233-bp band of marker PA0076
(labeled by symbol 0–1, Fig. 1). Based on heterozygous
trees, this band was present in 50% of the megagameto-
phyte reactions and was absent in the remaining 50% of

megagametophyte samples, which is in agreement with a
dominant inheritance (segregation data shown in Fig. 1).

Following incubation with single restriction endonu-
cleases, as indicated in Table 2, some of the originally
monomorphic PCR products were resolved into size-
polymorphic bands. In this survey, polymorphic fluores-
cently labeled HinfI fragments were discovered for
marker PA0038. Moreover, unlabeled polymorphic frag-
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Table 1 Survey of Norway spruce cDNA clones used in this
study, their EMBL accession numbers, each nucleotide (nc) length
in base pairs (bp) and the length of the amino acid (aa) sequence
deduced. After sequencing and similarity searches in public dat-
abases, pairwise maximum matching between the amino acid se-

quence deduced from Norway spruce and the protein database 
sequence harbouring the highest identity was locally computed
(HIBIO DNASIS version 2.5 software, alignment algorithm according
to Needleman and Wunsch 1970) in order to present most precise
alignment results

cDNA EMBL Length of Description/putative identification
clone accession nucleotide

number (amino acid)
sequence

pPA0002 AJ271125 1,620 Partial cDNA clone, coding from nc 1 to nc 1141;
(380) 54% aa identity with 380 carboxy-terminal aa of an A-like cyclin from A

capillus-veneris

pPA0006 AJ132531 1,090 Full-length cDNA clone, coding from nc 181 to nc 879;
(232) 63% aa identity with 40 S ribosomal protein S2 of A. thaliana

pPA0011 AJ271127 618 Partial cDNA clone, coding from nc 3 to 249;
(82) 67% aa identity with 78 carboxy-terminal aa of the 30 S ribosomal protein

S9 from Synechocystis strain PCC6803

pPA0023 AJ271128 1,194 Non-identified cDNA clone, harbouring the compound sequence repeat 
(GAX)9GTC(GAX)6 X=A,G,T,C

pPA0031 AJ271129 1,020 Full-length cDNA clone, coding from nc 73 to nc 760;
(229) polyubiquitin with 3 repeat units identical to other plant ubiquitins

pPA0034 AJ132532 300 Non-identified cDNA clone, harbouring the imperfect sequence repeat 
(CT)6TT(CT)5(CT)6TT(CT)5

pPA0038 AJ271130 631 Partial cDNA clone, coding from nc 1 to nc 361;
(120) 72% aa identity with 122 carboxy-terminal aa of the halotolerance protein

HAL3 homoloque from A. thaliana

pPA0043 AJ132533 1,658 Partial cDNA clone, coding from nc 3 to nc 1301;
(432) 86% aa identity with 430 carboxy-terminal aa from the 78 kDa glucose

regulated homologue 4 precursor of N. tabacum (belongs to heat-shock
protein 70 family)

pPA0052 AJ132534 1,747 Partial cDNA clone, coding from nc 1 to nc 1335;
(444) 93% aa identity with translation elongation factor-1 alpha of O. sativa

pPA0053 AJ132535 1,036 Partial cDNA clone, coding from nc 3 to nc 791;
(262) 90% aa identity with 262 carboxy-terminal aa of the ADP/ATP translocator

from O. sativa

pPA0055 AJ132536 628 Partial cDNA clone, coding from nc 1 to nc 231;
(76) 88% aa identity with 73 carboxy-terminal aa of the ATP synthase beta-

chain from H. brasiliensis

pPA0066 AJ132537 932 Full-length cDNA clone, coding from nc 66 to nc 689;
(207) 78% aa identity with 60 S ribosomal protein L13–2 (cold-induced protein

24B) of B. napus

pPA0067 AJ132538 1,078 Partial cDNA clone, coding from nc 1 to nc 591;
(196) 78% aa identity with 195 carboxy-terminal aa of the NADPH-cytochrome

P450 reductase from P. aureus

pPA0076 AJ132539 899 Non-identified cDNA clone, harbouring the perfect sequence repeat (TGG)6

pPA0078 AJ132540 1,139 Partial cDNA clone, coding from nc 3 to nc 695;
(230) 82% aa identity with 228 carboxy-terminal aa from the Glutamate-cysteine

ligase of L. esculentum
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Table 2 Primer sequences, PCR conditions and product sizes (tar-
get sizes predicted from cDNA sequences are underlined), genetic
variation including the present number of alleles (named A-E, each
fragment length indicated in base pairs) and inheritance analysis for

