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a b s t r a c t
A detailed investigation using light microscopy (LM), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) has been undertaken on three dispersed megaspore taxa recovered from Givetian
deposits of northern Poland. Morphology of Contagisporites optivus is the same as that of megaspores
reported from sporangia of Archaeopteris, but the producers of the seed-megaspores Granditetraspora
zharkovae and of Biharisporites? capillatus are unknown. The afﬁnity of the former is of special interest as
monomegaspory is one of the botanical innovations that characterizes the seed plants (though it also occurs
in other heterosporous plants). Comparisons at ultrastructural level with megaspores and large spores of
plant groups believed to have attained, in the Middle Devonian, some level of heterospory are discussed. It is
suggested that the alveolate outer wall of the seed-megaspores studied, consisting of granular units, is
similar to that of archaeopteridalean megaspores. Specimens of G. zharkovae bear also some morphological
resemblance to anisodiametric tetrads from the Devonian and Carboniferous ovules of presumed or certain
pteridosperms in being enclosed in resistant meshy membranes (mesh-sack). Wall thickness of aborted
versus functional megaspores of G. zharkovae, and the lack of indication that the mature functional
megaspore wall was stretched, point to a non-lycopsid origin of G. zharkovae. It is suggested that the
anisodiametric tetrads discussed may have been produced by a plant related to archaeopteridaleans.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
This paper is the ﬁrst contribution emanating from a larger project
that aims to document spore wall ultrastructure among a variety of
Middle Devonian dispersed megaspores from Western Pomerania in
northern Poland (Fig. 1). The material studied has been derived from
Eifelian and Givetian deposits from the Miastko 1 borehole. The ﬁrst
report concerning this megaspore assemblage was that by Fuglewicz
and Prejbisz (1981) who described ﬁfteen species, most of them new
being new. Subsequently, Turnau and Karczewska (1987) discussed
size distribution in some of these taxa. Recently, seed-megaspores
were discovered in the Givetian strata of the same borehole by Turnau
and Prejbisz (2006). They have been assigned to Granditetraspora
zharkovae Arkhangelskaya and Turnau emend. Turnau and Prejbisz
recorded previously from Russia (Arkhangelskaya and Turnau, 2003).
There is still relatively little known about the exospore ultrastructure of dispersed and in situ Devonian megaspores and seedmegaspores. Regarding Middle Devonian dispersed seed-megaspores,
wall ultrastructure has been reported by Meyer-Melikian and Arkhangelskaya (2002) and Marshall and Hemsley (2003). Middle Devonian
⁎ Corresponding author.
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dispersed large spores (large isospores?) have been described at the
ﬁne structural level by Wellman (2001, 2002). Ultrastructural information is known for Late Devonian megaspores extracted from sporangia
or from seed-like structures (Pettitt, 1966, Taylor and Brauer,
1983, Cichan et al., 1984, Telnova and Meyer-Melikian, 1993, 2002, Li
et al., 1997). Ultrastructure of dispersed Late Devonian seedmegaspores has been documented by Hemsley (1990). Reports on
wall ultrastructure of Late Devonian dispersed megaspores and
large spores have been provided by Taylor et al. (1980) and Taylor
and Schekler (1996).
Considering the paucity of ultrastructural information on Devonian
megaspore walls, we think that its documentation is of considerable value.
This paper concerns three species: Biharisporites? capillatus Fuglewicz and
Prejbisz (1981), Contagisporites optivus (Chibrikova) Owens (1971), and
Granditetraspora zharkovae Arkhangelskaya and Turnau emend. Turnau
and Prejbisz (2006). The latter represents seed-megaspores. Our objective
is to compare at ﬁne structural level the megaspores Contagisporites that
were repeatedly reported from archaeopteridalean fructiﬁcations (see
Allen,1980), and B.? capillatus of similar wall ultrastructure, with the seedmegaspores G. zharkovae, one of the earliest known reproductive
structures of its type. We hope that our data may provide evidence for
afﬁnity of this species. This would be of relevance to our understanding of
seed evolution. Our study of the exospore of aborted and functional
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megaspores of a single tetrad may elucidate some problems of exospore
formation.
2. Material and methods
2.1. Locality and geology
The palynological material has been recovered from samples of cored
mudstone from the borehole Miastko 1 drilled in northern Poland (Fig.1).
