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Abstract The ribosomal DNA repeat units of two
closely related species of the genus Fraxinus, F. excelsior
and F. oxyphylla, were characterized. The physical maps
were constructed from DNA digested with BamHI,
EcoRI, EcoRV and Sacl, and hybridized with three
heterologous probes. The presence or the absence of an
EcoRYV restriction site in the 18s RNA gene character-
izes two ribosomal DNA unit types found in both
species and which coexist in all individuals. A third unit
type appeared unique to all individuals of F. oxyphylla.
It carries an EcoRI site in the intergenic spacer. Each
type of unit displayed length variations. The rDNA unit
length of F. excelsior and F. oxyphylla was determined
with EcoRYV restriction. It varied between 11kb and
14.5kb in F. excelsior and between 11.8kb to 13.8kb in
F. oxyphylla. Using Sacl restriction, at least ten spacer
length variants were observed in F. excelsior, for which a
detailed analysis was conducted. Each individual carries
2-4length variants which vary by a 0.3-kb step multiple.
This length variation was assigned to the intergenic
spacer. By using the entire tDNA unit of flax as probe in
combination with EcoRI restriction, each species can be
unambiguously discriminated. The species-specific
banding pattern was used to compare trees from a zone
of sympatry between the two species. In some cases, a
conflicting classification was obtained from mor-
phological analysis and the use of the species-specific
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rDNA polymorphism. Implications for the genetic man-
agement of both species are discussed.
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Introduction

In France, the genus Fraxinus is represented by two
species, F. excelsior in the North and F. oxyphylla
mainly in the South; however, along the Rhoéne and
Sadne valleys the two species coexist (Fig. 1). F. excelsior
is a valuable species used in re-forestation programs,
and seed orchards have been established in the sympat-
ric area where putative interspecific hybridization has
been frequently reported, based on the analysis of mor-
phological characters (Poinsot 1972). To avoid pollen
contamination by F. oxyphylla, which is slow growing
and usually yields inferior wood quality, F. oxyphylla
trees must be safely recognized, which is particularly
difficult at the young stage. Furthermore, the extent of
natural hybridization between the two closely related
species needs to be better delineated and validated using
complementary molecular approaches.

We chose to study nuclear ribosomal DNA (rDNA)
in order to identify species-specific polymorphisms. In
forest trees, IDNA has been shown to vary among
species within genera in Alnus (Bousquet et al. 1989),
Populus (Smith and Sytsma 1990; Faivre-Rampant et al.
1992 a), Quercus (Bellarosa et al. 1990), and Picea (Bobo-
laetal 1992a, b).

Genes coding for 18s, 5.8s and 25s ribosomal RNA in
higher plants are repeated (250-22 000) copies per
genome) and generally organized in tandem repeats.
Each repeat contains a transcribed region coding for the
ribosomal RNA precursor and a non-transcribed re-
gion, the intergenic spacer (IGS). The rDNA coding
regions tend to be highly conserved between species and
genera (Appels and Dvorak 1982; Savard et al. 1993). In
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Fig. 1 Distribution of F. excelsior and F. oxyphylla in France and
sampling sites

contrast, several polymorphisms have been reported for
the IGS (Barker et al. 1988; Sano and Sano 1989),
presumably because of relaxed evolutionary pressures.
Variability between rDNA unit types has been found
both in sequence and in length (Jorgensen and Cluster
1988). These two types of variation do not appear
to show the same evolutionary rate:the change in
restriction site caused by a nucleotide substitution
usually allows one to differentiate rDNA unit types
which could be species-specific, whereas length poly-
morphism caused by deletion/insertion events can be
observed at the intraspecific level (Saghai Maroof et al.
1984; Zhang et al. 1992).