EST-PCR markers which have been investigated in 18 spruce trees
of the Kranzberg test population at both the diploid bud and the hap-
loid megagametophyte level. Monomorphic and polymorphic mark-
ers were named according to the cDNA sequences given in Table 1

EST Primer sequences PCR Sizes of Genetic Type of
marker pro- PCR variation inheritance

gramme products among 
individuals

PA0002 P1: 5′ TCT TGA CCC TAT GGT TCA CCC TT 3′ JAN1 780 Polymorphic after Codominant
P2: 5′ CAC TCT CAT GGC TAA TAA TCC TCC 3′ cut with HaeIII

(A)480+300
(B)780

PA0006 P3: 5′ GAG CAA GAG AAA GCG TTT CAG T 3′ RR3 246 Monomorphic nv
P4: 5′ Cy5-ATT TGC TCG AGG GAA CGG ATT 3′

PA0011 P5: 5′ GCT CCA CAG TTC TCA AAA CGT TGA G 3′ JAN1 214 Monomorphic nva

P6: 5′ Cy5-CAG CAT GTT TCG CTG GCA CTAG GC 3′

PA0023 P7: 5′ GGA GTT TTT GAC CAA AGG TCG CGA 3′ JAN1 94 Monomorphic Multigene
P8: 5′ Cy5-CAC TTG GCA CAG AGG CCG CAT C 3′ 119 family

PA0031 P9: 5′ ATA TTC CAG TTT GAA GAT GC 3′ JAN1 850 Monomorphic nv
P10: 5′ Cy5-CGA CAA ACA GAT ATG GAA C 3′

PA0034 P11: 5′ AGG TCT GCT AAT GGT TCT G 3′ RR2 (A) 212 Polymorphic Codominant
P12: 5′ Cy5-ATA TCA AAC AAA CTG TGT TAG CTC 3′ (B) 214

(C) 226
(D) 228
(E) 230

PA0038 P13: 5′ AAC GGC ATT TGG ACT CTA TCT C 3′ JAN1 418 Polymorphic after Codominant
P14: 5′ Cy5-TTA GAT GAT ATG CAA TGT AGA TTG A 3′ cut with HinfI

(A)186
(B)192
(C)228

PA0043 P15: 5′ AAA ACT GGA GGA CCT TCT GG 3′ RR3 (A) 368 Polymorphic Codominant
P16: 5′ Cy5-GTG AAC CTC TAC AGA AAC ACA A 3′ (B) 372

(C) 389
(D) 420

PA0052 P17: 5′ GCG GTG GCA GAG TTT ACA TTA 3′ RR3 246 Monomorphic nv
P18: 5′ Cy5-ACT GTG CTT TAA CAT AAA TTC CAA GTC 3′

PA0053 P19: 5′ AAC GAA GGT ACC AAG TCA CTC 3′ RR2 356 Monomorphic nv
P20: 5′ Cy5-TTA TTT CCT TCC GCA ACA TCA TTA AG 3′

PA0055 P21: 5′ TTG GGT TTT AGG TCA TGA CTG C 3′ RR3 306 Polymorphic after Codominant
P22: 5′ TCC GAT TTA TTA TAT CAA AAC TGC CTC 3′ cut with DraI

(A)267+39
(B)306

PA0066 P23: 5′ CAA GCG GTT GGT TGG AGT TCG GTT G 3′ RR2 (A) 154 Polymorphic Codominant
P24: 5′ Cy5-GCA GCA AAA ACT GCA CCT CTC TTC TG 3′ (B) 161

(C) 171
(D) 178

PA0067 P25: 5′ GGA AAG AAA TCT CAT GGC AAA C 3′ RR2 380 Monomorphic nv
P26: 5′ Cy5-AAT CCA GTA TCG TTT CTT ATA TGC 3′

PA0076 P27: 5′ CAT AGA CGA ACA GAG ACC CAC A 3′ RR3 213 Polymorphic with Dominant
P28: 5′ Cy5-AGC TAG GCT TTT CCT CAT GCT 3′ 233 null amplification multigene

allele family

PA0078 P29: 5′ AAG ATC GAG GAT GGA GAA ACT G 3′ RR3 313 Monomorphic nv
P30: 5′ Cy5-AGC CAT CCC TTC TAC CAA AAT 3′

a nv. Not verifiable



ments were seen for markers PA0002 and PA0055 after
a HaeIII cut and a DraI cut, respectively. Codominant
inheritance of the marker bands was verified by analys-
ing bud samples and the corresponding megagameto-
phyte samples of heterozygous trees. Banding patterns
were consistent with 1:1 segregation in megagameto-
phyte PCR samples, and the appropriate band combina-
tion appeared in the PCR reaction of the bud sample
(see Fig. 1). This Mendelian mode of inheritance dem-
onstrates that the observed restriction fragment length
polymorphisms represent different alleles at three single
loci.