The Middle Devonian continental and marine deposits of that area are
dated on spores and also partly on marine fauna. The biostratigraphy and
lithostratigraphy of these deposits are explained in Turnau (1996) and
Turnau and Prejbisz (2006). The Devonian strata from the Miastko 1
borehole have been assigned, on spore data, to the upper Eifelian and
lower to middle Givetian (Turnau, 1996). The stratigraphy of these strata
and the position of the relevant samples are shown in Fig. 2.
2.2. Preservation
The studied material is carbonized due to deep burial so that the
miospores accompanying the megaspores are dark brown in colour. The
independent rank data are available only for the Upper Devonian of Western Pomerania (Narkiewicz et al., 1998). According to these authors, the
Miastko 1 borehole is situated in the area where the vitrinite reﬂectance
(R0) indices are 0.90. It is conceivable that the homogenous ultrastructure
of the inner layer in all megaspores studied by us is due to carbonization.
Compression of the exospores is reﬂected by the reduction of
lumen to a narrow slit or by its complete obliteration. It is hard to tell
how much, if at all, the compression affected the wall ultrastructure.
Mostly, the alveolae are not aligned to the plane of compression.
2.3. Preparation and techniques
A sample of mudstone was palynologically processed by standard
techniques involving treatment with HCl and HF (Wood et al., 1996).
The organic matter was recovered by heavy liquid ﬂotation. The
residues were washed and dried, and megaspores were picked with a
ﬁne brush. Specimens for LM study were oxidized using fuming HNO3
(but no ammonia). Unoxidized specimens were mounted on standard
SEM stubs with carbon discs, coated with platinum, and examined at
20 kV using a JEOL JSM-840A SEM.
After SEM, specimens were removed from stubs and embedded in
epoxy resin mixture (Meyer-Melikian and Telnova, 1991). Since the
studied specimens were large for TEM processing, larger specimens were
cut into two to three pieces before embedding to achieve proper
embedding and cutting. Some of the specimens were treated with butyl
acetate for about half an hour to remove remnants of the carbon discs that
stuck to the lower surfaces of spores hampering proper embedding. The
specimens were polymerized during two days at 60 °C, orientated, and cut
using an LKB 3 ultramicrotome with a diamond knife. The sections were
viewed with a Hitachi H-600 TEM unstained. Most ultramicrographs were
made with an Olympus CO-770 digital camera, some blow-ups under
greater magniﬁcation were photographed on ﬁlms, and subsequently
transformed to digital form via an Epson Perfection V700 Photo Scanner.
Composite images were sewed using the Photoshop 7.0 program. The
individual ultramicrographs and composite images in their original size
are stored at Laboratory of Paleobotany of PIN RAS (Moscow) as tif-ﬁles on
DVD disks and negative ﬁlms (in the present publication, they were
reduced to ﬁt the plate size); the sections are stored at the same laboratory.
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diagnostic characters are trivial, so it is not surprising that various
dispersed species, described from the Devonian to Cretaceous, have
been included in this genus. There could be no doubt about various
afﬁnities of these species (according to Balme, 1995, the type species
of Biharisporites – B. spinosus (Singh) Potonié from the Permian of
India has almost certainly lycopsid afﬁnity). The Devonian megaspores included in Biharisporites are either ornamented by minute
coni (like B. ellesmerensis Chaloner, 1959) or they bear long spinose
processes (like B.? capillatus or B. arcticus Chi and Hills, 1976). The
species characterized by an ornament of long spines like B.? capillatus
and B. arcticus ﬁt better in the wider concept of the genus by Bhardwaj
and Tiwari (see Jansonius and Hills, 1976), though the creators of
these taxa, i.e. Chi and Hills, 1976, and Fuglewicz and Prejbisz
(1981) indicated that they used the concept of Potonié. The Devonian
megaspores showing minute conate sculpture are comparable to
archaeopteridalean in situ megaspores, and should be excluded from
the Permian genus under discussion. Biharisporites (Singh) Potonié is
also not suitable for B.? capillatus, and we consider as too wide the
concept of the genus by Bhardwaj and Tiwari. But creation, at present,
of a new genus would be premature. The wall ultrastructure of our
species is not as clearly non-lycopsid unlike that of the two other
species studied. More ultrastructural studies of the exospore of similar
Devonian species is needed to produce a meaningful diagnosis.
Therefore, in this paper, we have limited expression of our reservations to inclusion of the question mark after the generic name.

