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A considerable disparity of pollen characters in the modern Gnetales (including the inaperturate and
monosulcate germination types, the psilate, polyplicate and spinulose sculptural types) stands in sharp
contrast with their ultrastructural uniformity. In all of the ultrustructurally studied living species of Ephedra,
Welwitschia and Gnetum, the infratectum is granular, mostly consisting of small granules, while the endexine
is uniformly thick and lamellate. The recently discovered fossil gnetophytes are a diverse group, recognized
primarily on the basis of their ovulate cupules, but heterogeneous in respect to their pollen organs and pollen

g?evtvé:)lzs' morphology. The pollen grains are mostly asaccate or, rarely, bisaccate (Preflosella, Dinophyton), with small
gnetophytes ruguloid sacci (Baisianthus) or vestigial protosaccate structures (Cryptosacciferites). The germination types are
ultrastructure inaperturate, cryptoporate, monosulcate and trisulcate. In the majority of forms the infratectum is granular,
pollen consisting of small granules, large granules, combinations of various granules, or even columella-like

elements; rarely, the infratectum is alveolar. The endexine varies from distinctly lamellate to homogeneous.
Our analysis of pollen grain morphology and ultrastructure of extant gnetophytes lends support to
phylogenetic relatedness of extinct forms. Palaeobotanical data show a striking parallelism of morphological

variations between gnetophytes and angiosperms.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Fossil gnetophytes are a morphologically heterogeneous group
with supposed affinities to three living genera (Ephedra, Gnetum and
Welwitschia) each representing a monotypic order or constituting a
single order Gnetales. They first appeared in the Permian (Wang,
2004) and developed a considerable diversity of both vegetative and
reproductive structures in the Triassic (Cornet, 1986, 1993; Krassilov
and Ash, 1988; Anderson and Anderson, 2003). Their second peak of
diversity coincided with the advent of early angiosperms (Krassilov,
1986; Crane and Upchurch, 1987; Krassilov and Bugdaeva, 1999, 2000;
Rydin et al., 2003; Dilcher et al., 2005).

Fossil gnetophytes are recognized on the basis of their ovulate
organs, that in both extant and extinct forms seem to represent the
same basic structural type of a bracteolate cupule containing a
solitary, occasionally two, erect ovules and supported by a bract,
which is typically included in the disseminule (“fruit”). A distinguish-
ing feature of gnetophytic cupules is that they are formed by fusion of
sterile leafy organs, bracteoles or prophylls, whereas in the other
groups of seed plants with cupulate ovules, such as pteridosperms, the
cupules are of syntelomic origin or derived from fertile phyllomes, as
in Caytonia and angiosperms (reviewed in Krassilov, 1997). Some
gnetophytic cupules may resemble flowers, but the mode of polli-
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nation was gymnospermous, with pollen penetrating the nucellar
chamber (Krassilov, 1986).

The sporangiophores of extant gnetophytes are also distinctive:
cupulate with synangiate sporangia. Such structures are found in
some fossil gnetophytes, e.g., Dinophyton and Baisianthus (Krassilov
and Ash, 1988; Krassilov and Bugdaeva, 2000), but in the others they
are of a generalized gymnospermous type (e.g. the Aegianthus-Lori-
canthus-Erdtmanitheca group). Their affinities are inferred from
association with gnetophytic ovulate structures (Heerala: Krassilov
and Bugdaeva, 1988) or on the basis of their pollen grain morphology
(Friis and Pedersen, 1996), which is highly diverse in the extant
gnetophytes and even more so in the extinct forms. However the exact
range of this diversity is unknown. One example is represented by the
genus Classopollis Pflug. Indeed, this Mesozoic genus which is
traditionally regarded as a conifer pollen belonging to the Cheirole-
pidiaceae (Stewart and Rothwell, 1993; Taylor and Taylor, 1993), is also
considered a gnetophytic pollen, because of its granulate and/or
columella-like ultrastructure and morphological complexity of the
associated ovulate structure (Krassilov, 1982).

In this paper we attempt to outline the scope and diversity of
gnetophytic pollen types (pollen of the recent gnetalean plants and
the fossil plants that are related to this group on the basis of their
reproductive morphology) and to assess the significance of pollen
morphology and ultrastructure for demarcating this peculiar group of
seed plants and elucidating their relations to the gymnosperms and
angiosperms.
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2. Material and methods

Pollen of the extant Gnetales was obtained from the palynological
collection of the Department of Higher Plants, Moscow State
University (Welwitschia mirabilis Hook. f., Ephedra monosperma ].G.
Gmel. ex C.A. Mey., and Gnetum indicum Merr.) and from the herbaria
of the Botanical Institute, St-Petersburg (Gnetum africanum Welw. and
G. funiculare Wight) and of the Chang-Mai University, Thailand (G.
leptostachyum Blume and G. macrostachyum Hook. f.).