Altogether, we generated seven new EST markers for
P. abies that were either polymorphic in length directly
after genomic amplification or revealed restriction site
variation. Among them, six markers showed codominant
inheritance based on a comparison of both bud and
megagametophyte PCR samples, whereas one marker
band was dominantly inherited. Analysing the F1 genera-
tion of controlled cross material (DNA extracts kindly

provided by I. Scotti; University of Udine, Italy), we ad-
ditionally investigated the inheritance of PCR bands for
markers PA0002, PA0034, PA0038, PA0043, PA0055
and PA0066 with respect to both parental trees (data 
not shown). All loci behaved as strictly codominant
Mendelian markers, doubtlessly demonstrating that the
polymorphisms described are not a result of artificial
PCR or partial enzymatic digestion.

Population analysis using EST markers versus 
isoenzyme markers

The six newly developed codominant EST markers were
characterized in 110 trees of the Kranzberg test popula-
tion. We observed neither additional alleles nor non-
amplifying alleles in comparison with the 18 individuals
that had been previously assayed in a neighbour popula-
tion with the same markers. Altogether, we identified a
total of 20 alleles for all EST markers surveyed (summa-
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Fig. 1 Segregation patterns for
six codominantly inherited EST-
PCR markers (PA0002, PA0034,
PA0038, PA0043, PA0055 and
PA0066; alleles are indicated 
by A, B, C, and D according to
Table 2) as well as one domi-
nantly inherited band (indicated
by 0–1) of EST-PCR marker
PA0076 in four megagameto-
phyte samples (H) and the PCR
banding patterns in the corre-
sponding bud sample (D) of het-
erozygous trees. M Internal
DNA size standards. For primer
sequences and PCR conditions
as well as the origin of polymor-
phisms and the separation tech-
niques used, see Materials and
methods and Table 2



EST Frequency distribution NA VA NG NGmax Ha Hc
marker of alleles (%)

PA0002 2 2.00 3 3 0.51 0.51

PA0034 5 1.90 10 15 0.46 0.80

PA0038 3 2.14 5 6 0.56 0.60

PA0043 4 2.58 8 10 0.58 0.65

PA0055 2 1.67 3 3 0.48 0.87

PA0066 4 1.66 6 10 0.41 0.79

rized in Table 3 together with other genetic variation pa-
rameters). The number of alleles per marker (NA) that
was detected at each single locus varied between two
(PA0002 and PA0055) and five (PA0034), indicating that
the markers are not homogeneous in the estimation of
genetic variation. The frequency distribution found
among the different alleles of each EST marker deviates
substantially. Marker PA0002 is the only one which
shows a typical major polymorphisms, i.e. an even distri-
bution of alleles. Its allelic diversity (VA) is therefore
equal to the number of alleles present. Markers PA0038
and PA0043 tend towards major polymorphisms. They
are characterized by two or three main alleles that occur
at high frequencies in combination with a single allele
that is present at a low frequency. A remarkable conse-
quence of major polymorphisms is the similarity in the

levels of actual observed heterozygosity (Ha) and condi-
tional heterozygosity (Hc) (Table 3), the latter of which
takes into account the underlying allele frequencies. In
contrast, markers PA0034, PA0055 and PA0066 tend to-
wards minor polymorphisms. A typical minor polymor-
phism is defined by the existence of one predominant al-
lele with at least 80% frequency and additional alleles
which appear at very low frequencies. Consequently, a
substantial increase in the Hc value as compared to the
Ha value can be expected when the marker represents
any type of minor polymorphism (see PA0034, PA0055
and PA0066 in Table 3). Heterogeneous data for single
EST markers was also found with respect to the number
of observed genotypes (NG), which is equal to the maxi-
mum attainable one (Ngmax) only for the low polymor-
phic markers PA0002 and PA0055 (Table 3). For all the
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Table 3 Genetic variation 
parameters summarized for 
110 trees (diploid bud samples)
of the Norway spruce popula-
tion Kranzberg using six co-
dominant newly developed
EST-PCR markers. Number of
alleles (NA), frequency distri-
butions of alleles, number of
genotypes (NG) and the actual
heterozygosity (Ha) are pre-
sented for each locus. Maxi-
mum number of genotypes
(NGmax) is derived from NA.
Conditional heterozygosity
(Hc) and diversity for alleles
(VA) were calculated according
to Gregorius (1978, 1987) and
Gregorius et al. (1986)