3.2. Granditetraspora Arkhangelskaya and Turnau emend. Turnau and
Prejbisz, 2006
The external morphology of the genus Granditetraspora is very
similar to that of Spermasporites (Hemsley, 1993), both taxa are
sparsely ornamented and the mesh-sack enclosing the tetrads of
Granditetraspora may be compared to the membrane clinging to the
external surface of the Spermasporites tetrads. However, both taxa
differ signiﬁcantly in exospore ultrastructure. In spite of this, we will
not emend the generic diagnosis of Granditetraspora in this paper. This
is because the exospore ultrastructure of the type species of this genus
has been described only very brieﬂy in a conference abstract (MeyerMelikian and Arkhangelskaya, 2002) and no illustration was given.
We feel that at this time of rapid progress in the knowledge of ﬁne

3. Taxonomic discussion
3.1. Biharisporites Potonié, 1956
The dispersed genus Biharisporites includes cavate spores ornamented distally and proximo-equatorially with minute coni. These

Fig. 1. Location of the Miastko 1 borehole on a geological map of Western Pomerania
showing the subsurface extent of sub-Permian deposits (adopted from Matyja et al.,
2000).
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structure of fossil exospores, one should wait for more ultrastructural
data on the Russian material.
4. Descriptions
4.1. Biharisporites? capillatus Fuglewicz and Prejbisz 1981 (Plate I, 1,
Plate II, 2, 3, Plates III, IV)
Material. We examined under SEM ﬁve specimens, and sectioned
two specimens preserved in equatorial compression. They were cut, as
near as possible, perpendicular to the megaspore equatorial plane. The
section of Specimen 1 (Plate III, 1) passed across the subequatorial
region of almost the entire spore, and that of Specimen 4 was situated
within the contact area (Plate IV, 1).
Morphology and architecture. Detailed descriptions of this species,
based on LM and SEM observations, were provided by Fuglewicz and
Prejbisz (1981) and Turnau and Karczewska (1987). Our observations
agree with those descriptions, we will only emphasize points of
particular interest. The spores examined by LM comprise a thin, folded
inner body enclosed within a thick outer layer and attached to it in the
region of the tetrad scar. The folds of the inner body are wide, the
unfolded inner body may be of such size as to ﬁll the cavity between the
two wall layers. Acavate specimens showing no central body were also
observed. We have studied, by SEM, only ﬁve small specimens. The
exospore is densely covered, in the proximal-equatorial (Plate II, 3), and
distal (Plate II, 2) regions, by spinose processes 8–10 mm in length.
Fuglewicz and Prejbisz (1981), who studied many specimens from
various levels, described the processes as being 9–45 mm in length. Our
TEM observations indicate that the inner exospore layer is detached
from the outer layer in the equatorial region (Plate III, 1), and easily
detachable from it in the central, distal area (Plate IV, 1). The inner layer
is eight times thinner than the outer layer at the periphery of the
contact area (1.5 and 12 µm respectively in Specimen 4), but becomes
thicker beneath the trilete mark (Plate IV, 1). The thickness of the outer
layer at the periphery of the contact area amounts to about 3/4 of that
of its distal counterpart (12 and 16 µm respectively, in Specimen 4 in
Plate IV, 1).
Exospore ultrastructure. The exospore is bilayered, with an outer
alveolate and an inner homogeneous layer. The alveolae are of
irregular shape, isodiametric or slightly elongate. The outer layer of
the distal wall and of the equatorial region of the proximal wall is
divisible into regions characterized by the presence of larger or
smaller alveolae (Plate III, 1–3, Plate IV, 1, 2). The region with larger
alveolae is situated in the middle of the outer layer. In this region, the
alveolae are at the average 0.3–0.5 µm in diameter, partitions are
usually 0.5 µm in width. In the outer region, the alveolae are 0.3 µm in
diameter, and partitions are usually 3–4 µm in width. The outermost
part of this region comprises a more or less continuous coating. In the
inner region, the alveolae are of similar width, but more closely spaced
(usually 1.7 µm) and tend to lie tangential to the lumen (Plate III, 2, 3).
The outer layer of the contact area, in contrast to the distal one, is
constituted of smaller sporopollenin units, and smaller alveolae
(Plate IV, 3), and is not divisible into differing regions. The alveolae
of this part of the exospore are more or less rounded, with no
preferred orientation, 0.16-0.2 µm in diameter, usually 0.3 µm apart.
The inner layer is slightly electron denser than the outer layer.
There are extremely small perforations (about 0.015–0.02 µm), circular
and of uniform size, that form a band at the upper region of the inner
layer. They are most numerous in the apertural region, but are present
in non-apertural regions, and some reach areas of the outer layer
contacting with the inner layer (Plate IV, 5). In the region of the tetrad
scar, several elongate alveolae aligned parallel to the line of junction
between the inner and outer layer, are visible (Plate IV, 4, arrows).
We obtained longitudinal and transverse sections of the sculptural
elements (Plate III, 2, 4, Plate IV, 2). These are solid and homogenous,
with a smooth rather than crenulate outline.

