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Abstract Apomictic seed development in dandelion
(Taraxacum officinale) involves (1) restitutional meiosis
(diplospory), (2) egg cell parthenogenesis, and (3)
autonomous endosperm development. The question is
whether these elements of apomixis are controlled by one
single gene or by several independent genes. Five triploid
non-apomictic hybrids, obtained in diploid sexual x
triploid apomict crosses were characterized using cyto-
embryological and genetic methods. Nomarski-differen-
tial interference contrast microscopy and the transmission
of microsatellite markers and ploidy levels indicated that
the hybrids combined elements of the apomictic and the
sexual developmental pathway. Hybrids form two com-
plementary groups with respect to the presence or absence
of parthenogenesis and autonomous endosperm develop-
ment. The occurrence of complementary apomixis-re-
combinants suggests that parthenogenesis and auto-
nomous endosperm development in Taraxacum are reg-
ulated independently by different genes. This study also
indicates that early embryo development is independent
of endosperm formation, but that endosperm is essential
for later embryo growth.
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Introduction

Sexual seed development in the angiosperms involves the
unique process of double fertilization (Nawaschin 1898;
Willemse and Van Went 1984). In this process the first
generative pollen sperm nucleus (n) fertilizes the egg cell
(n), while the second generative pollen sperm nucleus (n)
fertilizes the central cell (2n). The zygote (2n) forms the
embryo and the fertilized central cell (3n) gives rise to the
endosperm, the tissue that nourishes the developing
embryo. A relatively small group of angiosperms, the
gametophytic apomicts, (Gustaffson 1947a, 1947b; Steb-
bins 1950) have lost the need for fertilization for embryo
development. Instead, an unreduced egg cell develops
parthenogenetically into an embryo. This unreduced egg
cell may be derived from a somatic cell (apospory) or
from an unreduced megaspore (diplospory), the latter
produced by either a mitotic-like division or a restitu-
tional meiosis (Nogler 1984; Koltunow 1993). Most
gametophytic apomicts still need fertilization of the
central cell for endosperm development (pseudogamous
apomicts). Autonomous apomicts, however, have aban-
doned fertilization completely and here also the endo-
sperm develops without fertilization. Autonomous
apomixis is relatively common in the Asteraceae (Com-
positae), but rare in other plant families (Asker and
Jerling 1992).

Apomictic offspring are genetically identical to the
mother plant. Apomixis fixes additive as well as non-
additive genetic variation and is therefore of great interest
for plant breeding (Vielle-Calzada et al. 1996). The study
of apomixis may also shed light on the problem of the
maintenance of sex, which is one of the great unsolved
problems in evolutionary biology (Van Dijk and Van
Damme 2000). The question of how autonomous
apomicts have by-passed meiotic reduction and double
fertilization is not only important for the understanding of
apomixis, but also for the understanding of the process of
sexual reproduction in angiosperms in general.

Three basic developmental elements distinguish the
autonomous apomictic reproductive pathway from the
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sexual reproductive pathway: (1) apomeiosis (the avoid-
ance of meiosis), (2) parthenogenetic embryo develop-
ment, and (3) autonomous endosperm development. Are
these elements controlled by a single gene or by several
genes? In Hieracium piloselloides, autonomous apomixis
‘as a whole’ was shown to inherit as a single dominant
trait (Bicknell et al. 2000). This suggests that the
complete apomictic pathway in this species is controlled
by a single gene or by a tightly linked gene complex. In
Erigeron annuus, another Asteraceae species, two un-
linked loci have been identified, one for diplospory and
another for parthenogenesis and/or autonomous endo-
sperm development (Noyes and Rieseberg 2000). The
genetic basis of autonomous apomixis in a third Astera-
ceae species, the common dandelion, Taraxacum offici-
nale, is however controversial.

Diploid dandelions (2x=16) are sexual, and triploid
dandelions (3x=24) are apomictic. Richards (1970, 1973)
suggested that apomixis in Taraxacum is controlled by
two dominant genes, located on different chromosomes.
This model is based mainly on the reports of the loss of
apomixis in rare disomics (2n=23) (Sgrensen and Gud-
jonsson 1946; Sgrensen 1958). These authors claimed that
the loss of a specific chromosome in a triploid apomictic
clone resulted in the loss of diplospory. Loss of another,
non-homologous, chromosome resulted in the fertilization
of unreduced egg cells. The two-locus model has been
criticized because of the small sample sizes analyzed and
unreliable karyology (Mogie 1988, 1992). Instead, Mogie
(1988, 1992) proposed a recessive single locus model for
apomixis in Taraxacum. In this model it is assumed that a
single recessive gene codes for diplospory, and that this
gene has a pleiotropic effect on egg cell parthenogenesis.
Mogie’s model has received considerable attention in the
apomixis literature (e.g., in reviews by Asker and Jerling
1992; Mogie 1992; Koltunow 1993; Sherwood 2001).
Experimental data clearly supporting one or the other
model have been lacking so far.