The IGS is organized into sub-repeats that vary in
number and length, resulting in various IGS length units
referred to as spacer length variants (Rogers and Be-
ndich 1987; Baldridge et al. 1992). Such polymorphism

has been observed between poplar, oak, and spruce
species as well as among individuals of the same species
(Bellarosa et al. 1990; Smith and Sytsma 1990; Bobola et
al. 1992a,b; Faivre-Rampant et al. 1992a), while there
was no detectable heterogeneity in rDNA among indi-
viduals of the same species in flax (Goldsborough and
Cullis 1981), radish (Tremousaygue et al. 1988), and
alder (Bousquet et al. 1989).

In the present paper, the organization of nuclear
DNA in Fraxinus was investigated and a species-
specific nuclear tDNA unit type was identified using
heterologous probes from flax (Goldsborough and Cul-
lis 1981) and poplar. The distribution of this polymoz-
phism was also investigated in a limited sample of trees
and putative hybrids from a stand where the two species
coexist.

Materials and methods

Plant material

Trees’ acronyms and their origins are given in Table 1. To characte-
rize the nuclear tDNA of each species, trees and stands were sam-
pled so as to be from outside the sympatric zone where hybridization
between species is less likely to occur. Leaves of F. excelsior were
collected from trees located in six natural populations, five in Franche
Comté, eastern France, and one in Normandie, western France.
Leaves were immediately frozen in dry ice and stored at — 80 °C. For
F. oxyphylla:(1) leaves were collected from seven trees located in
Montpellier in southern France and (2) seeds were collected from at
least four trees at Saint Gély du Fesc (near Montpellier) and were
grown in greenhouse. Leaves were subsequently collected from seed-
lings and frozen at —80°C.

Trees were also sampled in a single population (Gray, Franche-
Comté) where the two species coexist. Because of putative hybridi-
zation at this site, these trees were classified a priori as F. excelsior, F.
oxyphylla, or hybrids, using three morphological characters (shape of
leave, bud color and seed size). Leaves were immediately frozen in dry
ice and stored at —80°C.

DNA preparation

Leaves (20-40 g) were ground at 4 °Cin a Waring Blender (high speed
for 1 min)in 150 ml of extraction buffer (3 M sorbitol, 0.1 M Tris-HCl
pH 7.5, 5mM EDTA and 20 mM sodium bisulphite). The homo-
genate was filtered and centrifuged at 1000 g for 20 min. The pellet

Table 1 List and origin of the

plant material used Species

Locality

Trees sampled

F. excelsior

F. oxyphylla

Putative hybrids

Amancey (Franche-Comt¢)
Chaleze (Franche-Comte)
Vernois/Mance (Franche-Comté)
Gray (Franche-Comté)

St Gacien (Normandie)
Besancon (Franche-Comté)
Salins les Bains (Franche-Comté)

St Gely du Fesc (Herault)
Montpellier(Herault)
Gray (Franche-Comte)

Gray (Franche-Comté)

Al, A2, A9, A5, A7, A10, A22

C5, C9, C10, C11, C12,C13, C14, C21
V12,V15,V19,V20, V21, V22, V23, V24
EGI1, EG2

59, 520, S21, S22, S24, S25

Fac

Sall

01, 03,010,012,016, 018,031, 045, SGF3
Cros, Crosl, Cros2, Cros3, Eco2, Hort, Pisc
0G3, 0G4

HG1, HG2




was resuspended in 5ml of extraction buffer. Five microliters of lysis
buffer (0.2 M Tris-HCl pH 7.5, 5mM EDTA, 2M NaCl, 2% CTAB)
and 0.5ml of 20% (w/v) sarkosyl were added. The homogenate was
incubated at 65°C for 15 min and then extracted with chloro-
form:isoamyl alcohol (24:1, v/v). DNA was recovered from the
aqueous phase by cold ethanol precipitation and then solubilized in
TE buffer (10 mM Tris-HC1 pH 8,1 mM EDTA). CsClwasadded toa
refractive index of 1.398 at 20 °C. The final concentration of ethidium
bromide was adjusted to 5 pg/ml. After centrifugation at 45 000 rpm
for 15 h (VTi50), the DNA band was withdrawn and diluted in TE
buffer. Ethidium bromide was extracted by isobutanol. DNA was
precipitated with cold ethanol and then resus-pended in TE buffer.