Fig. 2. Stratigraphy of the Devonian sequence from the Miastko 1 borehole, and position
of the palynological samples; LM = light microscope.

Remarks. The area where the two exospore layers meet is the zone of
weakness; the presence of the central body (observed in transmitted
light on oxidized spores) may be due to preservation and laboratory
treatment.
4.2. Genus Contagisporites Owens, 1971
4.2.1. Contagisporites optivus (Chibrikova) Owens 1971 (Plate I, 2, Plate II,
4, 5, 6, Plates V, VI)
Material. We examined under SEM ﬁve specimens, and sectioned
three specimens preserved in equatorial compression. They were cut, as
near as possible, perpendicular to the megaspore equatorial plane. The
section of Specimen 3 is through the entire spore (only a small fragment
is missing) cut half-way between the pole and equator (Plate V, 1). In
this specimen, the distal wall seems to vary in thickness. This is due to
the section passing obliquely through the folds of the wall. The section of
Specimen 1 represents a spore fragment comprising part of central area,

Author's personal copy
E. Turnau et al. / Review of Palaeobotany and Palynology 156 (2009) 14–33

17

Plate I. LM images of megaspores.
1.
2.
3-6.
3.
4.
5.
6.

Biharisporites capillatus.
Contagisporites optivus.
Granditetraspora zharkovae.
Aborted spores, enlargement of 6, two layers of exospore are visible.
Single functional megaspore, inner layer of exospore, detached from the outer layer, is visible through the open laesura.
Single functional megaspore, remnants of mesh sack are distinct in its central part.
Anisodiametric megaspore tetrad.

arcuate ridge and equatorial region (Plate VI, 1). The section of Specimen
2 is peripheral (Plate V, 5).
Morphology and architecture. There are several descriptions of this
species in the literature. The original diagnosis by Chibrikova (1959),
based on LM observations, is brief, as is that by Fuglewicz and Prejbisz
(1981), based on LM and SEM studies. Detailed descriptions, based on
LM observations, were given by Allen (1965), Owens (1971), and
Marshall (1996). Our observations agree with those descriptions, and
we will only emphasize some points of interest. The spores comprise an
inner body enclosed within an outer layer. The laesurae have prominent
labra, contact faces are delimited by strong arcuate ridges. In the distal
and proximal-equatorial regions, exospore is densely covered by short
processes. Under SEM, the contact faces are granulate, with grana 0.7–
1 µm in diameter. The ornamentation elements, usually 2-3 mm in
length, may be described as bacula and grana built of very small

granules (Plate II, 5). Our TEM observations indicate that the inner layer
is attached to the outer layer over the proximal and distal faces. The
outer layer is extended equatorially, and detached from the inner layer
to form a camera. In compressed spores, the cavity between the two
wall layers is visible as a narrow slit (Plate V, 1 arrow) or is obliterated
(Plate VI, 1, bottom). Over the contact area, the thickness of the outer
layer is about four times higher than that of the inner layer (12 and
2.75 µm respectively in Specimen 3 in Plate V, 1, 2). The outer layer
within this area is thinner from its distal counterpart (9 and 13 µm
respectively, measured in undeformed Specimen 1, Plate VI, 1). In
sections, the ornamentation elements appear as grana and bacula
(Plate VI, 2). The equatorial limbus is not always present; it is a slight
thickening of the distal and proximal outer wall layers (Plate V, 1).
Ultrastructure. The exospore is two-layered (Plate V, 1–3, Plate VI, 13). The inner layer is homogeneous, slightly electron denser than the