Fig. 2 Minimum, maximum
and mean values of genetic
variation parameters obtained
for the Kranzberg spruce popu-
lation (110 individual diploid
bud samples) using six newly
developed EST markers in
comparison with data obtained
from 18 isoenzyme gene mark-
ers



other more polymorphic markers, deficiencies were ob-
served in the test population which most likely resulted
from small sample sizes or from the action of genetic se-
lection against certain genotypes.

Finally, the EST marker-based results were compared
with reference data obtained from 18 isoenzyme gene
markers (shown in Fig. 2). The same 110 individuals of
the Kranzberg test population were utilized for this pur-
pose. A similar mean number of alleles was detected per
locus using both marker types (3.33 compared to 3.00).
However, the gene pool of six EST markers revealed
larger intrapopulational genetic variation than the isoen-
zyme gene markers. This concerns the mean number of
genotypes per locus as well as the mean diversity for al-
leles (Fig. 2). The remarkable heterogeneity is mainly
the consequence of the different types of polymorphisms
observed. Setting the threshold for the predominant al-
leles to a minimum of 80% and 70% frequency, the ma-
jority of isoenzyme markers, i.e. 77.77% (single data not
presented), behaved as typical minor polymorphisms
(AAP-B; AAT-A,-B; GDH-A; IDH-A; MDH-C; MNR-
A,-B; PGM-A; SKDH-A) or tended towards minor poly-
morphisms (ACO-A; LAP-A, B; and PGI-B), respective-
ly. In contrast, 50% of the EST markers revealed more
even frequency distributions, as has been mentioned
above. The gene pool of EST markers therefore shows a
much higher amount of actual heterozygosity in contrast
to isoenzyme gene markers (0.50 vs. 0.23). The average
conditional heterozygosity values of both marker types
are, however, similar (0.67 vs. 0.60), due to the fact that
this parameter is not biased by deviations in the underly-
ing allele frequencies, as is the case for the actual hetero-
zygosities. This parameter indicates that, on average,
63.5% of the possible heterozygosity is realized in the
random sample of 110 trees. The mean actual heterozy-
gosity of 23% is nearly identical to those values which
have been previously reported for other natural spruce
populations using isoenzyme gene markers (for example,
Konnert and Franke 1990; Bergmann 1991; Mueller-
Starck 1995).

In conclusion, the new codominant multiallelic DNA
markers presented are powerful tools for making genetic
inventories of Norway spruce. They offer prospects in
genetic mapping and monitoring of genetic differentia-
tion by addressing genomic regions which were not yet
characterized by markers. Based on their evenly distrib-
uted allele frequencies, the respective EST markers are
expected to be highly sensitive in order to detect possible
genetic loads of natural populations (i.e. inbreeding),
even in the case of small sample sizes. They are there-
fore very useful for studies of genetic variation within
and among populations and are warrant to replace such
markers representing inappropriate minor polymor-
phisms. Furthermore, the genetic variation described
here appears in some cases to be linked to genes that are
known in other plant species to be expressed in response
to environmental stress. For example, the ribosomal pro-
tein L13–2 represents a cold-regulated gene in Brassica
napus (Saez-Vasquez et al. 1993). The homologous

spruce gene, specified by marker PA0066, indicates nat-
ural genetic selection among stress-tolerant trees and
sensitive genotypes in response to heavy metal pollution,
as was observed in a pilot study (Riegel et al. 1999). In
terms of marker-assisted breeding and investigating the
adaptive part of the spruce genome, the successful de-
sign of markers for stress-defense genes is particularly
important. Ecological genetics was limited in Norway
spruce until now because the majority of routinously
used isoenzyme gene markers detect variation in certain
classes of water-soluble enzymes which have been af-
fected in exceptional cases by stress-responding genetic
selection (e.g. Hosius et al. 1996). Based on populations
from the European geographic range, we are currently
testing the new markers in a high-throughput screening
of variation.
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