Restriction, gel electrophoresis and Southern blotting

Total DNA (5 ug) was digested at 37 °C for 5 h with 5 U of enzyme per
pg of DNA according to the manufacturer’s conditions. For mapping,
total DNA was restricted with BamHI, EcoRI, EcoRV, and Sacl
(Boehringer), either separately or in pairwise combination. Agarose-
gel electrophoresis was carried out in TAE buffer (Sambrook et al.
1989) at 2 V/em. DNA was transferred to nylon membranes using the
manufacturer’s recommendations (Zetaprobe, Biorad).

Probe labelling and hybridization conditions

The blots were sequentially hybridized with three heterologous
probes(Fig. 2):(1) the entire rDNA unit of flax (pBG35):(2) a subclone
of the unit, a 800 bp BamHI fragment corresponding to the 25s rRNA
gene (pRHS3) (these two clones were kindly supplied by N. Ellis,
see Goldsborough and Cullis 1981); (3) a PCR-amplified DNA frag-
ment (Amp 18s) of poplar corresponding to the entire 18s TRNA
gene using primers described by White et al. (1990). Probes were
labelled using a random-primed DNA labelling kit (Boehringer
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Fig.2 Location, name and size of heterologous probes used
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Mannhein) with 20uCi and «*2P-dCTP (3000 Ci/mmol). Nylon
membranes were pre-hybridizedin 6 x SSC,5 x Denhardtand 0.5%
at 65 °C for 15h. Membranes were rinsed in 0.1 x SSC and exposed
to X-Ray films for 6-18h.

Results
Mapping rtDNA in F. excelsior

Total DNA from the individual S21 was restricted with
EcoRV, BamHI, Sacl, and EcoR]I, alone or in pairwise
combinations (Fig. 3). The EcoRYV lanes showed two
major bands at 13.5kb and 12.3kb, and two minor
bands at 10kb and 2.3kb. The 2.3-kb fragment did not
appear when hybridized with the 25s probe (Fig. 3 B),
but was revealed when probed with the 18s probe or the
entire rDNA unit (Fig. 3A, C). This indicates that the
2.3-kb fragment carried part of the 18s rRNA gene and
the 10-kb fragment carried the 25s TRNA gene and the
IGS. The sum of the two fragments of 10kb and 2.3kb
corresponds to the length of one of the major bands. The
13.5-kb and 12.3-kb fragments most likely correspond
to two length variants of the same rDNA restriction-
type unit which is characterized by only one EcoRYV site
(V1) per unit. This unit type will be referred to as unit L.
The fragment of 10 kb and 2.3 kb correspond to a second
rDNA restriction-type unit which carries an additional
EcoRV site (V2). This type will be referred to as unit I1.
Units I and II were found to coexist in the same individ-
ual, S21. However, from the intensity of the hybridiz-
ation signal (Fig. 3C), unit I appears as a major type
while unit IT is a minor type, in terms of copy number.

The BamHI digests of individual S21 showed two
major bands at 4kb and 1.1kb when probed with the
entire flax rDNA unit (Fig. 3C). The 4-kb fragment
includes part of the 25s rRNA gene (Fig. 3B, lane B)
whereas the 1.1-kb fragment carries only part of the 18 s
rRNA gene (Fig. 3 A, lane B), indicating that a BamHI
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restriction site is present in the 18 s gene. The BamHI
digest also yielded larger fragments (5.1 kb, 7.2 kb, 8.4 kb
and 12.3kb), which most likely resulted from partial
digestion due to possible DNA methylation (Fig. 3 C);
BamHI has been reported to be sensitive to DNA
methylation (Gerlach and Bedbrook 1979). These addi-
tional fragments corresponded to 5.1kb (1.1+4.0),
12.3kb (5.1 + 7.2)and 13.5kb (5.1 + 8.4), as expected for
partial digestion. The fragments of 7.2kb and 8.4kb
confirmed the two length variants (12.3 and 13.5kb)
detected with EcoRYV digests. Also, the weak hybridi-
zation signals for the 7.2 and 8.4-kb fragments, which
were only observed using the entire rDNA probe (Fig.
3 C), indicate that the length polymorphism in unit I is
located within the IGS, and that the IGS of Fraxinus has
diverged considerably from that of flax.