We have previously reported on the breakdown of
apomixis in crosses between sexual diploid and apomictic
triploid dandelions (Tas and van Dijk 1999; Van Dijk et al.
1999). In these crosses, both apomictic and non-apomictic
triploid hybrids were produced. The non-apomictic triploid
hybrids could be classified into three types (A, B and C),
based on the progenies produced in crosses with diploid
sexual pollen donors (Van Dijk et al. 1999). Type A hybrids
produced only offspring with reduced chromosome num-
bers. We presumed that type A hybrids were pure sexuals,
lacking all elements of apomixis. When crossed with sexual
diploid pollen donors, type B hybrids produced a mixture of
triploid and tetraploid offspring. This suggested that type B
hybrids were diplosporous and had the potential for
parthenogenesis, although the presence of tetraploid off-
spring indicated that some of the unreduced egg cells were
fertilized. Based on absence of achene (the one-seeded fruit
of Taraxacum) development in type B hybrids in the
absence of pollination, we further speculated that type B
hybrids lacked autonomous endosperm development. Type
C hybrids produced exclusively tetraploid offspring in

crosses with sexual diploid pollen donors, suggesting that
they were diplosporous, but lacked parthenogenesis. Be-
cause of normal achene development in the absence of
pollination, it was hypothesized that type C hybrids also
possessed autonomous endosperm development.

In the present article the hybrid types B and C are
further characterized. Cyto-embryological investigations
and detailed progeny analysis indicate that the interpre-
tations outlined above are correct. We conclude that type
B and C hybrids are phenotypically complementary
apomixis-recombinants. The occurrence of such apomix-
is-recombinants favors a multi-gene model for control of
apomixis in Taraxacum.

Materials and methods

Taraxacum plants were grown in the greenhouse (21°C, 16 h light/
15°C, 8 h dark). The origin of the plant material is described in
detail in Tas and Van Dijk (1999) and Van Dijk et al. (1999). The
plants were vernalized for a period of 2 months at 4°C to induce
flowering. After crossing of two diploid sexuals (L2x6-1, cross 3
and L2x17-18, cross 6) with a triploid obligate apomictic pollen
donor SE3x-6, four type B plants (H3-1, H3-6, H3-7 and H6-4) and
two type C plants (H3-9 and H6-3) were obtained. Seed develop-
ment was studied with and without cross-pollination (except in H6-
4, which died).

To prevent cross-pollination, young buds were covered with
small paper bags. Flower buds from type B (H3-1 and H3-7) and C
(H6-3) hybrids were collected and fixed in cold Carnoy solution at
-1, 0, +1 and 43 days after anthesis. In this time frame
parthenogenetic embryo development and autonomous endosperm
formation is established in the triploid apomictic pollen donor,
SE3x-6. Fixation, gametophyte clearing and Nomarski-differential
interference contrast (DIC) microscopy techniques were as de-
scribed in Van Baarlen et al. (2000). One inflorescence was studied
per hybrid/sample date combination; 50-80 florets were studied per
capitulum.

The three type B hybrids were crossed with non-related diploid
pollen donors. To investigate the segregation of the maternal
genotype and the presence of paternal alleles, the 3 type B mother-
plants and 24 of their progeny plants were analyzed for five
microsatellite loci (Msta60, 61, 64, 72 and 78; Falque et al. 1998).
The original diploid pollen donors were no longer available for
analysis. However, additional, non-maternal alleles in the progenies
were considered to be of paternal origin. DNA was extracted from
young leaves according to the protocol of Rogstad (1992). PCR
conditions were identical to those described in Falque et al. (1998),
with the exception that one of the primers was labeled with the
fluorochrome Cy5. PCR products were first checked on a 2%
agarose gel and then run on an ALF express Il automatic sequencer
(Amersham Pharmacia), using a 50 bp size external molecular
weight standard (Pharmacia). Microsatellite genotypes were scored
in the ‘Curve view’ mode of the ALFwin Sequence Analyser 2.00.

The ploidy levels of the cross progenies were determined by
flow cytometry (Partec Flow Cytometer, Miinster, Germany; Tas
and van Dijk 1999). In a test series, the relationship between
somatic chromosome number and relative DNA content (to an
internal diploid standard) was established as 2n =15.38x DNA,,/
DNA,, +0.53 (r=0.99; n=42). This formula was used to estimate
the chromosome numbers from cytometric data.