The fossil pollen of extinct gnetophytes and related groups include:

1. In situ pollen grains from pollen organs Dinophyton spinosum Ash
from the Late Triassic of the USA (Krassilov and Ash, 1988); Hasty-
strobus muirii van Konijnenburg-van Cittert from the mid-Jurassic of
Yorkshire, England (Van Konijnenburg-Van Cittert, 1971; Tekleva
et al., 2006); Aegianthus sibiricus Krassilov from the mid-Jurassic of
Ust'-Balej, Eastern Siberia (Krassilov and Bugdaeva, 1988; Tekleva
et al., 2006); Baisianthus ramosus Krassilov et Bugdaeva, Loricanthus
resinifer Krassilov et Bugdaeva and Preflosella nathania Krassilov from
the Early Cretaceous of Baisa, Transbaikalia (Krassilov and Bugdaeva,
1999, 2000; Tekleva and Krassilov, 2004); and Bayeritheca hughesii
Kvacek et Pacltova from the Late Cretaceous of Bohemia, Czech
Republic (Kvacek and Pacltova, 2001; Tekleva et al., 2006).

2. Pollen grains extracted from the guts of fossil insects: Classopollis
sp. from the Late Jurassic of Mikhajlovka, Karatau (Krassilov et al.,
1997; Zavialova and Tekleva, 2005) and Cryptosacciferites pabularis
Krassilov et Tekleva and Alisporites alimentosus Krassilov from the
Early Cretaceous of Baisa, Transbaikalia (Krassilov and Rasnitsyn,
1982; Krassilov et al., 2003). For scanning electron microscopy
(SEM), untreated mature pollen grains were mounted on SEM stubs
(covered with nail varnish) and sputter-coated with platinum-
palladium. Pollen was observed and photographed under a
Camscan SEM and a Hitachi S-405 TEM. For transmission electron
microscopy (TEM), individual pollen grains and fragments of
sporangia were fixed with 1% 0sO,4, dehydrated in an ethanol
series, stained with uranyl acetate, dehydrated in acetone, and
embedded in epoxy resin according to Meyer-Melikian et al. (2004)
for the extant material and to Tel'nova and Meyer-Melikyan (2002)
for the fossil material. Pollen grains were sectioned with an
ultramicrotome LKB-3. The ultrathin sections were post-stained
with lead citrate and examined under Jeol 100 B and Jeol 400 TEMs.

3. Morphology and ultrastructure of gnetophyte pollen grains
3.1. Extant Gnetales

Pollen morphology and/or ultrastructure were studied in Ephedra
americana Endl. (Hesse, 1984; El-Ghazaly et al., 1998; Doores et al.,
2007), E. californica S. Watson (Zavada, 1984), E. campylopoda C.A.
Mey. (Hesse, 1984), E. distachya L. (Van Campo and Lugardon, 1973;
Kurmann, 1992; Kurmann and Zavada, 1994; Meyer-Melikian, 1994;
El-Ghazaly et al., 1998), E. equisetina Bunge (Meyer-Melikian, 1994), E.
foliata Boiss. ex C.A.Mey. (Rowley, 1995; El-Ghazaly and Rowley, 1997;

Melikian, 1994), E. monosperma (Afzelius, 1956; Gullvag, 1966; Meyer-
Melikian, 1994), E. rupestris Benth. (EI-Ghazaly et al., 1998), E. sinica
Stapf (Ueno, 1960), and E. strobilacea Bunge (Meyer-Melikian, 1994);
Gnetum africanum Welw. (Kuprianova, 1983; Orel et al, 1986), G.
cleistostachium C.Y.Cheng (Yao et al., 2004), G. gnemon L. (Gullvag,
1966; Hesse, 1980; Kurmann, 1992), G. hainanense C.Y.Cheng (Yao
et al., 2004), G. indicum (Bernard and Meyer, 1972; Meyer-Melikian,
1994), G. luofuense C.Y. Cheng (Yao et al., 2004), G. montanum Markgr.
(Gullvdg, 1966; Meyer-Melikian, 1994; Yao et al., 2004), G. paniculatum
Spruce ex Benth. (Kuprianova, 1983), G. parvifolium (Warb.) Cheng
(Yao et al.,, 2004), G. pendulum C.Y.Cheng (Yao et al., 2004), and G. ula
Brongn. (Gullvag, 1966), G. sp. (Zavada, 1984); and Welwitschia
mirabilis (Ueno, 1960; Gullvag, 1966; Bernard and Meyer, 1972;
Hesse, 1984; Kedves, 1987; Zavada and Gabaraeva, 1991; Hesse et al.,
2000; Rydin and Friis, 2005). Gnetalean pollen morphology was
reviewed in Osborn (2000). For this analysis we studied the pollen
morphology and ultrastructure in Ephedra monosperma, Gnetum
indicum, Gnetum africanum, G. funiculare, G. leptostachyum, G. macro-
stachyum, and Welwitschia mirabilis.

The results of our study and the data form the literature show a
considerable diversity of pollen morphology contrasting with a
relative uniformity of the ultrastructure in the extant Gnetales.