The Sacl restriction patterns, obtained with the en-
tire rtDNA unit (Fig. 3C), showed two fragments of
2.2kb and 1.6 kb corresponding to coding regions (Fig.
3A and B) and two larger fragments identified as part of
the IGS overlapping the 18s rRNA gene (Fig. 3 A).
These two fragments correspond to the two spacer
length variants of unit I identified with EcoRV digests.
These results also suggest that this length polymor-
phism is located within the IGS. A total of three Sacl
restriction sites were inferred to explain the presence of
the 2.2 and 1.6 kb fragments.

The EcoRI lanes showed two fragments of 4 kb and
1.7 kb when probed with the entire rDNA unit (Fig..3 C).
The 4-kb fragment carried the 25 s rRNA gene (Fig. 3B)
while the 1.7-kb fragment carried part of the 18 s'RNA
gene (Fig. 3 A).

From the results obtained with single and double
digests, physical maps of the two rDNA restriction type
units found in individual S21 were constructed (Fig. 4).
Physical maps were also constructed with three other F.
excelsior individuals (Fac, C5 and Sall) from three
different stands (see Table 1). The restriction patterns of
the transcribed regions were identical and the two re-
striction-type units were found in each of the individuals
(data not shown). Unit I always appeared as the major
one while unit IT was always the minor one. Therefore,
except for the polymorphism corresponding to spacer
length variation, the restriction maps for these four

Fig. 4 Physical maps of the

individuals could be considered to be representative of
the species.

Total rDNA unit length and spacer length variation
was investigated with 13 additional individuals of F.
excelsior from four different stands (Amancey, Chaléze,
St Gacien and Vernois/Mance). To do so, we monitored
the size of restriction-type unit I, which is found in all
four individuals previously analysed and which is cha-
racterized by a single EcoRV site. Total DNA was
restricted with EcoRV and probed with the entire flax
rDNA unit. A variable unit length ranging from 11 kb to
14.5kb was observed (data not shown). Because the
lengths of the coding regions were constant among the
four individuals used to obtain restriction maps, it is
likely that the observed length variations were mainly
due to differences in the IGS length. Spacer length
variations were further characterized by examining Sacl
fragment patterns, because rDNA units contained three
conserved Sacl sites in all individuals checked (see
above), which delimit two smaller fragments of con-
served length (the 2.2 and 1.6 kb), and larger fragments
(6.6 to 9.5kb) containing the intergenic region and the 5’
end of the 18 s gene (Fig. 4). These larger fragments are
casier to distinguish that the large EcoRV fragments
because they are 3.8kb smaller. Sacl digests indicated
ten size classes for the rDNA spacer with a step of
approximately 0.3kb (Fig. 5), which correspond to the
unit length variants determined by the EcoRV digests.
Up to four spacer length variants were observed in a
single individual and the average was 3.7. Four classes of
spacer length were more often represented, correspond-
ing to 6.6-, 7.5-, 8.0-, and 9.0-kb fragments and to unit
lengths of 10.5, 11.4, 11.9, and 12.3kb, respectively.

Mapping rDNA in F. oxyphylla

Total DNA from individual O1 (St Gély du Fesc) was
restricted with the four previously used restriction en-
zymes. The fragments patterns for the coding regions
were similar to those obtained with F. excelsior, al-
though some differences were observed (Fig. 6).

