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Abstract Norway spruce (Picea abies Karst.) is a most
important species among European forest trees for both
economical and ecological reasons. However, this spe-
cies has suffered from a lack of information on the
genetic side due to the scarcity of linkage data. In this
study we have used a population of 72 mega-
gametophytes from a single tree in a natural Italian
stand to produce a genetic linkage map by means of
RAPD markers. Ninety-six random decamers used as
primers yielded 185 polymorphic loci showing Men-
delian inheritance. Analysis of the segregation by multi-
point analysis allowed us to define 17 major linkage
groups covering a total distance of 3 584 cM, with an
average spacing between markers of 22c¢M. Possible
uses of a genetic linkage map with respect to population
ecology and genetics are discussed.
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Introduction

An uynparalleled explosion in the production of genetic
linkage maps in plants has taken place in recent years
due to the availability of molecular genetic markers.
Maps have been produced either as the final goal of the
research or as a side result in studies concerning the
detection of QTLs.
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This rising tide has only marginally touched the
shores of forest trees genetics, mainly because most
of the initial effort has been devoted to crops. Rela-
tively few maps are available for forest trees (Neale
and Sederoff 1991; Tulsieram et al. 1992; Gerber et al.
1993). Because of the lack of suitable pedigrees, genetic
maps in conifers have been based on the analysis of
a population of haploid megagametophytes from
a single individual. Moreover, the very large
DNA content per haploid genome (30-40 x 10° bp,
Govindaraju and Cullis 1991) and the presence of
extended regions of repeated DNA (Neale and Williams
1991) are the main factors that have hampered the use of
RFLPs in mapping conifer genomes. Thus, to achieve a
significant number of markers, all studies have so-far
relied on PCR-based techniques, such as RAPDs, even
though this has the drawback of using dominant
markers.

Norway spruce (Picea abies Karst.) is one of the most
important species of European trees, both from an
economic and an ecological point of view. Studies per-
formed so far on the population genetics of this species
have been based mainly on isozymes and/or mor-
phological traits (Tigerstedt 1973; Lundkvist and Rudin
1977, Borghetti et al. 1988; Lagercrantz and Ryman
1990). Although some paper have been published on
linkage analysis between isozyme markers in forest trees
(Strauss and Conkle 1986; Geburek and von Wuehlisch
1989) few have dealt with the importance of linkage
analysis in the population genetics of forest tree species
(Mitton et al. 1980; Epperson and Allard 1987). There-
fore, both population genetics and evolutionary studies
would greatly benefit from the availability of a genetic
linkage map.

In this paper we present the first linkage map of
Norway spruce. It has been obtained by means of
RAPD markers and is intended to represent a frame-
work for subsequent improvements by using other kinds
of molecular markers and to serve as a starting point to
answer questions concerning the ecology and popula-
tion genetics of this species.
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Materials and methods

Plant material

Cones were collected from trees growing in the Forest of Campolino,
near Pistoia, Italy (W 10 ° 15, N 44 °07"). This forest is believed to be a
relic population from the Quaternary ice-age (Chiarugi 1936; Gian-
nini et al. 1991).

After maintaining the cones at room temperature for several days
to induce their opening, seeds were collected and stored at 4 °C. The
megagametophytes have been isolated by removing the inner and
outer coats of the seed and the embryo working under a stereomicro-
scope. They were then frozen and stored at —80°C until DNA
extraction.

DNA extraction

DNA from 72 megagametophytes of a single tree was extracted
according to a modification of the protocol by Lee and Taylor (1990):
tissue was homogenized in 200 pl of 50mM Tris-HCI pH 7.2, 50 mM
EDTA pH 8.0, 3% SDS and 1% f-mercaptoethanol, incubated at
65°C for 1h and extracted with Phenol:chloroform:isoamylalcohol
(25:24:1). After centrifugation, the supernatant was extracted with
chloroform:1-octanol (24:1). Following precipitation with sodium
acetate and 2.5 v/v 100% ethanol, DNA was resuspended in TE and
incubated with 5 ul of RNAseA (stock 10 mg/ml) at 37 °Cfor 2 h. After
re-precipitation, DNA was suspended in 15 pl of TE. The yield was
highly satisfactory, with a maximum of 8ug of DNA/mega-
gametophyte, and an average of about 4.0 ug.

DNA amplification

The original protocol for RAPD reactions was followed (Williams
et al. 1990) with minor modifications: the total reaction volume was
24 pl, and the reaction was 3.0 ng of template DNA, 5 pmoles of
primer (random decamers), 3 nmoles of each dNTP, 2.4 ul of Tag
buffer (10 x Boehringer Mannheim) and 0.75 units of Tag DNA
polymerase (Boehringer Mannheim), overlaid with 50 ul of mineral
oil.