Author's personal copy
18

E. Turnau et al. / Review of Palaeobotany and Palynology 156 (2009) 14–33

Fig. 3. The approximate positions of ultrathin sections made through the studied
specimens of G. zharkovae.

outer layer. The outer layer is alveolate. The alveolae are of irregular
shape, mostly isodiametric, and without any preferred orientation.
Their outlines and the way they alternate in adjacent sections imply
that the alveolae are spaces between granular units (Plate VI, 4, 5). The

outer layer of the distal wall and of the proximal–equatorial wall is
divisible into two regions characterized by the presence of larger or
smaller alveolae (Plate V, 2). The region with larger alveolae adjoins the
inner layer. In this region, the alveolae are on average 0.6–1.1 µm in
diameter, and partitions are up to 1.8 µm wide. The alveolae of the outer
region are on average 0.5–0.75 µm in diameter and widely spaced – the
wall of this region is almost solid. The boundary between the two
regions is quite distinct within the distal polar region, less so within
the equatorial region.
The proximal wall (Plate VI, 3) of the contact area, in contrast to the
distal one (Plate VI, 2), is constituted of smaller sporopollenin units, and
smaller alveolae, and is not divisible into differing regions. The alveolae
are 0.14 µm in diameter, and the partitions are usually 1 µm wide.
Remarks. The sections in Plate V, 1, Plate VI, 1 show that in C. optivus
the cavity between exospore layers is restricted to the equatorial region.
Allen (1965, pl. 104, ﬁg. 4) presented a section of a C. optivus megaspore
showing that the inner layer was detached from the outer layer both
distally and equatorially. In contrast to our specimens, that sectioned by
Allen has wall layers of almost equal thickness, and there is no
indication of thickened arcuate ridges in spite of the section passing
across the contact area. Either the specimen under discussion does not
belong to C. optivus or thickness of exospore layers and degree of
cameration in this species are highly variable.

Plate II. SEM images of sectioned megaspores.
1.
2.
3.
4.
5.
6.
7.
8.
9.

Biharisporites capillatus, Specimen 1, proximal face.
Biharisporites capillatus, Specimen 4, distal face.
Biharisporites capillatus, Specimen 5, showing sculpture and fragment of contact area.
Contagisporites optivus, Specimen 1, proximal face.
Contagisporites optivus, enlargement of ﬁg. 4 showing peripheral sculpture.
Contagisporites optivus, Specimen 2, distal face.
Granditetraspora zharkovae, complete anisodiametric tetrad, Specimen 12.
Granditetraspora zharkovae, functional megaspore, Specimen 4.
Granditetraspora zharkovae, functional megaspore, Specimen 8, the specimen is broken to show the smooth surface of the inner layer and the granular outer layer.

Plate III. TEM images of Biharisporites capillatus, Specimen 1 (Plate II, 1). Numbers in ovals indicate the approximate position of regions shown in enlargements. Proximal surface
facing right in all images. (see on page 20)
1.
2.
3.
4.

Composite image of section situated in subequatorial region of the exospore, only the outer layer of the exospore is present. No differences in the sizes of lacunae are
seen between the proximal and distal exospore.
Fragment of outer layer (proximal) showing differing regions and sectioned sculptural elements.
Fragment of outer layer (distal).
Sculptural elements of proximal equatorial area, cut transversely (top right) and longitudinally (arrow).

Plate IV. TEM images of Biharisporites capillatus, Specimen 4 (Plate II, 2). Numbers in ovals indicate the approximate position of regions shown in enlargements. Proximal surface
facing right in all images. (see on page 21)
1.

2.
3.
4.
5.

