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Abstract Considered to be haploid tissue, the endo-
sperm of coniferous trees has been extensively used by
forest geneticists. Using laser flow cytometry, we show
that endosperm ploidy level depends on the systematic
position. The Abies, Cedrus and Pinus species tested
exhibited uniform haploid endosperm compared to the
diploid DNA content of the corresponding embryo.
Endosperm of Cupressaceae contained multiple ploidy
levels: Cupressus arizonica, Juniperus oxycedrus and
Thuja orientalis endosperms exhibited a mixture of
haploid—diploid nuclei, while C. atlantica and C. semp-
ervirens endosperms contained six ploidy levels: 1C, 2C,
3C, 4C, 5C and 6C. Physiological and genetic implica-
tions of this original feature are discussed.
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Introduction

In gymnosperm seeds, the diploid embryo is sur-
rounded by a haploid tissue called endosperm (female
gametophyte or megagametophyte) generated by the
proliferation of one meiotic daughter cell (megaspore)
which also produces the female gamete. Thus, the geno-
type of the endosperm corresponds exactly to the
maternal contribution to the seed genotype.
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Because of these specific features seeds of coniferous
trees offer several interesting avenues of study, which
have been largely used in basic genetic studies
(O’Malley et al. 1979; Mitton 1983; Bergmann 1991):
(1) the haploid endosperm makes it possible to study
the inheritance and linkage of isozyme, protein or
DNA markers by analysing segregations within pro-
genies from heterozygous mother trees (Strauss and
Conkle 1986; Tulsieram et al. 1992; Gerber et al. 1993;
Pascual et al. 1993; Plomion et al. 1995; Gillet 1996); (2)
mother-tree genotypes may be inferred from endos-
perm analysis (Morris and Spieth 1978); (3) allele fre-
quencies and (4) heterozygosity levels can be estimated
for two generations (maternal parents and seeds); (5)
marker analyses of both the endosperm and embryo
enable the paternal contribution to seed genotype to be
determined in mating-system studies (Shaw and Allard
1982; Barret et al. 1987).

However, a survey of the literature on genetic studies
using conifer endosperms has revealed that both the
haploid nature and the genetic uniformity of this tissue
are, in some cases, questionable. Studying the segrega-
tion of colour polymorphism in Ginkgo biloba endo-
sperm O’Malley and Kelly (1988) reported mosaic
endosperms. Similar unexpected features have also
been reported with isozyme analyses. In Pinus at-
tenuata endosperm, O’Malley et al. (1988) noted abnor-
mal two-band phenotypes for three dimeric enzymes
(alcohol deshydrogenase, 6-phosphogluconic deshydro-
genase and phosphoglucose isomerase). The absence of
the heterodimer bands has been interpreted to be the
result of the probable mosaic nature of the endosperm,
supposedly originating from genetically different mega-
spores. More recently, isozyme studies of Cupressus
sempervirens always led to diploid phenotypes of the
tissue surrounding the embryo (Raddi et al. 1990;
Papageorgiou et al. 1993). The phenotypes were always
similar to the mother-tree phenotypes, and this tissue
was considered to be a diploid maternal tissue: the
perisperm. These authors considered endosperm and
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Table 1 Origin of the samples
Sample reference

Genetic origin Geographic origin®

Cupressus sempervirens No. 1
Cupressus sempervirens No. 2
Cupressus sempervirens No. 3
Cupressus atlantica
Cupressus arizonica No. 1
Cupressus arizonica No. 2
Cupressus arizonica No. 3
Juniperus oxycedrus

Thuja orientalis

Cedrus libani

Abies cephalonica

Pinus halepensis

Pinus pinaster

Pinus nigra

Pinus pinea

1 tree var. horizontalis
1 tree var. pyramidalis
1 tree var. pyramidalis
Rikt provenance

Avignon (a), France

Afghanistan (n)

Afghanistan (n)

Haut Atlas Mountain (n), Morocco

1 tree Oupia (a), France

1 tree Bellegarde (a), France

1 tree Bellegarde (a), France

1 tree Avignon (n), France

1 tree Avignon (a), France
Provenance Barouk (n), Lebanon
Provenance Vetina (n) Mainalon, Greece
Provenance St Etienne du Gres (n), France
Provenance Collo, Algeria

Provenance Avignon (a), France
Provenance Stes Marie de la Mer (n), France

*n, natural; a, artificial

perisperm to be closely connected and that the mass
and enzyme activity of the perisperm were prevalent.
This interpretation is not in agreement with the classi-
cal structure of mature conifer seeds (Ozenda 1982)
where nucellus remnants (perisperm) are reduced to
a thin layer of degenerating cells (El Maataoui, unpub-
lished observations) probably without any enzymatic
activity.

In spite of the frequent use of endosperm in genetic
studies, investigations on its ploidy level have been very
limited. In this context we used laser flow cytometry to
quantify relative DNA contents of the embryo and endos-
perm of some coniferous trees, and especially of cypress.