All reaction mixtures were set up by using a Hamilton Microlab
ATplus robot in 96-well microtitre plates. After being covered with
mylar film, the plates were run in MJ Research PTC-100 program-
mable temperature cyclers.

The amplification profile was 5s at 94°C, 1 min 55s at 92°C for
starting and 45 cycles of 5s at 94°C, 55s at 92 °C, 1min at 35°C and
2min at 72°C. A final extension of 7min at 72 °C followed, before
incubating at 4 °C until the products were loaded.

The reactions were run in 2% agarose gel in 1 x TAE at 3 V/em,
stained with ethidium bromide, visualized under UV light, and
photographed using a Polaroid camera.

Scoring the RAPDs

In the first phase, DNA from eight megagametophytes was tested
with an array of 328 primers, 10-base oligonucleotides with random
sequence, cither obtained from Operson Technologies (Alameda,
Calif)) or from J. E. Carlson (University of British Columbia). Based
on the number of polymorphic bands revealed, and on their sharp-
ness, 96 primers were chosen for the mapping effort. All of the 96 were
used to amplify the population of 72 megagametophytes comprising
the eight already tested and used as a reproducibility assay.

The amplification products showing hints of non-repeatibility
were not considered further. All polymorphic bands were scored as 1

for present and 0 for absent and tested for the expected 1:1 segrega-
tion by a chi-square test at P < 0.05. Mendelian markers obtained as
described were then divided into two classes: class A was made up by
those markers showing a very bright amplification product for the “1”
allele and a blank “0” allele and class B by those markers that,
although unambiguously scored, showed not so bright amplification
products for the “1” allele and/or some background for the “0” allele.

Linkage analysis

MAPMAKER/EXP version 3.0 (Lander et al. 1987; Lincoln et al.
1992) was used for the analysis of the segregation using an F,
backcross data file. First, a skeleton map was produced by taking into
account only the class A markers at a LOD score of 4.0 and @=04.
Having thus established a reliable framework, the whole data set was
analyzed. Unlinked markers were then assigned to the linkage groups
obtained by using full multipoint analysis at more relaxed thresholds
of 3.0 and 2.0 for log-likelihood. The orders of the markers for each
linkage group were tested by comparing their likelihood toward the
likelihood of the allowed permutations.

Results

The total number of amplification reactions performed
in this study was 9 536. The analysis of the amplification
products obtained by running the 72 megagametophyte
samples against 96 random decamer primers revealed
the presence of 185 polymorphic bands whose segrega-
tion ratio was not statistically different from 1:1 (chis-
quare test, P <0.05). Therefore, we considered these
bands as suitable Mendelian genetic markers. A typical
result for this mapping effort is shown in Fig. 1, where
the products resulting from the amplification of the
entire 72 samples by using two different primers are
visible. Out of 96 primers chosen for the mapping effort,
20 yielded no Mendelian markers, 22 yielded one, 21
yielded two, 20 yielded three, six yielded four, five
yielded five and two primers yielded six Mendelian
markers (1.93 markers per primer on average). One-
hundred-and-twenty-one polymorphisms were grouped
in class A (see Materials and methods) and used for the
first ordering of the markers.

The matrix of data was analyzed for cosegregation of
the markers by multipoint analysis with MAP-
MAKER/EXP: 152 markers out of 185 fell into linkage
groups with at least another marker at a minimum LOD
score of 3.0 and a maximum distance of 40.0cM. Thir-
teen other markers were assigned to the linkage groups
using 2.0 as a LOD threshold.

In this way, we obtained 17 groups each with more
than three associated markers, two triples, and seven
pairs of markers. Twenty markers remained unlinked.
The seventeen larger groups are shown in Fig. 2 and will
henceforth be considered as a partial genetic map of
Picea abies. The large interval between markers
C6670421 and C1231080 was maintained, although ex-
ceeding 40% of recombination, due to the strong likeli-
hood supporting the linkage between those two
markers.
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Fig. ta—¢ RAPD amplification of 72 megagametophytes by two
different 10-mer primers a, upper half, megagametophytes from #1 to
#24 amplified with primer C570; lower half, megagametophytes #1 to
#24 amplified with primer C587. b and ¢ The same for mega-
gametophytes #25—#48 and #49-#72, respectively. Arrows indicate
1:1 segregating polymorphic bands, which are designated by the
primer name and their molecular size. M = size markers, lambda
DNA digested with PstI

The total distance covered by our linkage groups is
3584 cM (triplets and pairs included), with an average
distance between markers of 22.0cM. It has to be
pointed out, however, that map distances estimates are
very sensitive to sampling errors: although sufficient for
the purpose of this study, our 72 megagametophytes
probably do not represent a good sample. Moreover, for
some of the groups, the order of the markers at the ends
of the chromosomes is not established with absolute
certainty. Although linkage with other markers was
assured by LOD scores higher than 2.0, the differences
in likelihood between the first three or four more prob-
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able orders were less than 1.0. In these cases, a larger
population size would probably be more efficient to
discriminate between different orders.