1) The dimensions of the pollen grains vary from small (diameters 11—
19.5 ym) in Gnetum and Ephedra to medium and large in Ephedra
and Welwitschia (longer axis 30-80 pm).

2) The apertural types are monosulcate in Welwitschia and inapertu-
rate in Ephedra and Gnetum. A leptoma was described by
Kuprianova (1983) and Orel et al. (1986) in G. africanum, but we
were unable to confirm its presence in our material.

3) The sculpture is spinose or spinulose in Gnetum and polyplicate in
Ephedra and Welwitschia. Unlike angiosperms, the spinules are not
supratectal, but formed both by the tectum and infratectum
(Plate I, 1, 2).

4) The ultrastructural elements of the mature pollen grains are of the
same type in all three genera. The uniformly thick tectum sharply
decreases towards the furrows in Welwitschia and Gnetum (Plate II,
1, 3, 5). In Ephedra, the tectum is thin under the plicae and
increases over the slopes (Plate II, 2). The infratectum is granular,
showing variation in size and density of the granules. Bacular
infratectum described by Orel et al. (1986) for G. africanum actually
consists of large granules (Plate II, 1). By contrast, the granules are
scarcely discernible in such species of Gnetum as G. funiculare and
G. montanum (Gullvag, 1966; Yao et al., 2004; our data). The foot
layer is thin and adnate to the endexine in Welwitschia (Plate II, 5)
and some Ephedra (Plate II, 2) and lacks in Gnetum (Plate II, 3) and
some Ephedra. In the species of the three genera, the endexine is
uniform throughout the pollen grain, of the same or lower
electronic density than the ectexine, and lamellate. The apertural
region of Welwitschia and the furrows of Gnetum and Ephedra are
underlined by thin tectum and endexine or, rarely, by the endexine
alone. In Welwitschia, the furrows are underlined by thin tectum,
reduced granular layer, and endexine.

El-Ghazaly et al., 1998), E. fragilis Desf. (EI-Ghazaly et al., 1998), E. 5) Despite the ultrastructural similarity in three genera there are
intermedia Schrenk et C.A.Mey. (Bernard and Meyer, 1972; Meyer- several differences in the sporoderm development. The plicae and
Plate I. Pollen morphology of extant Gnetales and fossil gnetophytes. SEM.

1. Gnetum africanum Welw., extant Gnetales, from the herbarium of Botanical Institute, St.-Petersburg, Russia. Spinulose sculpture with “islands” separated by irregular

gaps. Scale bar=3 pm.
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Gnetum macrostachyum Hook. f., extant Gnetales, from the herbarium of Chiang Mai University, Thailand. Spinose sculpture. Scale bar=3 pm.
Classopollis sp. (Krassilov et al., 1997), Late Jurassic of Russia. Scabrate sculpture, rimula and pseudopore can be seen. Scale bar=3 pm.
Loricanthus resinifer (Krassilov and Bugdaeva, 1999), Early Cretaceous of Russia. Psilate pollen with broad sulcus. Scale bar=10 pm.
Baisianthus ramosus (Krassilov and Bugdaeva, 2000), Early Cretaceous of Russia. Psilate pollen with folded exine. Scale bar=10 pm.
Hastystrobus muirii (Van Konijnenburg-Van Cittert, 1971), mid-Jurassic of England. Trisulcate psilate pollen. Scale bar=10 pm.

Alisporites alimentosus (Krassilov and Rasnitsyn, 1982), Early Cretaceous of Russia. Bisaccate verrucate pollen. Scale bar=10 pm.

Dinophyton spinosum (Krassilov and Ash, 1988), Late Triassic of the USA. Bisaccate scabrate or verrucate pollen. Scale bar=10 pm.

Preflosella nathania (Krassilov and Bugdaeva, 1999), Early Cretaceous of Russia. Bisaccate finely foveolate pollen. Scale bar=10 pm.
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furrows are differentiated early during ontogenesis (Meyer, 1977;
Zavada and Gabaraeva, 1991; Doores et al., 2007). In Welwitschia,
the primexine is thinnest in the sulcus region, and the tectum is
formed of fused granules (Zavada and Gabaraeva, 1991); whereas
in Ephedra, the infratectal granules appear late in development,
after the foot layer is formed (Doores et al., 2007). In Ephedra
americana, incipient columellae are reported in early development,
later they are only rarely discernable near the furrows (Doores
et al., 2007). The exine is shed and scrolled in Ephedra, but persists
as a cap in Welwitschia covering the male gametophyte (EI-Ghazaly
et al., 1998; Rydin and Friis, 2005).

3.2. Fossil gnetophytes and related groups

The study of fossil gnetophytes has allowed us to distinguish seven
groups among their pollen (Table 1). These groups are differently
related to the extant genera.