Based on microsatellite inheritance and ploidy levels, cross
progenies were classified according to Harlan and deWet (1975). In
this classification, 2n+0 offspring have arisen apomictically, 2n+n
have arisen from the fertilization of an unreduced egg cell, n+0
from a parthenogenetically developing haploid egg cell and n+n
offspring have arisen from the fertilization of a reduced egg cell.



Results

Cyto-embryology of non-pollinated type B hybrids

To investigate why type B hybrids did not produce
achenes in the absence of cross-pollination, immature,
cleared seeds of two type B hybrids (H3-1 and H3-7) were
investigated by Nomarski-DIC microscopy. The results
are summarized in Fig. 1. At 1 day before anthesis, half of
the ovules displayed degenerated embryo sacs. Some
degenerated embryo sacs lacked polar nuclei, central cells
and egg cells (Fig. 2A). Others had lost cell identity
(Fig. 2B) or collapsed completely, with only two endo-
thelial layers visible (Fig. 2C). The frequencies of
degenerated embryo sacs corroborated low seed sets in
crosses with diploid pollen donors (see below).

Among the apparently viable embryo sacs at 1 day
before anthesis, in addition to embryo sacs with a resting
egg cell and an undivided central cell nucleus (41%),
embryo sacs with parthenogenetic embryos were also
observed (9%). In this latter class, the central cell nuclei
had not divided and no endosperm had formed, in contrast
to the pre-anthesis autonomous endosperm development
in natural apomicts grown under the same conditions
(Van Baarlen et al. 2002).

At anthesis, the fraction of non-viable embryo sacs had
not changed significantly (42%), whereas the percentage of
embryo sacs with parthenogenetic embryos had increased
to 29%. The fraction with resting egg cells had decreased
to 29%. There was no endosperm development observable
in the embryo sacs with parthenogenetic embryos.

At 1 and 3 days after anthesis, the fraction of
degenerating embryo sacs had increased further to 65
and 72%, respectively. Over 95% of viable embryo sacs
showed no traces of autonomous endosperm develop-
ment. However, a few embryo sacs had undergone
division of the central cell resulting in 2-8 endosperm
nuclei, but cellularized endosperm was not observed in
such embryo sacs. About two-thirds (66%) of viable
embryo sacs now contained parthenogenetic embryos.
Figure 2D, E shows a globular embryo with a still
undivided central cell nucleus. Most parthenogenetic
embryos (>90%) just about reached the heart stage. No
parthenogenetic embryos developed beyond the heart
stage. The embryo sac did not expand properly and
remained globular, whereas achenes with mature endo-
sperm are elongated at this stage (compare type B in
Fig 2D, E with type C in Fig. 2F).

Progenies from pollinated type B hybrids

When pollinated with sexual diploids, viable seed set in
H3-1, 3-6 and 3-7 was 0.14, 0.15 and 0.11, respectively
(Van Dijk et al. 1999). To determine the sexual or
parthenogenetic origin of these progenies, their ploidy
levels were determined. In addition to the 38 progeny
plants previously reported in Van Dijk et al. (1999), 33
more plants were analyzed. Figure 3 shows the distribu-
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Fig. 1 Embryo sac development in type B hybrids. The distribution
of embryo sac types observed by Nomarski-differential interference
contrast (DIC) microscopy in non-pollinated florets ranging from
1 day before anthesis to 3 days after anthesis. The data of H3-1 and
H3-7 are pooled. Non-viable embryo sacs were degenerating or
empty. Viable embryo sac types: / Resting egg cell and undivided
central cell; 2 parthenogenetic embryo and undivided central cell; 3
parthenogenetic embryo and 2—-8-nucleate, non-cellularized auton-
omous endosperm. N Number of embryo sacs analyzed

tion of the chromosome numbers of the 71 progeny
plants. All three type B hybrids produced a mixture of
(hypo)-triploid and hyper-triploid offspring after pollina-
tion. Hyper-triploid offspring plants must have originated
from fertilization, since the type B hybrids themselves
were triploid. Fig. 3 shows a high frequency of aneuploid
offspring. Because the diploid pollen donor produces
regular haploid pollen grains, this must be due to a high
frequency of aneuploidy of the egg cells.