Discussion

The genome of Picea abies has been ordered, in this
study, into 17 major linkage groups covering 3 584 ¢M,
with an average distance between markers of 22 ¢M.
One-hundred-and-eighty-five ~Mendelian  markers
(RAPDs) have been scored, but only 165 fell into a
linkage group with at least another marker in it the 20
markers we were not able to locate with respect to the
others would probably extend the dimensions of our
map. These 20 unlinked markers probably reflect the
very large genome of this species, considering also that
the mapped RAPDs are quite regularly spaced and do
not cluster, thus indicating random sampling. The
length of the genome of Picea abies falls in the range of
total genetic distances obtained in conifer mapping:
1687cM in loblolly pine (Neale and Sederoff 1991),
836.8cM in white spruce (Tulsieram et al. 1992), and
3360 cM in slash pine (Nelson et al. 1993).

Taking into account that the amount of DNA in the
genome of P. abiesis in the range of 4 x 10'° bp, and that
maize, for example, lags one order of magnitude behind,
this estimate of genome size is probably not much
exaggerated, although total genetic length depends
mainly on the length of the units of recombination
(Binelli et al. 1992).

The number of chromosomes per haploid genome in
Picea is 12. In this study, we found 17 major linkage
groups, plus two triples and six pairs of markers. Large
gaps not filled by any marker between some of the minor
linkage groups identified may be due to an inadequate
sampling of the very large genome of Norway spruce.
Further analyses increasing the number of primers
and/or megagametophytes will be needed in order to fill
in gaps.

The accuracy (and usefulness) of a genetic linkage
map 1s directly related to the coverage of the genome
achieved and the reliability of the genetic markers em-
ployed. The first issue is partially covered by the map
presented in this paper. As for the second, in a previous
study on the feasibility of the RAPD approach in Nor-
way spruce (Bucci and Menozzi 1993), 17 primers (ran-
dom decamers) were used to screen 34 mega-
gametophytes rom a single tree. Fifty-four markers were
found to show a 1:1 segregation and six out of these
were checked again for Mendelian behaviour on six
megagametophytes from each of five other trees. Five
markers showed 1:1 segregation for all the five trees, the
last one showing distorted segregation for one tree only.
In a recent study on black spruce (Picea mariana), Isabel
et al. (1993) have shown that RAPDs whose Mendelian
segregation had been tested at the megagameto-
phyte level are useful to assess the genetic stability of
embryogenesis-derived trees. Additionally, Heun and
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Fig. 2 Genetic linkage map of Picea abies. The 17 linkage groups
found are identified by the letters 4 to Q. For each locus, the first four
characters indicate the primer used for amplification, while the last
four digits indicate the approximate size in nucleotides. Genetic
distances are in ¢M (Kosambi’s function)

Helentjaris (1993) have tested the behaviour of RAPDs
in the different genetic environment provided by 16 F,
hybrids derived from five different maize inbreds, show-
ing that 95% of the unambiguously scored RAPDs
segregated according to a completely dominant fashion,
thus indicating that RAPDs are well suited for linkage
analysis once their Mendelian inheritance has been
tested. Therefore, we are confident that our map repre-
sents a good starting point for further studies.

The availability of a genetic linkage map will
be useful for both population biology studies—by
allowing the choice of unlinked markers —and evolu-
tionary studies —by facilitating the identification
of genomic region(s) involved in selective processes.
Previously reported studies have demonstrated that
several isozymic markers turned out to be linked in
different conifer species (Lundkvist 1979; Cheliak
etal. 1984; Muona and Szmidt 1985; Geburek and
von Wuehlisch 1989). Lowered recombination rates
between markers can introduce severe bias in the
estimates of the genetic parameters of the popula-
tion(s) studied (Nei 1987). Moreover, linkage disequi-
librium between markers is considered an important
indicator of epistatic selection, inbreeding or migration
in natural populations (Hastings 1990) and can strongly
influence evolutionary processes (Clegg et al. 1972;
Allard 1975).

Applications in the fields of population genetics and
ecology of the information obtained by the map pre-
sented could be greatly enhanced if the markers were
unambiguously characterized and localized. To this end
we plan to apply the SCAR (Sequence Characterized
Amplified Regions) technique (Paran and Michelmore
1993) to a selected set of suitably spaced RAPDs. With
this approach the amplification would be specific for a
given locus, maintaining both the randomness and the
RAPDity of the approach but limiting the chance of
error due, for example, to the comigration of bands
produced by different loci. Finally, as described by these
same authors, the probability exists that some of the
RAPD markers will exhibit a codominant behaviour
once transformed into SCARs.
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