Composite image of section situated within the contact area. Distal and proximal alveolae differ in size. At places the inner layer of the distal exospore is detached from
its outer layer and pressed against the inner layer of the proximal exospore (see the area between numbers 3 and 4 in black ovals). Proximally, the inner layer becomes
thicker in the supposed region of tetrad mark (near 4 in black oval).
Fragment of distal wall showing both layers of exospore, the size of the alveolae is different at different distances from the surface.
Fragment of proximal wall showing both layers of exospore, the size of the alveolae is more or less constant regardless of the distance from the surface.
Fragment of inner layer beneath the ray of tetrad mark, small alveolae (arrows) are present in this layer that is homogeneous in other regions.
Small perforations occurring in the apertural region of the inner layer and in the areas of the outer layer adjacent to the inner layer (they make the exine look slightly
lighter in these areas).

Plate V. TEM images of Contagisporites optivus, Specimen 3 (Plate II, 5). Numbers in ovals indicate the approximate position of regions shown in enlargements. Proximal surface facing
right in all images. (see on page 22)
1.
2.
3.

Composite image of section encompassing almost entire spore.
Fragment of ﬁg. 1 showing section of arcuate ridge (lower right) and ultrastructure of both wall layers, the proximal exospore contains only rare and very small alveolae
unlike the distal exospore with larger and more numerous alveolae, situated in deeper part of the outer layer.
Fragment of distal wall, to the right a slit like inner lumen and inner layer of the proximal exospore are visible.

Plate VI. TEM images of Contagisporites optivus, Specimen 1 (Plate II, 4, Plate VI, 1-3) and Contagisporites optivus, Specimen 2 (Plate VI, 4, 5). Numbers in ovals indicate the
approximate position of regions shown in enlargements. Proximal surface facing right in all images. (see on page 23)
1.
2.
3.
4.
5.

Composite image of section encompassing about half of the megaspore, showing wall of contact face and its distal counterpart. The proximal wall is thinner and denser
than the distal one.
Fragment of distal wall showing sectioned sculptural elements and both wall layers.
Fragment of proximal wall.
Fragment of proximal wall.
Fragment of subequatorial area.
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Plate II.
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Plate III (see caption on page 18).
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Plate IV (see caption on page 18).
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Plate V (see caption on page 18).
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Plate VI (see caption on page 18).
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4.2.2. Granditetraspora zharkovae Arkhangelskaya and Turnau emend.
Turnau and Prejbisz (Plate I, 3-6, Plate II, 7-9, Plates VII–X)
Material. We examined under SEM 12 tetrads and single functional
megaspores. The functional megaspores are all preserved in polar
compression, while the aborted spores are preserved in equatorial or
lateral compression (Plate I, 3, 6, Plate II, 7). We succeeded in cutting
three specimens. Series of sections perpendicular to the plane of
compression were made at several levels to provide the ultrastructural characteristics of various parts of the functional and aborted
spores (Fig. 3). We obtained two sections of the proximal end of the
functional megaspore (Plates VII, VIII), three of the distal end of the
functional megaspore (Plate IX) one of the 'stalk' (Plate IX), and two
sections of the aborted megaspores (Plate X). The proximal end of the
functional megaspore of Specimen 4 was folded (Plate II, 8). Because
of this, the section passes obliquely, at various angles, through the
folded wall (Plate VII, 1). Evaluation of the true wall thickness in this
specimen is impossible. In order to avoid repetition, we have shown 6
out of 8 sections examined.
Morphology and architecture. Anisodiametric tetrads comprise one
large, presumably functional megaspore, and three smaller, presumably
aborted ones (Plate I, 3, 6; Plate II, 7). Tetrads are enclosed in a mesh
sack. Plate I, 5 and Plate II, 8 show single megaspores retaining much of
the remnants of this sack. All members of the tetrads comprise an inner
body enclosed within an outer layer and attached to it in the region of
the tetrad scar (Plate I, 4; Plate II, 9). The general morphology and
surface pattern observations, based on LM and SEM studies, were
described elsewhere (Arkhangelskaya and Turnau, 2003; Turnau and
Prejbisz, 2006), we can only add few new details. The total proximal
exospore thickness of the functional megaspore (Plate VIII, 4) is about
three times higher than that of the aborted megaspores (Plate X, 1, 3).
The respective thicknesses are about 16.5-20 µm and about 5-7 µm);
however, the differences in thickness of the inner layer are less
signiﬁcant: 2.3-2.6 µm and 1.5-2 µm respectively.
The trilete mark was not observed under SEM in any of the ﬁve
single functional megaspores examined. Indeed, usually the cleft
does not reach the surface of the exospore. Our TEM observation
shows that the sutures of the tetrad mark are lined by the inner layer
(Plate VII, 1).
Ultrastructure. The exospore of the functional megaspore in proximal
region is two-layered. The inner layer is homogeneous, more or less
constant in thickness. The outer layer is a very dense sporopollenin mass
perforated with small alveolae. The alveolae are of irregular shape (Plate
VIII, 3), 0.2 to 0.8 µm in diameter, irregularly distributed throughout the
exospore. In Specimen 4, there is an elongated area where alveolae are
more spaced (Plate VII, 1), but no trends in their distribution or
dimensions dependent on the distance from the lumen were observed.
Some dark streaks oriented more or less parallel to the spore surface are
present in this layer (Plate VII, 2, arrows). In Specimen 12, there is a
conspicuous, narrow, almost homogenized band of sporopollenin in the
middle of the outer layer (Plate VIII, 1, arrows). It corresponds to the area
with more spaced alveolae in Specimen 4 (cut obliquely to megaspore
surface). Under SEM, the sporopollenin units of the outer layer appear as
coalesced granules (Plate II, 9).
The distal region of the exospore of the large spore, as was revealed
at three levels of cutting (Fig. 3), is formed of a signiﬁcantly solid
sporopollenin mass perforated with small alveolae (Plate IX, 1, 3); the
sporopollenin/alveolae ratio is very high. In marginal areas of the
section, situated closer to the surface, granules were occasionally
detected (Plate IX, 3).
The presence of lumen was not observed at this level (Plate IX, 1).
However, this might be a result of diagenetic alterations. Comparing
our TEM and LM data, we suppose that such changes might
have affected some specimens in a higher degree than others.
Although some specimens (e.g., Plate I, 4, 5) show the inner exospore
contour (implying the presence of a lumen) in the very distal region