(Hypo) triploid offspring plants may have arisen
parthenogenetically or sexually. Therefore the multi-locus
microsatellite genotypes of thirteen (near) triploid progeny
plants and their three mothers were determined. There was
no overall segregation of the five-locus heterozygous
genotype, indicating an unreduced, diplosporous origin of
these triploid progenies (Table 1). Two offspring plants
from H3-6 lacked a maternal allele at locus Msta61. The
relative DNA contents indicated that these plants were
hypo-triploid, lacking one or two chromosomes. None of
the 13 (near) triploid offspring plants showed additional
alleles that could be of paternal origin. This indicates that
the triploid offspring were derived parthenogenetically
(2n+0 plants; classification of Harlan and deWet (1975),
see Table 1). In contrast, all 11 (near) tetraploid progeny
plants showed at least one locus with an additional allele,
implying that they were the result of fertilization of an
unreduced egg cell (2n+n hybrids).

Based on ploidy levels alone, the fractions of (2n+0)
offspring in H3-1, H3-6 and H3-7 were 0.67, 0.67, and
0.74, respectively. The corresponding fractions of (2n+n)
were 0.33, 0.33 and 0.26.



Fig. 2A-F Nomarski-DIC images of embryo sacs of non-pollinat-
ed capitula 1 or 3 days after anthesis. A—E Type B hybrids, F type
C hybrid. A Empty embryo sac with faint traces of endosperm
formation. B Deviant type of embryo sac with large, unidentified
cells in the chalazal region (small arrow) and endosperm-like cells
in the central region. Note the absence of the egg apparatus in the
micropylar region. C Collapsed embryo sac; the arrow points at the
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Fig. 3 The distribution of progeny chromosome numbers of three
type B hybrids after pollination with diploid plants. N Number of
progeny plants analyzed

“cavity’. D, E Type B, the same embryo sac at different focal
planes. D Globular parthenogenetic embryo. E Non-divided central
cell. F Type C. Multi-cellular endosperm with unreduced egg cell.
Note that the embryo sac in C has expanded and elongated due to
the endosperm growth, whereas the embryo sac in A and B is not
expanded and is spherical due to the absence of endosperm. Bars
A-C 50 ym, D 100 gm, F 500 um

Cyto-embryology of non-pollinated type C hybrids

Nomarski-DIC microscopy of non-pollinated inflores-
cences showed that 2 days before anthesis more than
half of the embryo sacs (59%) of non-pollinated type C
hybrids already contained two- or four-nucleate endo-
sperm, whereas the rest still had an undivided central
cell (n=22). None of the egg cells had divided. At 1 day
before anthesis, the resting egg cells were surrounded by
endosperm in all 22 ovules examined. Apart from the
resting egg cell, morphology of seed development in the
type C hybrids was similar to that in the apomictic
parent SE3x-6. Between 1 and 3 days after anthesis, the
endosperm proliferated and became cellularized. The
somatic maternal tissues (integuments) had also ex-
panded, but the egg cell remained in a resting stage
(Fig. 2F).
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Table 1 Multi-locus mi-

. Plant 2n Msta 60 Msta 61 Msta 64 Msta 72 Msta 78 Hybrid type
crosatellite genotypes of type B
hybrids and their progeny from  H3-1 24 bde bg ab acd ceg
crosses with sexual diploid A 24 bde bg ab acd ceg 2n+0
pollen donors. The paternal al- B 24 bde bg ab acd ceg 2n+0
leles are shown in bold, C 24 bde bg ab acd ceg 2n+0
* indicates an incomplete ma- D 24 bde bg ab acd ceg 2n+0
ternal genotype (incomplete E 31 abde bcg ab abcd cdeg 2n+n
nuclear restitution). Double or  F 31 bde beg ab acd cdeg 2n+n
triple dosages could not be H 31 bde becg ab abed cdeg 2n+n
distinguished from single do-
sages. Allele sizes: Msta60: H3-6 24 bde bdg ab abd cde
a=270, b=286, c=302, d=312, A 24 bde bdg ab abd cde 2n+0
e=318 bp; Mstabl: a=124, B 23 bde dg* ab abd cde 2n+0
b=129, =131, d=135, e=137, C 24 bde bdg ab abd cde 2n+0
f=141, g=145, h=147 bp; D 24 bde bdg ab abd cde 2n+0
Msta64: a=176, b=210, E 23 bde dg* ab abd cde 2n+0
¢=212 bp; Msta72: a=172, F 31 abde bdg ab abd cde 2n+n
b=176, c=182, d=186, e=190, G 31 abde bdg ab abd cdef 2n+n
/=194 bp:Msta78: a=146, H 30 bde bdg ab abde acde 2n+n
b=154, ¢=162, d=164, e=166,
f=170, g=174 bp. For hybrid H3-7 24 bde dg abc acd cdg
type classification, see Mate- A 24 bde dg abc acd cdg 2n+0
rials and methods B 24 bde dg abc acd cdg 2n+0
C 24 bde dg abc acd cdg 2n+0
D 24 bde dg abc acd cdg 2n+0
E 32 abde dfg abc acd cdeg 2n+n
F 31 abde dfg abc acd cdeg 2n+n
G 32 abde dgh abc acd cdeg 2n+n
H 31 abde adg abc acde acdg 2n+n
I 28 bde dg abc acdf acdg 2n+n

Discussion

The combined microscopic and genetic analyses allow us
to draw inferences about the interactions between endo-
sperm and embryo development and the genetic basis of
apomixis in Taraxacum.