3.2.1. Group 1. Plicate pollen grains (Ephedripites and Equisetosporites)

The group includes the dispersed pollen Ephedripites and Equise-
tosporites, pollen found in micropyles and nucellar chambers of
Eoantha from the Neocomian-Aptian of Baisa, Transbaikalia (Krassilov,
1986), pollen associated with Drewria (Crane and Upchurch, 1987),
Vitimantha (Krassilov and Bugdaeva, 1999), and Archaestrobilus
cupulanthus Cornet (Cornet, 1996), and pollen found in micropyles of
the seeds Ephedra portugallica Rydin, Pedersen, Crane et Friis, Ephe-
drispermum lusitanicum Rydin, Pedersen, Crane et Friis from the
Aptian-Albian of Portugal, and Ephedra drewriensis Rydin, Pedersen,
Crane et Friis from the Aptian-Albian of USA (Rydin et al., 2006).

Dispersed pollen grains of this group are small to large,
inaperturate or monosulcate, and polyplicate, psilate, scabrate, or
foveolate-reticulate. The tectum is solid or perforated. The exine varies
in thickness from 1.0 to 5.0 pm. The infratectum is columellate (with
high or low columellae grading into large granules), or granular of
small granules or with a gradation in the size of granules. The foot
layer is thin and distinct, or indiscernible from the endexine, or,
occasionally, lacking. The endexine is lamellate. The furrows are
underlined by the endexine alone, or by the endexine and foot layer, or
by the endexine, foot layer, and a vestigial tectum. Among the
ultrastructurally studied pollen of the group, several subgroups are
distinguished.

Subgroup 1 includes Ephedripites sp. (Trevisan, 1980) and Equise-
tosporites sp. (Osborn et al.,, 1993) and is characterized by relatively
small psilate or scabrate pollen, with the tectum equal to or slightly
thinner than the granular infratectum, and a thin or lacking foot layer.

Subgroup 2 includes Equisetosporites chinleana Daugherty (Zavada,
1984), with psilate imperforate pollen grains of medium size, the
tectum thicker than the columellate infratectum, and an indiscernible
from the endexine or lacking foot layer.

Equisetosporites chinleana (Pocock and Vasanthy, 1988) and Cor-
netipollis reticulata (Pocock and Vasanthy, 1988) belong to subgroup 3,
which includes medium-sized or relatively large (Cornetipollis) pollen
grains, with psilate imperforate exine (Equisetosporites) or foveolate-
reticulate perforate taeniate exine (Cornetipollis). The exine is very
thick (up to 5 pm); the tectum several times thicker than the
columellate infratectum. The foot layer is well differentiated. A
lamellate zone is present beneath the endexine.

Cornetipollis stands apart on account of its large size and peculiar
sculpture. Pocock and Vasanthy (1988) and Cornet (1992) consider it
as probable angiospermoid pollen.

Among these three subgroups, only the first one (Ephedripites) is
comparable with the pollen of the extant Gnetales in the small sizes,
psilate exine, granular infratectum and lamellate endexine that is
uniformly developed over the pollen grain. The other two subgroups
differ in the larger pollen grains, columellate infratectum, peculiar
sculpture (Cornetipollis), and the presence of lamellate zones (sub-
group 3).

The diverse taeniate grains of Protohaploxypinus, Lunatisporites,
Striatopodocarpidites, Striatites, Vittatina, and Weylandites morpho-
types might have been produced by conifers, glossopterids and/or
peltasperms (Balme, 1995), although some of them resemble those of
Ephedripites group. In particular, the asaccate Weylandites from the
Permian of Russia, about 56x70 pum, with a thick homogeneous
tectum and granular infratectum (Zavialova, 1998) is the most similar
to the gnetophytic pollen type.

3.2.2. Group II. Monosulcate pollen grains with broad sulcus, saccus-like
projections, and homogeneous endexine (Baisianthus)

Pollen grains of this type, found in the cupulate synangia of the
gnetophytic pollen organ Baisianthus ramosus from the Neocomian-
Aptian of Baisa, Transbaikalia (Krassilov and Bugdaeva, 2000), are
small, psilate, monosulcate, with the saccus-like projections, a broad
sulcus and finely granular infratectum of granules that diminish
toward the tectum and are partly fused with it. The endexine is less
electron-dense than the ectexine, homogeneous, more or less
uniformly thick, or with irregular thickenings (Plate I, 5; Plate II, 9).

Krassilov and Bugdaeva (2000) noted that pollen extracted from
Baisianthus resemble Retimonocolpites peroreticulatus (Brenner)
Doyle in having loosely adjoining ectexinal layers. However, these
species differ since Retimonocolpites peroreticulatus has a columellate
infratectum and lacks the endexine. Saccus-like projections, similar to
those in Baisianthus, are described by Zavada and Dilcher (1988) in
Rugubivesiculites, Granamultivesiculites, Clavabivesiculites and Grana-
bivesiculites. Among them, the morphotype Rugubivesiculites has an
alveolar infratectum and an endexine that is identical to the ectexine
in terms of electron density. The infratectum of Clavabivesiculites is
partly granular, as in Baisianthus; however, the granules are much
larger and intermingled with rod-like infratectal elements, and the

Plate II. Ultrastructure of the pollen of extant Gnetales and fossil gnetophytes. TEM. Abbreviations: t=tectum; gr=infratectal granules; inf=infratectum; fl=foot layer;

end =endexine; sp=saccus-like projections.