The EcoRV digests (Fig. 6C) yielded one major
fragment of 12.3kb corresponding to the entire rDNA
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Fig. 5 Hybridization results for 13 individuals of F. excelsior restrict-
ed with Sacl and hybridized with the entire tDNA unit from flax

unit and two minor fragments, a 2.3-kb fragment carry-
ing a part of the 18s rRNA gene and a 10-kb fragment
carrying the 25s rRNA region and the 1GS (Fig. 6). This
indicated that the two rDNA restriction-type units ob-
served in F. excelsior were also present in F. oxyphylla
(types I and IT). Again, from the relative intensity of the
hybridization signals, unit I appeared as a major type
and unit II as a minor type. The length of the F.
oxyphylla rDNA unit was also characterized with
EcoRYV digests from eight additional individuals from St
Gely du Fesc(O1,3,10,12,16, 18, 31,45). 1t varied from
11.8kbto 13.8 kb and showed heterogeneity both within
and between individuals (data not shown). The small
number of individuals analysed did not allow us to
determine the step of the spacer length variation.

The EcoRI restriction digests of individuals O1
showed three fragments (4kb, 1.7kb and 1.0kb) (Fig. 6
C) instead of two in F. excelsior (4kb and 1.7kb). The
additional 1-kb fragment hybridized only with the entire
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rDNA unit and more weakly, which indicates an addi-
tional EcoR1 site (E4) located in the IGS, either near the
18s or the 255 gene (Fig. 4). Therefore, a third rDNA
restriction1type unit (unit IIT) which carried the E4 site
could be defined (Fig. 4). Restriction analysis was also
conducted with two additional individuals, SGF3 (from
St Gély du Fesc) and Cros (from Montpellier). Restrict-
ion patterns of the transcribed regions were similar but a
0.7-kb EcoRI fragment was observed instead of the
1.0-kb fragment, when using the entire rDNA unit as
probe. It is unlikely that this new fragment indicates a
change of restriction site. Rather, the position of the
third EcoRI site is most likely conserved among individ-
uals of F. oxyphylla, if we accept that this fragment
length polymorphism (0.7-1.0kb) is likely to be caused
by spacer length variation, as observed in F. excelsior
(step of 0.3kb). In all three F. oxyphylla individuals here
analysed, restriction types I and IT were always present
in addition to the third restriction-type unit I1I. There-
fore, F. oxyphylla could be distinguished from F. excel-
sior by the presence of unit I11.

Validation of the species-specific
DNA polymorphism

The results obtained with a small number of well charac-
terized F. excelsior (4) and F. oxyphylla (3) individuals
from outside the sympatric zone suggested that these
two species may be distinguished by the presence or
absence of rDNA restriction-type unit ITL. To confirm
this difference between species, restriction with EcoRI
followed by hybridization with the entire rDNA unit of
flax was extended to numerous trees of each species from
outside the sympatric zone:26 F. excelsior individuals
from Amancey (A1, A2, A9, A10, A22), Chaléze (C5, C9,
C10, C11, C12, C13, C14, C21), St Gacien (S9, S20, S22,
S24, S25), and Vernois (V12, V15, V19, V20, V21, V22,

w
9]

V+E
Sacl
S+B
S+E

. BamHI
EcoRl
B+E
EcoRV
V+E
Sacl
EcoRl
B+E
EcoRV
V+E
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S+B
S+E
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Table 2 Morphological and molecular characterization of individuals sampled from the Gray {Franche-Comté) zone of sympatry

Trees Morphological characters Molecular
marker
Leaves Buds Fruits (samara) 0.7-1.0-kb
EcoRI fragment
With tight and ~ With spaced Black Brown Seed shorter Seed longer
numerous teeth  and sharp teeth than half than half fruit
F. excelsior
theoretical value + - + - + - —
F. oxyphylla
theoretical value - + - + — + +
F.oxyphylla OG3  — + — + - + +
F. oxyphylla OG4  — + — + - + +
F. excelsior EG1 + — + - + - —
F. excelsior EG2 + C - + - + — +
Hybrid HG1 1F*? LF. LF. LF. IF. LF. -
Hybrid HG2 LF. LF. LF. LF. LF. LF. +

21.F.:intermediate form

V23, V24); and 14 F. oxyphylla individuals from St Gély
du Fesc (01, 03,010, 012,018, 031, O45) and Mont-
pellier(Cros, Cros1, Cros2, Cros3, Eco2, Hort, Pisc).

