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Abstract Our goal was to determine the mode of
inheritance of Picea abies mitochondria. We studied
four trees implicated in intraspeci"c controlled crosses.
Based on a PCR-derived technique, one mitochondrial
marker, the intron b/c of subunit 1 of NADH dehydro-
genase (nad1 b/c), was informative in one of the
available crosses. This fragment was sequenced and
exhibited several features concordant with the group-II
intron, as judged from its sequence evolution and or-
ganisation. All of the 96 o!spring analysed from the
two polymorphic parents present a maternal pro"le.
We conclude that in P. abies the mitochondrial genome
is maternally inherited. This result is congruent with
the commonly observed pattern of mitochondrial in-
heritance in the other Picea species studied so far. The
existence of mtDNA polymorphic markers that are
maternally inherited should now facilitate the study of
the population genetic structure of the Norway spruce.
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Introduction

Natural populations of Norway spruce (Picea abies
Karst or Picea excelsa Link) are found from northern

and western Europe to the Ural mountains where
another species, Picea obovata, occurs. Based on
paleobotanical data, and con"rmed by isozymes stud-
ies, the natural range of P. abies is commonly divided
into three areas: the Alpine area, the Hercynian Car-
pathic area and the Baltic area (Huntley and Birks
1983; Schmidt-Vogt 1986; Lagercrantz and Ryman
1990). A better knowledge of the genetic diversity and
population structure of this species could give impor-
tant information on the management of its genetic
resources.

Present patterns of the genetic structure of tree popu-
lations have been in#uenced by historical factors (mi-
gration, colonisation from refugia, secondary contact)
over the last 15 000 years (Kremer 1994). In animals,
mitochondrial DNA (mtDNA) has provided a great
potential for detecting population di!erentiation and
re-tracing the populations' intraspeci"c phylogenetic
history (Avise 1994). In fact, the mitochondrial genome
appears to be well adapted for population structure
analysis for two reasons: (1) due to the uniparental
heredity of the cytoplasmic genome, the population size
is smaller and therefore more prone to drift, compared
to the biparentally inherited nuclear genome, (2) using
maternally inherited genomes, a direct study of the seed
dissemination pattern is possible, and seeds usually
migrate over short distances compared to pollen. The
smaller population sizes and the reduced gene #ow
leads to a higher di!erentiation of the cytoplasmic
genes compared to the nuclear genes (Petit et al. 1993).

If the maternal inheritance of mtDNA could be dem-
onstrated in P. abies, the potential usefulness of this
genome to reveal population di!erentiation would be
con"rmed. In Gymnosperms, mitochondria are usually
maternally inherited, while chloroplasts are biparen-
tally or paternally transmitted (Neale and Sedero!
1988). In the genus Picea, several studies dealing with
organelle inheritance have been carried out involving
North American spruce species (Picea rubens, Picea
mariana, Picea engelmanii, Picea sitchensis, Picea



Fig. 1A Comparison of the nad1 b/c intron organisation in two
individuals of P. abies. The nad1 b/c intron of the tree A (female
parent) and nad1 b/c intron of the tree D (male parent) di!er by
a 68-bp indel. * : polymorphic fragment revealed by electrophoresis
after a MspI digest. C : MspI restriction sites. B The expanded region
depicts in detail the indel in A and D nad1 b/c introns and the two
#anking regions (box in A). Arrows represent a 25-bp repeated
sequence

glauca) and one Serbian species (Picea omorika). These
studies con"rmed that mtDNA is maternally inherited
whereas cpDNA is paternally or biparentally inherited
(Sutton et al. 1991a, b; Bobola et al. 1996; David and
Keathley 1996). However, the inheritance pattern of the
cytoplasmic genomes can exhibit important variations
within a genus. In the genus Pinus, for instance,
mtDNA is maternally inherited in Pinus taeda and in
hybrids of Pinus gri.thii]Pinus strobus (Neale and
Sedero! 1988, 1989) while in Pinus monticola, Pinus
banksiana and Pinus banksiana]Pinus contorta hybrids
biparental inheritance patterns have been demon-
strated (Bruns and Owens 1989; Wagner et al. 1991).
Therefore, generalization at the whole-genus level of
the inheritance patterns established from a limited
number of species is inappropriate.

In this paper, we present the "rst demonstration of
maternal inheritance of mtDNA in P. abies. Contrary
to the previous reports cited above, we used a PCR-
derived technique consisting of a restriction study of
the mtDNA fragments ampli"ed by PCR with one pair
of universal mitochondrial primers.