1 Gnetum africanum Welw., extant Gnetales, from the herbarium of Botanical Institute, St.-Petersburg, Russia. Plicae region. Scale bar=1 pm.

2. Ephedra monosperma J.G.Gmel. ex. C.A. Mey., extant Gnetales, from the palynological collection of the Department of Higher Plants, Moscow State University, Russia.
Plicae region. Scale bar=0.67 pm.

3. Gnetum macrostachyum Hook. f., extant Gnetales, from the herbarium of Chiang Mai University, Thailand. Plicae region. Scale bar=0.5 pm.

4. Classopollis sp. (Krassilov et al., 1997), Late Jurassic of Russia. t1 and t2 — outer and inner parts of a “complex” tectum. Scale bar=1 pm.

5. Welwitschia mirabilis Hook. f., extant Gnetales, from the palynological collection of the Department of Higher Plants, Moscow State University, Russia. Plicae region.

Scale bar=1 pm.

6. Loricanthus resinifer (Krassilov and Bugdaeva, 1999), Early Cretaceous of Russia. Nonaperture region. Scale bar=0.5 pm.

7. Bayeritheca hughesii (Kvatek and Pacltova, 2001), Late Cretaceous of Czech Republic. Scale bar=0.5 pum.

8. Hastystrobus muirii (Van Konijnenburg-Van Cittert, 1971), mid-Jurassic of England. Sporoderm structure on the distal side. Scale bar=1 pm.

9. Baisianthus ramosus (Krassilov and Bugdaeva, 2000), Early Cretaceous of Russia. Arrow head indicates the aperture region. Scale bar=1 pm.

10. Alisporites alimentosus (Krassilov and Rasnitsyn, 1982), Early Cretaceous of Russia. Transition to the saccus region. Scale bar=1.5 pm.

11. Cryptosacciferites pabularis (Krassilov et al., 2003), Early Cretaceous of Russia. Equatorial region with protosaccate structure. Scale bar=1.5 pm.

12. Dinophyton spinosum (Krassilov and Ash, 1988), Late Triassic of the USA. Corpus part, arrow head indicates the gametophyte cavity. Scale bar=0.78 pm.
13. Preflosella nathania (Krassilov and Bugdaeva, 1999), Early Cretaceous of Russia. Corpus part, arrow heads point to the foot layer. Scale bar=3.66 pm.

14. Hastystrobus muirii (Van Konijnenburg-Van Cittert, 1971), mid-Jurassic of England. Sporoderm structure on the proximal side. Scale bar=0.5 pm.
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Table 1
VII groups of pollen grains assigned or related to extinct gnetophytes
Group Size Aperture type Sculpture Infratectum Foot layer Endexine
(if present)
I. Ephedripites, Small to large Inaperturate, monosulcate Polyplicate psilate, scabrate Columellate or finely granular Thin and distinct, Lamellate
Equisetosporites or foveolate-reticulate indiscernible or absent
II. Baisianthus Small Monosulcate, with Psilate Finely granular Thin and distinct Homogeneous
saccus-like projections
III. Loricanthus, Aegianthus, Small or Monosulcate Psilate, finely foveolate Granular of large granules Thin and distinct Lamellate
?Sahnia laxiphora medium-sized or columella-like elements
IV. Classopollis Small Rimulate, with proximal  Psilate, granulate or spinulate, Granular of large granules Lamellate
Y-mark, pseudopore with a “complex” tectum or columella-like elements
V. Eucommiidites Small to Trisulcate with Psilate or slightly scabrate Granular or columella-like Thin and distinct or Lamellate
medium-sized asymmetrical furrows weakly differentiated
VL. Cryptosacciferites, Large Trisulcate with Psilate or slightly scabrate Alveolar, with protosaccate Thin and distinct Lamellate
Zolerella asymmetrical furrows structure in the equatorial
region
VIL Preflosella, Dinophyton, Large Bisaccate, with a distal Psilate, scabrate, foveolate- Alveolar Thin and distinct Lamellate

?Alisporites leptoma

verrucate or verrucate

endexine is lacking or not preserved. Granabivesiculites is most similar
to Baisianthus in having a thick tectum and granular infratectum,
although the latter consists of fewer tiers of granules; the foot layer is
much thicker, and the presence of endexine is questionable. In sum,
Baisianthus shares its peculiar pollen morphology with a number of
dispersed forms, some of which might have been related to
gnetophytes.

3.2.3. Group Ill. Monosulcate pollen grains with infratectum of large
granules and/or columella-like elements (Loricanthus and Aegianthus)

The in situ pollen grains extracted from gnetophytic pollen organs
Loricanthus resinifer and Aegianthus sibiricus are monosulcate, small or
medium-sized, and psilate or finely foveolate. The infratectum
consists of large granules or columella-like elements; the foot layer
is thin, but distinctive. The aperture regions are underlined by
endexine sometimes contacting the foot layer (Plate I, 4; Plate II, 6).