All F. excelsior individuals assayed displayed the
4.0-kband 1.7-kb EcoRI fragment but shorter fragments
were never recovered. All F. oxyphylla individuals ana-
lysed showed the 4.0-kb and 1.7-kb EcoRI fragments
with an additional 1.0-kb or 0.7-kb EcoRI fragment. In
addition, all individuals from St Gély du Fesc, except
SGF3 (see above), showed the 1.0-kb fragment, while all
individuals from Montpellier showed the 0.7-kb frag-
ment. Therefore, with respect to the number of individ-
vals analysed, our results suggest that the presence or
absence of the rDNA restriction-type unit ITT might be
used to distinguish the two species.

The presence or absence of restriction-type unit I1I
was monitored in a limited sample of individuals from a
stand where the two species coexist. Based on morpho-
logy, six individuals were chosen a priori so to be typical
of one or the other species, or else intermediate, as would
be expected from putative hybrids (Table 2). As ex-
pected, 0.7-kb EcoRI fragment which characterized F.
oxyphylla was detected in F. oxyphylla individuals OG3
and OG4. This 0.7-kb fragment was also detected in
HG?2 but not in HG1, both characterized by intermedi-
ate morphology and classified as putative hybrids. More
interesting was the unexpected presence of this fragment
in one individual (EG2) which, based on morphology,
was identified a priori as F. excelsior.

Discussion

The general organization of nuclear IDNA in Fraxinus
agrees with that of many other plant species. The restric-
tion sites El, B2, E2, V1 and B3, located within the
transcribed regions of Fraxinus rDNA, are highly con-
served in higher plants, including the Graminaceae

(Gerlach and Bedbrook 1979; Appels and Dvorak 1982)
and the Crucifereae (Delseny et al. 1990). The total unit
length, which varied from 11.5 to 14.5 kb for F. excelsior,
and from 11.8 to 13.8 kb for F. oxyphylla, is also in the
range of that found in higher plants, particularly in
woody angiosperms such as poplar (Faivre-Rampant et
al. 1992 a, b) or oak (Bellarosa et al. 1990).

IGS length polymorphism

Sacl restriction patterns revealed that spacer length
variability is the rule in all the individuals of F. excelsior
and F. oxyphylla assayed. In F. excelsior, where
a detailed analysis of spacer length variants was con-
ducted, at least ten types of length variants were
observed and up to four spacer length variants were
encountered in one individual. This high level of poly-
morphism has also been reported for barley (Saghai
Maroof et al. 1984; Zhang et al. 1992):20 spacer length
variants allowed for the identification of 17 rDNA
phenotypes. In other taxa, such as Musa (banana)
(Lanaud et al. 1992), Aegilops (Kim et al. 1992)
and Pisum sativum (pea) (Polans et al. 1986), similar
results have been obtained. The number of spacer length
variants per individual seems species-dependent; for
instance, one for Adegilops (Kim et al. 1992), up to ten
for P. sativum (Polans et al. 1986), and up to four for
Fraxinus (this study). Therefore, in F. excelsior (and in F.
oxyphylla) length variation in the IGS is frequent and
not fixed within the species, so that it could be used as a
marker of diversity at the intraspecific level, as recently
reported in Hevea (Besse et al. 1993). In contrast, in
Picea the length of the IGS shows significant variation
that could be used to discriminate closely related species
such as black spruce and red spruce, while no restrict-
ion-site polymorphism was found between these two
species (Bobola et al. 1992b).