Materials and methods

Plant material

Three controlled crosses, performed in Denmark, involving four
parent trees (A, B, C, and D) were supplied by CEMAGREF
(Nogent sur Vernisson, France). Tree A was used as the female
parent; trees B, C, and D were used as male parents. Ninety six seeds
(supplied by INRA OrleH ans) from the cross A]D were used to verify
maternal inheritance of the mtDNA.

Needles were frozen at !803C until DNA extraction. Seeds were
germinated in Petri dishes of "lter paper. Seedlings of about 2-cm
high were kept frozen until they were analysed.

DNA extraction

DNA was obtained from parents and o!spring. Total genomic DNA
was extracted from frozen needles (about 1 g) of young plants using
a method adapted from Doyle and Doyle (1988) for small amounts
of material, with PVP 40000 1% (p/v) and proteinase K
(0, 5 mg/ml) added to the extraction bu!er.

PCR ampli"cation, restriction and electrophoresis

DNA samples were characterized by restriction studies of a mtDNA
fragment [subunit 1 of NADH dehydrogenase: nad1 (b/c) intron]
ampli"ed by PCR with one pair of universal mitochondrial primers
located in the two #anking exons b and c (Demesure et al. 1995).
Conditions for mtDNA ampli"cation were: 50 mM KCl, 10 mM
Tris-HCl (pH 9.0), 2 mM MgCl

2
, 100 lM dNTP, 0.2 lM of each

primer, 0.0025 U ¹aq polymerase, 20 ng of DNA in a "nal reaction
volume of 25 ll. Ampli"cations were conducted in a DNA ther-
mocycler (PTC 100, MJ Research) for 30 cycles, each consisting of
a denaturing step of 45 s at 923C, an annealing step of 45 s at 603C
and an extension step of 3 min at 723C. The "rst cycle was preceded
by 4 min at 943C. The last one was followed by 10 min at 723C to
ensure that the primer extension reactions proceeded to completion.

Thirteen microliters of the PCR products were digested with
5 U of a single restriction enzyme, HaeIII or MspI, over 3 h. DNA
fragments were then separated by electrophoresis on 1.5% agarose
gels. Gels were photographed on a MP4#box with Ilford FP4 plus
125 "lm after ethidium bromide staining.

Sequencing

PCR products were concentrated, then puri"ed with a Prep-A-Gene
Puri"cation System (Biorad). The Nad1 b/c intron of trees A and
D were sequenced by Genome Express SA (Grenoble, France).
Sequences were aligned and analyzed with the GCG (Genetic Com-
puter Group, University of Wisconsin; Devereux et al. 1984) com-
puter program. The sequences were deposited in the Genbank
database (Accession numbers AF 142641-AF142642).

Results

Nad1 b/c intron organisation (Fig. 1A)

Sequencing showed a length of 2217 pb for the female
nad1 b/c PCR fragment (tree A), and 2146 pb for the
male nad1 b/c PCR fragment (tree D). Excluding the
two regions 5@ and 3@ corresponding to the exons, the
real sizes of the introns in trees A and D were respec-
tively 2036 bp and 1968 bp.

Alignment between the sequences of parents A and
D reveals eight substitutions. In addition, a large inser-
tion/deletion event of 68 bp is apparent (Fig. 1A). A 25-
bp motif is present three times in the indel of tree A but
only once in tree D (Fig. 1 B). The nad1 b/c intron
presents at least two characteristic features of group-II
introns: one sequence (GCGCG) near the 5@ cleaving
site and one sequence of domain V (GAAA loop) near
the 3@ cleaving site (Chapdelaine and Bonen 1991).
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Fig. 2A, B Analysis of the mtDNA nad1 b/c intron restricted with
MspI. A Polymorphism is only detected between trees A and D.
MspI polymorphic fragments are indicated by arrows. A is used as
female parent and D as male parent in the intraspeci"c cross.
B Analysis of inheritance of the nad1 b/c intron in the intraspeci"c
A]D cross. The progeny show the same maternal fragment as the
female parent D

Mitochondrial inheritance

PCR-RFLP polymorphic patterns were revealed only
in the cross involving parents A and D for the nad1 b/c
HaeIII and nad1 b/c MspI combinations. For example,
MspI generated 14 fragments for each of the four par-
ents. The polymorphism consists in length variation:
the more discriminant fragment has a length of 953 bp
in trees A, B and C, and of 885 bp in tree D (Fig. 2A).
All the 96 analysed o!spring from the A]D cross
contained the maternal fragment (Fig. 2B).