This ultrastructural type is comparable with Classopollis, except for
the tectum, which is much more complex in the latter pollen genus.
Pollen of Sahnia laxiphora Drinnan et Chambers from the Early
Cretaceous of Australia (Osborn et al.,, 1993) can be included in this
group.

Granamultivesiculites (Zavada and Dilcher, 1988) from the Cen-
omanian of USA is similar in its relatively thick perforated tectum and
infratectal ultrastructure, but differs in its numerous small saccus-like
projections, a considerably thicker foot layer, and the absence of
endexine.

3.2.4. Group IV. Rimulate pollen of Classopollis/Circumpolles type

The in situ and dispersed pollen grains of this type are small,
spheroid, having an annular equatorial girdle, subequatorial groove or
rimula, proximal Y-mark with exinal filaments, and a distal pore-like
depression (pseudopore or cryptopore). They are dispersed in
monads, dyads or tetrads. The exine surface is psilate, granulate or
spinulate. The ectexine includes a “complex” tectum, in which the
outer layer differs in electronic density from the inner layer and is
probably of a tapetal origin. The infratectum consists of columella-like
elements and/or large granules. The endexine is lamellate or not
preserved/absent (Plate I, 3; Plate II, 4).

Classopollis and a number of dispersed morphotypes (Eucorollina,
Paracorollina, Lobelina, Echinulina, Eocorollina, Corollina, Aporina,
Classoidites, Gliscopollis, Circulina, Paracirculina, Praecirculina, Camer-
osporites, Gemmulina, Granuloperculatipollis, Dicheiropollis, Rhaetipol-
lis, Exesipollenites, etc.) are members of the group Circumpolles
(Médus, 1970; Pocock et al., 1990; Zavialova and Roghi, 2005). In
spite of differences in the aperture types, Circulina and Classoidites
(Pettitt and Chaloner, 1964; Médus, 1977) share with Classopollis a
similar infratectal ultrastructure (Taylor and Alvin, 1984), while in

Duplicisporites granulatus (Leschik) Scheuring and D. verrucosus
(Leschik) Scheuring the infratectum consists of densely packed small
to medium-sized granules (Zavialova and Roghi, 2005).

A layer similar in structure and electronic density to the outer
tectum of Classopollis was described in some Eucommiidites (Trevisan,
1980; Zavada, 1984). Such complexity of tectum is not matched by any
other gymnosperms, being remotely similar to that of some modern
Ranunculaceae (Anemone; Nowicke and Skvarla, 1979, 1982) and
Asteraceae (Meyer-Melikian et al., 2004), in which the ectexine
consists of two columellate layers, but, unlike Classopollis, these layers
are better developed and of the same electronic density.

Most palaeobotanists assign Classopollis-producing plants to
conifers. Our assignment of the pollen type to gnetophytes is based
on the interpretation of the ovulate organs Hirmeriella given in
Krassilov (1982), and its pollen morphology and ultrastructure which
has no similarity to that of known conifers, being instead comparable
to that of gnetophytes on the basis of the granulate and/or columella-
like ultrastructure.

3.2.5. Group V. Triapertural pollen with asymmetrical furrows and
granular infratectum (Eucommiidites)

In situ pollen grains of Hastystrobus muirii, Eucommitheca hirsuta
Friis and Pedersen, Bayeritheca hughesii and Erdtmanitheca texensis
Pedersen, Crane and Friis and dispersed Eucommiidites are character-
ized by three asymmetrical and irregularly developed sulci or furrows.
However, their ultrastructures are highly heterogeneous (Tekleva
et al., 2006). The pollen grains are small to medium-sized (long axis
less than 40-45 pm, mostly under 36 pm), psilate or slightly scabrate,
and with irregularly scattered foveolae and verrucae. Of three
asymmetrical apertures, the central one is definitely sulcate, with
rounded ends, and the two lateral ones are slit-like with pointed ends.
The exine is thin (less than 1.7 pm, most below 1.3 pm). The
infratectum is granular or columella-like; the endexine (if present) is
lamellate. The foot layer is thin, distinct or weakly, if at all,
differentiated (Plate [, 6; Plate 11, 7, 8, 14).

Pollen grains found in the pollen chamber of Erdtmanispermum
balticum Pedersen, Crane and Friis (Pedersen et al., 1989) differ by the
exine that is nearly twice as thick as in other Eucommiidites, three
nearly symmetrical apertures, foveolate sculpture, and a relatively
thick tectum (atypical of Eucommiidites) and probably represents an
independent morphological group.