Materials and methods

Plant material and tissue isolation

DNA content was separately assessed from embryo and endosperm
nuclei of the conifer species referred in Table 1. Seeds were extracted
from mature, open-pollinated cones and stored at 4°C until use.
Embryos and endosperms were carefully excised from overnight-
imbibed seeds under a dissecting microscope.

Extraction of nuclei

Embryo and endosperm tissues were finely chopped at 4°C with
a sharp razor blade in PBS buffer, pH 7.4, containing 2.5 mM
dithiothreitol and 0.05% triton X-100. The resulting slurry was
filtered through a 30-pm nylon filter to eliminate cell debris. The
suspension containing the nuclei was stained with 1% propidium
iodide in PBS buffer (500 pl tissue extract +50 pl 1% propidium
iodide) and immediately measured using a Facscan (Becton Dickin-
son) laser flow cytometer equipped with an argon-ion laser tuned at
a wavelength of 448 nm.

Measurements

Relative fluorescence histograms of DNA colouration measured by
red fluorescence (FL2 Area) at 580 nm were registered. Mean and

coeflicient of variation of fluorescence peaks were estimated with
the WinMDI software (version 2.0.4, copyright © 93-95 Joseph
Trotter).

Results

All of the embryo samples produced a relative fluore-
scence histogram with only one peak, irrespective of the
species tested (Fig. 1, Table 2) . For this reason we
considered the embryos to be uniformly diploid struc-
tures and took their corresponding peaks as the control
peaks for 2C DNA content. In Pinus, Cedrus and Abies
species endosperm samples also produced one peak,
and this peak was half the magnitude of that of the
relative fluorescence peak of the embryo. On the con-
trary, all of the endosperm samples from the Cupres-
saceae family (genera: Cupressus, Thuja and Juniperus)
exhibited multi-peak relative fluorescence histograms.
Two peaks were observed for Thuja orientalis, Juni-
perus oxycedrus and Cupressus arizonica (3 genotypes)
and six peaks for C. sempervirens (3 genotypes) and C.
atlantica (1 genotype). The peaks were regularly spaced
on the relative fluorescence scale and, when compared
with histograms from the embryos (2C), corresponded
to 1C, 2C, 3C, 4C, 5C and 6C. In endosperm samples
producing a two-peak histogram, the first one was
predominant (around 80%). Conversely, in samples
producing a six-peak histogram, the second one was
prevalent while the first peak contained only 15% of
the scored events.

For those species of the genus Cupressus, estimations
of 2C nuclear DNA sizes based on endosperms were
more consistent than estimations based on embryos;
the coefficients of variation were, respectively, 1.9%
and 4.1% (Table 2).

>
Fig. 1 Histograms of flow cytometric analysis of embryos and en-
dosperms of some coniferous species. Relative fluorescence ex-
pressed in arbitrary units
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Table 2 Characteristics of the relative fluorescence peaks

Table 2 Continued

Sample Mean cvs Percentage  Sample Mean cvs? Percentage
of nuclei® of nuclei®
Cupressus sempervirens No. 1 Juniperus oxycedrus
Embryo Embryo
2C 320 2.0 100 2C 309 2.6 100
Endosperm Endosperm
1C 157 3.6 29 1C 157 3.0 76
2C 312 24 40 2C 311 2.0 24
3C 465 1.6 20 L .
4C 612 1.0 7 Tigqaborzentalts
5C 762 1.3 2 mobryo
6C 885 1.7 1 2C 266 1.7 100
Endosperm
. 1C 138 23 67
Cupressus sempervirens No. 2 2C 273 18 33
Embryo
2C 300 22 100 Cedrus libani
Endosperm Embryo
1C 157 32 11 2C 479 2.8 100
2C 311 22 30 Endosperm
3C 465 1.6 27 1C 229 23 100
4C 612 1.8 18
5C 759 1.3 10 Abies cephalonica
6C 900 11 3 Embryo
2C 597 2.7 100
. Endosperm
Cupressus sempervirens No. 3
Embryo 1C 247 5.7 100
2C 282 22 100 Pinus halepensis
Endosperm Embryo
1C 157 2.7 16 2C 723 3.0 100
2C 309 2.0 32 Endosperm
3C 459 1.8 24 1C 374 3.0 100
4C 603 1.4 16
5C 747 1.2 8 Pinus pinaster
6C 890 1.2 4 Embryo
2C 720 23 100
Cupressus atlantica Endosperm
Embryo 1C 372 29 100
2C 304 1.8 100 Pinus nigra
Endosperm Embryo
1C 164 33 13 2C 747 40 100
2C 310 2.9 51 Endosperm
3C 456 L6 15 1C 359 3.1 100
4C 600 1.3 10
5C 740 1.3 5 Pinus pinea
6C 885 0.8 2 Embryo
2C 874 3.6 100
Cupressus arizonica No. 1 Endosperm
Embryo 1C 417 4.4 100
2C 300 2.5 100 . .
Endosperm ? Coeflicient of variation
1C 161 4.0 71 ®Only within-peak events were scored
2C 318 3.0 29
Cupressus arizonica No. 2 F 1ti k hi lative fl .
Embryo or mu ti-pea 1stograms, re_: ative uor'escence m-
2C 305 15 100 creased slightly slower than ploidy level (Fig. 2).
Endosperm Among the four Pinus species tested, Pinus pinea had
1C 158 2.6 87 a significantly higher nuclear DNA content (Table 2).
2C 311 1.4 13
Cupressus arizonica No. 3
Embryo Di ion
2C 282 24 100 scussio
Endosperm . .
e P 168 52 36 The endosperm of gymnosperm seeds is considered to
2C 327 4.6 14 be a haploid tissue that originates from one megaspore.
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Fig. 2 Relationship between ploidy level and cytometric estimation
of DNA content