The cyto-embryological investigations of the non-
pollinated ovules reveal that type B hybrids have the
capacity for parthenogenesis, but lack the capacity for
autonomous endosperm formation. The production of
viable apomictic seeds after pollination, as indicated by
the microsatellite analysis, can be explained by endo-
sperm development upon fertilization of the central cell.
Parthenogenetic embryos are rescued by sexual endo-
sperm. Type B plants are thus pseudogamous offspring
from an autonomous apomictic father SE3x-6. As far as
we know this is the first report of pseudogamous
offspring obtained in a cross with an autonomous
apomict.

In the absence of endosperm, parthenogenetic embryos
of type B hybrids developed up to the early heart stage,
which suggests that endosperm is non-essential for early
embryo growth. This corroborates the study of Cooper
and Brink (1949), who found that early growth of the
embryo and endosperm were not correlated in apomictic
T. officinale. These authors describe extreme cases of a
112-celled embryo accompanied by unicellular endo-
sperm and, conversely, of a 256-celled endosperm with a
one-celled embryo. Our results indicate however, that
endosperm development is essential for further embryo
growth and development, as parthenogenetic embryos in

type B hybrids did not develop beyond the early heart
stage.

Ploidy and microsatellite analyses indicate that when
type B hybrids are pollinated, not all unreduced egg cells
develop parthenogenetically, but that some are fertilized.
This corroborates Nomarski-DIC microscopy observa-
tions, which show that, at anthesis, about two-thirds of the
viable egg cells had already developed parthenogenetical-
ly into embryos, but that one third were still in a resting
stage. Apparently, these resting egg cells were fertilized in
crosses and produced sexual embryos. Thus penetrance of
pathenogenesis of type B hybrids was incomplete.

Type B hybrids are diplosporous, as is evident from
the ploidy and microsatellite analysis of the cross
progenies. However, ploidy analysis also indicated a high
fraction of aneuploid egg cells, which are almost absent in
type C hybrids and natural apomicts, including the
apomictic father SE3x-6 (Van Dijk et al. 1999). This
suggests that nuclear restitution (diplospory) of the type B
hybrids is often incomplete. It is known that Taraxacum is
intolerant to aneuploidy (Sgrensen 1958; Richards 1973).
Nomarski-DIC microscopy observations showed that a
large fraction of the embryo sacs of type B hybrids
degenerated before anthesis. This may be explained by
the high frequencies of inviable aneuploid megagameto-
phytes caused by a low penetrance of diplospory.

Type C hybrids produced empty achenes in the
absence of pollination and can thus be considered as
parthenocarpic (Van Dijk et al. 1999). As some partheno-
carpic Arabidopsis mutants form autonomous endosperm
(Ohad et al. 1996; Chaudhury et al. 1997; Grossniklaus et
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al. 1998), we hypothesized that type C hybrids possessed
autonomous endosperm development but lacked egg cell
parthenogenesis. The Nomarski observations now con-
firm this hypothesis. Ploidy and microsatellite analysis of
the progenies resulting from pollinated type C hybrids had
previously established that these plants were diplosporous
with high penetrance (Van Dijk et al. 1999).

Both type B and C hybrids possess diplospory, albeit
with variable penetrance. Type B hybrids also possess
parthenogenesis, but lack endosperm autonomy. Type C
hybrids possess endosperm autonomy, but lack partheno-
genesis. Therefore, B and C hybrids are phenotypically
complementary. It is likely that the recombination of the
elements of apomixis occurred during pollen meiosis in
the apomictic father plant SE3x-6. This contradicts
Mogie’s (1988, 1992) single gene model for the control
of apomixis in Taraxacum. Richards (1970, 1973)
proposed a locus for diplospory and an unlinked locus
for parthenogenesis, without specifying the genetic con-
trol of autonomous endosperm development. However,
the present results suggest that a separate gene for
autonomous endosperm development is involved in the
genetic control of apomixis in Taraxacum.
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