3.2.6. Group VI. Large cryptosaccate triaperturate pollen with alveolar
infratectum (Cryptosacciferites and Zolerella)

Pollen grains Cryptosacciferites pabularis from the gut content of a
fossil xyelid insect, from the Neocomian-Aptian of Baisa, Transbaikalia
(Krassilov et al., 2003), are large, psilate or slightly scabrate, with
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irregularly scattered foveolae and verrucae, and three asymmetrical
apertures, as in Eucommiidites. The angle between the central sulcus
and each of two lateral furrows is less than 90°. The infratectum is
alveolar, slightly thicker in the equatorial region, where it is inflated
into a protosaccate structure. The endexine is less electronically dense
than the ectexine, finely lamellate, and the aperture regions are
underlined by the endexine and filamentous elements of the foot layer
(Plate II, 11).

Another putative member of the group, Zolerella tricolpata
Scheuring from the Triassic of Switzerland, has large (70-80 pm),
psilate, spheroid pollen grains with three asymmetrical sulci (Scheur-
ing, 1978). The sexine is up to 5 pm thick (measured in transmitted
light), supposedly alveolar, and the central aperture is shorter than the
lateral ones. Zolerella differs from Cryptosacciferites in its spheroid
shape, much thicker sexine, and the apparently better developed
protosaccate structure. A more detailed comparison requires ultra-
structural study of Zolerella.

The group resembles Eucommiidites on account of three apertures,
though differing in a larger size, residual protosaccate structure, and
alveolar infratectum.

3.2.7. Group VIL. Bisaccate pollen with alveolar infratectum (Preflosella
and Dinophyton)

The pollen is of the Alisporites-type (Jansonius, 1971), large and
bisaccate, with psilate, scabrate, foveolate-verrucate or verrucate
exine, a distal leptoma, alveolar infratectum, and a thin foot layer; the
endexine is finely lamellate (Alisporites), absent, or not preserved
(Preflosella and Dinophyton). The aperture region is underlined by a
foot layer and endexine (if present) (Plate I, 7, 8, 9; Plate II, 10, 12, 13).

In general morphology, these pollen grains are comparable to a
number of saccate morphotypes, such as those found in situ in Per-
motheca (Krassilov et al., 1999), Pteruchus (Townrow, 1962, 1965;
Taylor et al., 1984; Osborn and Taylor, 1993; Xuanli et al., 1995;
Axsmith et al., 2000), and Caytonanthus (Harris, 1941; Krassilov, 1977;
Zavada and Crepet, 1985; Pedersen and Friis, 1986), yet differing in
their ultrastructural organization.

The ultrastructure of the pollen grains from Triassic conifers
assigned to the genus Alisporites, such as A. circulicorpus Clarke (Taylor
and Grauvogel-Stamm, 1995), also differs from that of the pollen
studied by us. Indeed, they have a thinner tectum and an alveolae
patten while those assigned to Alisporites in the present study have an
endexine and a foot layer clearly differentiated and a distinctly
lamellate endexine.

We consider Alisporites as a morphotaxon possibly including
pollen grains of various natural affinities but discussed here owing
to the findings of this type of pollen grains in the pollen organs of
Dinophyton and Preflosella assigned to gnetophytes on the basis of
their macromorphology.

4. Evolutionary trends in gnetophyte pollen morphology

The Mesozoic Gnetophytes differ from conventional gymnosperms
in the elaboration of exine structures that approaches the angiosperm
level of structural complexity ornamentation, additional apertures,
and ultrastructural differentiation. The pollen grains are mostly
asaccate, rarely bisaccate (Preflosella and Dinophyton), with small
ruguloid sacci (Baisianthus), or with vestigial protosaccate structures
(Cryptosacciferites). They are inaperturate, cryptoporate, monosulcate
or trisulcate. The sculpture is psilate, scabrate, weakly (or, occasionally,
distinctly) verrucate or foveolate (e.g., Ephedripites, Aegianthus, Has-
tystrobus, Bayeritheca, Sanmiguelia, Praecolpites and Sahnia). The
tectum is variably perforate in Eucommiidites, some species with
rather large perforations (Batten and Dutta, 1997). Usually, the
infratectum is granular, composed of small to large granules or their
combinations, as well as of columella-like elements, rarely alveolar.
The endexine varies from distinctly lamellate to homogeneous.

The modern representatives of the group - Gnetales - are
characterized by lower diversity in pollen. The pollen grains are
monosulcate or inaperturate, the sculpture is spinose/spinulose or
polyplicate. The infratectum is granular, the endexine is uniform in
thickness and lamellate.

The trisulcate pollen of Eucommiidites and Cryptosaccites-Zolerella
group represents an aperture type unique for seed plants, with no
close analogies among dicotyledons, but resembling such monocoty-
ledons as Tinantia anomala C.B. Clarke, Tradescantia pendula (Schnizl.)
D.R. Hunt (Harley, 2004) and some Cypripedioideae (Burns-Balogh
and Hesse, 1988).

Among gymnosperms, Gnetum and Sciadopitys (Taxodiaceae) are
unique in having spinulose sculpture (Yamazaki and Takeoka, 1962;
Kuprianova, 1983). Among angiosperms, Peperomia (Piperaceae) and
Ceratostigma abyssinicum Aschers. (Plumbaginaceae) show a striking
similarity to Gnetum in sculpture. Peperomia is also characterized by
the inaperturate pollen and granular infratectum(Walker, 1976;
Kuprianova, 1983), while Ceratostigma differs considerably from Gne-
tum in the aperture type (tricolpate) and columellate infratectum
(Nowicke and Skvarla, 1979).