All of the endosperm samples from the Pinaceae family
(Pinus, Cedrus and Abies) that we studied had the
expected haploid nuclear status. In Pinus, similar re-
sults were obtained by Wakamiya et al. (1993) for 18
North American Pinus species and P. eldarica, and by
Bino et al. (1993) for P. nigra. The larger DNA amount
of P. pinea can be related to the significant correlation
between seed size and DNA content for the Pinus
species studied by Walkamiya et al. (1993). To our
knowledge, no results have been published on the seed
ploidy levels of Abies and Cedrus species.

Our results reveal that the endosperm of all Cupres-
saceae species tested contains nuclei with various DNA
contents corresponding to several ploidy levels. As ex-
pected, only one 2C ploidy level was observed for
embryos. On the basis of their endosperm nuclear
status, Cupressaceae species can be classified in two
groups: species with two ploidy levels (1C and 2C for
Cupressus arizonica, Thuja orientalis and Juniperus
oxycedrus) and species with numerous ploidy levels
(1C-6C for C. sempervirens and C. atlantica).

The origin of these multiple levels of ploidy in the
Cupressaceae endosperm must be clarified considering
that classically, in gymnosperms, the megagameto-
phyte derives from one haploid cell (megaspore) and
that, as compared to angiosperms, only one fertilisation
occurs.

One interpretation could be that spontaneous en-
doreduplication or endopolyploidie as defined by Nagl
(1978), frequently occurs in nutrient-storing tissues
such as albumen or the cotyledons of angiosperms,
which consequently increases their transcription and
translation activities during storage-reserve elabor-
ation (Nagl 1978; Queller 1983; Kowles et al. 1992).
Moreover, natural polyploidisation is often observed in
haploid tissues (Michaux-Ferriere and Soulié-Marsche
1987). In gymnosperms, endoreduplication has been
described only for Ginkgo biloba (Avanzi and Cionini
1971) where cytophotometric observations (Feulgen
method) revealed 1C to 64C ploidy levels.
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Endoreduplication consists in doubling DNA con-
tent (Kowles et al. 1992) and thus should produce, from
a haploid tissue, only 2C-4C-8C-16C ... nuclei
Consequently, the ploidy levels that we oberved in the
C. sempervirens and C. atlantica endosperm
(1C-2C-3C—4C-5C-6C) cannot be due to simple en-
doreduplication. This particular process of 1C DNA
increment at each step, could be due to endomitoses
(Nagl 1995) followed by multiple nuclei fusions. This
second possible explanation of endosperm polyploidy
would fit with Schnarf’s (1930 in Avanzi and Cionini
1971) and Ozenda’s (1982) proposals and seems to be in
agreement with our current cytological observations
(unpublished results) which reveals that some develop-
ing C. sempervirens endosperm cells contained
several free or fused nuclei, and sometimes fusing.
In Chamaecyparis nootkanensis, Owens and Molder
(1974) observed that during late female gametophyte
differentiation the cells commonly become multinuc-
leate.

Endoreduplication in the nutrient-storing tissues of
the seed is classically considered to be an angiosperm
feature (Friedman 1992). We therefore suggest that C.
sempervirens and C. atlantica are evoluted gymnosperm
species. Nevertheless, the processes leading to DNA
increase seems to be quite different: merging of nuclei in
Cupressus vs endoreduplication in angiosperms.

Our results confirm the conclusion derived from the
isozyme analysis of C. sempervirens endosperm (Raddi
et al. 1990; Papageorgiou et al. 1993), which suggested
a non-haploid tissue but this tissue is not the diploid
perisperm. The diploid heterozygote zymograms ob-
served by these authors cannot be explained without
there being a contribution of two different alleles. Con-
sidering that pollen nuclear DNA does not contribute
to endosperm DNA (only one fertilization occurs in
Gymnosperms), these alleles could derive from two (or
more) megaspores (1C) from one or multiple meiosis, or
from a mixture of one (or more) unreduced mega-
sporocyste (2C) and one (or more) megaspores (1C).
The present study does not allow us to test these two
hypotheses.

The nuclear status of the endosperm in Cupressaceae
is not always in accordance with what is expected for
Gymnosperm species. Consequently, in this botanical
family, knowledge of the genotypic origin of phenotype
constitutes a prerequisite for genetic marker studies
based on the endosperm. If the endosperm originates
from several cells, the respective contributions of the
different alleles must be considered with particular
attention. Further investigations are needed to under-
stand the cytological basis of endosperm development,
particularly in Cypress.
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