Discussion

The sequencing results shows that the nad1 b/c introns
of P. abies exhibit characteristic features of the group-II
introns. They also show a high degree of similarity
between the two trees analysed (A and D). Both ex-
tremities (5@ and 3@ ends) are well conserved, in contrast
with the middle part of the introns which is divergent
(an insertion/deletion event of 68 bp explaining an im-
portant part of the sequence divergence). This result is
concordant with previous studies on the organisation
of this type of intron group in plants (Clegg et al. 1994;
Gielly and Taberlet 1994). Indeed, group-II introns
are subdivided into six di!erent domains exhibiting
variable evolutionary rates in relation to, and the

functional importance of, intron structural features
(Wissinger et al. 1991; Clegg et al. 1994). For example,
domains I and V are important for intron processing
and evolve at the slowest rate.

Comparison of the P. abies nad1 b/c intron with the
homologous Pinus sylvestris sequence (from Genbank)
showed that more than 95% similarity could be ob-
served in the "rst 750 bp (5@ end) and in the last 650 bp
(3@ end) of the alignment. As previously described in the
intraspeci"c comparison (trees A and D), the sequence
divergence between the P. abies and P. sylvestris in-
trons is mostly located in the central part of the intron.
In contrast, comparison with four angiosperms (se-
quences from Genbank and Embl) showed strong dif-
ferences in length. In Arabidopsis thaliana, ¹riticum
aestivum, Oenothera berteriana, and Petunia hybrida the
intron length is respectively 893 bp, 1422 bp, 1463 bp
and 986 bp. Compared to the sequences of tree
A (2035 bp), tree D (1967 bp) and P. sylvestris (2410 bp)
the angiosperm sequences are much shorter. Hence, sim-
ilarity scores could not be computed between angio-
sperms and gymnosperms for the complete sequence.
However, high degrees of similarity (respectively 92%
and 93%) restricted to the "rst 323 bp (5@ end) and to
the last 67 bp of the intron (3@ end) can be observed.

Comparison of nad1 b/c introns between P. abies and
P. sylvestris could help to design additional primers
located in conserved regions. These primers could be
used to selectively amplify the more polymorphic cen-
tral region, and to identify polymorphism without the
need of an additional restriction step. Such a marker
could then be employed to examine inter- or intra-
generic phylogenetic relationships in conifers. Actually,
the mtDNA region that we have studied showed addi-
tional polymorphisms between trees from di!erent
provenances of P. abies (Sperisen et al. 1998; Grivet
et al., unpublished results).
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Analysis of the nad1 b/c intron pattern in the A]D
controlled cross con"rmed the non-Mendelian inherit-
ance of the mitochondrial genome. A maternal inherit-
ance for mtDNA, corroborating earlier studies in the
Picea genus, was demonstrated. However, it is note-
worthy that some examples of the partial parental trans-
mission of mitochondria have been reported in
a number of gymnosperms. This is the case in the inter-
speci"c controlled crosses between P. banksiana]P.
contorta, or of the intraspeci"c controlled crosses in P.
contorta where about 7.1% of the o!spring have in-
herited their mitochondria from the male parent (Wag-
ner et al. 1991). Similarly, 10% of the mitochondria of
Pseudotsuga menziesii were shown to be paternally in-
herited (Marshall and Neale 1992). Low levels of pater-
nal leakage in an otherwise predominantly maternal
lineage could have dramatic e!ects on the observed
genetic structure (Petit et al. 1993; Dumolin-Lapègue et
al. 1998). Therefore, it seems important to take into
account the possibility of paternal or biparental inherit-
ance in which at least some o!spring contain the pater-
nal organelle type. According to the binomial model of
organelle inheritance (Milligan 1992), and taking into
account the fact that no o!spring containing paternally
derived organelles were found among the 96 samples
tested in the A]D P. abies cross, it can be concluded
that, at the 95% con"dence limit, the degree of paternal
transmission is no more than 3% in the studied cross.
Hence, rare events of paternal contribution cannot be
discarded with the sample size. Other mtDNA markers
should be identi"ed and additional crosses analysed to
con"rm these results on the inheritance of mtDNA and
to reveal additional mtDNA diversity in P. abies.
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