The plicate pollen of the Ephedra, Welwitschia and Ephedripites
group resemble some members of the angiosperm orders Arales
(Araceae: Spathiphyllum, Holochlamys, Amorphophallus, Pseudodra-
contium, Arisarum, Ambrosina, Steudnera, Protarum and Pistia),
Laurales (Hortonia and Dahlgrenodendron), and Zingiberales (Zingiber
sect. Cryptanthium) (Hesse et al., 2000; Tarasevich, 2002). Plicae
surface of the species is psilate, slightly ornamenting, or foveolate;
pollen grains are ranging from 21 to 80 pm; the infratectum is
columellate or granulate; the endexine is spongy, thin, thick or absent.
Hesse et al. (2000) showed that these species resemble polyplicate
pollen of Gnetales superficially and only a few of them are resistant to
destruction. The degree of the superficial similarity differs. Polyplicate
pollen grains of some representatives (e.g., Spathiphyllum) are nearly
identical to those of Ephedra and Welwitschia; Spathiphyllum pollen is
highly resistant to acetolysis, though differs considerably from the
Gnetales in having a columellate infratectum, thin non-lamellate
endexine, discontinuous ectexinal plicae and some other features.
Tarasevich (2002) reported on monosulcate (S. patini N.E.Br. and S.
commutatum Schott) and polycolpate (S. blandum Schott) aperture
types within Spathiphyllum. Pollen grains of Pistia and Amorphophal-
lus are also similar to Ephedra and Welwitschia, but their plicae are
destroyed completely after chemical treatment. Other polyplicate
species (Hortonia, Dahlegrenodendron, Zingiber sect. Cryptanthium and
Holochlamys) differ from the Gnetales in pollen morphology. Thus,
inaperturate polyplicate condition in different taxa shows only a
superficial similarity, concealing more important characters which
distinguish species: infratectal type, chemical resistance of the plicae,
and endexine structure.

Asaccate pollen prevails in both gnetophytes and angiosperms. Yet
extinct gnetophytes Dinophyton spinosum and Preflosella nathania had
saccate pollen grains of Alisporites-type. Such forms as Cryptosacci-
ferites pabularis and Zolerella tricolpata show a tendency for reduction
of sacci. Baisianthus ramosus with saccus-like projections, expressed
both in morphology and ultrastructure, differs from other saccate
forms by its granular infratectum. A parallel tendency is exhibited by
the angiosperm Lactoris fernandeziana Phil. (Lactoridaceae) with
vestigial sacci (Zavada and Taylor, 1986) or folds on both sides of the
aperture (Walker, 1976; Sampson, 1995, 2000). The infratectum is
composed of rounded or irregular granules and columella-like
elements that are rooted in the foot layer in the equatorial region,
but are pendant in the region of sacci or folds (Zavada and Taylor,
1986). Zavada (1984) has described several palynomorphs from the
Late Triassic of the USA, Jurassic of England, and Cenomanian of North
America with rudimentary sacci and a granular infratectum that can
be compared with Baisianthus ramosus on the one hand and Lactoris
fernandeziana on the other.
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Such designations as columella-like or pseudocolumellate refer to
irregular disposition of rod-like elements that are pendant, occasion-
ally touching the foot layer, or their association with granules, as in
Loricanthus, Aegianthus, some Eucommiidites, Classopollis, Crinopollis
and Polycolpopollis (Vasanthy et al., 2004). The structures occur also in
such angiosperm pollen as Tricolporopollenites miniverrucatus Roche
from the Early Eocene of Hungary (Kedves and Pardutz, 1973) and can
be precursory to a regular columellate infratectal structure typical of
angiosperms. A transformation of a one-tiered alveolar infrastructure
into pseudocolumellate is also a possibility worth considering with
accumulation of data on the gnetophytic pollen ultrastructure.

5. Conclusions

Seven morphotypes of pollen grains are assigned or related to
extinct gnetophytes on the basis of their in situ or nucellar chamber
occurrences in sporangiate or ovulate organs of gnetophytic morphol-
ogy or on account of their intrinsic morphological complexity. Several
groups of supposedly gnetophytic pollen are distinguished represent-
ing distinctive lines of morphological differentiation in respect of their
external features and ultrastructure.

At this preliminary stage of morphological analysis, the ultra-
structure appears more uniform than external morphology and of a
primary importance for recognition of extinct gnetophytes. Yet no
clear-cut demarcation can be drawn between gnetophytic pollen
morphologies and those of gymnosperms and angiosperms. Multiple
origins are suspected for a number of traits in pollen morphology. The
analysis highlights parallel tendencies in morphological evolution of
gnetophytes and angiosperms, such as the saccate to asaccate, mono-
to polyaperturate, granular to columellate, and possibly also alveolar
to columellate, transformations.
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