Restriction-site polymorphism

The restriction-site polymorphism observed allowed us
to define three distinct rDNA units. Two of these restric-
tion-type units, units I and I1, differ by the gain or loss of
the EcoRYV site V2, which is located in the transcribed
region. These two rDNA unit types coexist in all individ-
uals of the two Fraxinus species. The intensity of the
hybridization signals indicated that their relative pro-
portion differs: unit T appears as a major locus whereas
unit IT is a minor locus. This organization suggests
indeed that these two restriction-type units correspond
to two different loci, as observed in pea (Polans et al.
1986). The presence of several rDNA-type units in the
same genus o1 species has often been described (Delseny
et al. 1990; Kim et al. 1992; Santoni and Bervillé 1992).
Unit IIT differs from the other two by the presence of an
additional EcoR1 site (E4) located in the IGS, which was
only observed in F. oxyphylla individuals. In individual
O1 (F. oxyphylla), used to obtain the restriction map,
and in the other trees of St Gély du Fesc, the EcoRI site
E4 is usually located at about 1 kb away from the EcoRI
site B3, but we found that equivalent sites (i.c. at 0.7kb
from site E3) are present in other individuals from
another provenance (Montpellier). At present, we have
no ex- planation for this almost fixed difference between
the individuals of these two populations, and sampling
of additional populations would be required to monitor
the distribution of these two variants.

The results obtained in this study are in agreement
with previous studies on other plant species concerning
the rate of evolutionary change in tDNA regions (Jor-
gensen and Cluster 1988; Schaal and Learn 1988), where
both restriction-site and length polymorphism are more
frequent in the IGS region than in the coding regions.
The EcoRY restriction-site polymorphism located in the
18 5 gene and found in both Fraxinus species is most
likely homologous to both species, deriving from an
ancient event preceeding the divergence of the two. It is
unlikely that this polymorphism resulted from parallel
evolution in each species. In contrast, the EcoRI restric-
tion-site polymorphism found in the IGS is specific to
F. oxyphylla and is most likely more recent, following
the divergence of these two closely related species. In the
Crucifereae, unique regions located downstream from
repeated IGS elements (Tremoussaygue et al. 1988), as
well as repeated IGS subunits in tomato (Levesque et al.
1990) have shown to be species-specific, as they did not
hybridize across related species.

Implications for genetic management

The genetic purity of progenitors chosen to establish
breeding populations and seed production areas, such
as seed orchards, is essential. It is also important that
undesirable pollen contamination in the seed produc-
tion areas be limited, particularly when hybridization
with an undesirable closely-related species is likely. In
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our case, F. excelsior progenitor trees and seed orchards
must be certified free from any undesirable contribu-
tions from F. oxyphylla, in terms of misidentified trees or
in terms of pollen contamination. Although no poly-
morphism was found specific to F. excelsior, rDNA
restriction-type unit III has been shown to be specific to
F. oxyphylla. This marker could be used in a negative
selection strategy scheme where, for instance, F. oxy-
phylla trees or F. oxyphylla gametic contributions to
potential hybrids could be identified, so that undesirable
trees and hybrids could be removed from breeding
populations, seed orchards, and around seed orchards.
Indeed, we have shown that one tree identified as F.
excelsior based on morphology was most likely misclas-
sified because of the presence of the F. oxyphylla species-
specific TDNA polymorphism in this tree. Additionally,
one tree identified as a putative hybrid from mor-
phological character was probably misclassified because
of the absence of the F. oxyphylla species-specific IDNA
polymorphism in this putative hybrid. However, be-
cause rDNA restriction-type unit I is a dominant
marker for F. oxyphylla, hybrid trees cannot be distin-
guished from F. oxyphylla, and a fixed species-specific
dominant marker (or co-dominant) for F. excelsior
would be necessary to safely identify hybrids from pa-
rental types. This could be pursued by screening for
species-specific RAPDs (Perron et al. 1995), SCARs
(sequence characterized amplified regions) (Paran and
Michelmore 1993), SWAPPs (sequencing with arbitrary
primer pairs) (Burt et al. 1994), or DNA microsatellites
(Morgante and Olivieri 1993; Smith and Devey 1994).
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