of the functional megaspore, other specimens (e.g. Plate I, 6) lack
such contour in the area. We suppose that Specimen 4, that was
cut in the distal region (text-ﬁg. 3), probably belongs to the second
group.
The ultrastructure revealed by two more sections of Specimen 4
that were situated more distally (Fig. 3) is transitional between that
shown in Plate IX, and does not add much to the understanding of the
inner structure of the spore (therefore, it is not shown in plates). In
that region, small alveolae are overwhelmed by a sporopollenin mass,
and there is no trace of the lumen.
The qstalkq of the large spore (Plate IX) is ﬁlled with a nearly
homogeneous sporopollenin mass in its axis and margined with
several bands (Plate IX, 4, 5) that correspond to meshes of the
superﬁcial net that covers this structure (Plate I, 5; Plate II, 8; Turnau
and Prejbisz, 2006, pl. II, ﬁgs. A, B).
The exospore of aborted megaspores does not differ from the
proximal exospore of the functional megaspore, so that in the section
passing across all four members of the tetrad, it is hard to distinguish
the limits between these (Plate X, 1). The distal and the proximal
exospore of the aborted megaspores does not differ, it is alveolate and
shows the presence of the almost homogenized band (Plate X).
Remarks. Some ultrastructural data on Granditetraspora zharkovae
from Russia (derived from the Starooskolskian superhorizon of the
middle Givetian, Bondyug 42 borehole, northern Kirov Region of
Russia) are now available (Meyer-Melikian and Arkhangelskaya,
2002). In the short conference abstract, these tetrads were named
Cystites (to avoid publication of a nomen nudum).The exospore was
described as follows. qIn the exine of the large megaspore two
exospore layers were revealed by sections situated at its proximal
pole – a thick (up to 20 µm) ectexine, and a relatively thin (1.5 µm)
endexine. The ectexine consists of small, densely set alveolae, which
are smaller in the central part of this layer and toward the surface.
The endexine consists of outer endexine (0.7–0.8 µm), which is
lamellate, and a ﬁnely verrucate and relatively solid inner endexine
(0.7–0.8 µm). There are electron dense homogeneous emergences on
the surface of the ectexine, which apparently form the external
reticulum on the surface of the spore. In sections, only ectexine is
visible around the small spores. They are quite ﬁrmly attached to
each other and to the large spore; only at some places gaps
delineating spores are present in the ectexine.q (Meyer-Melikian and
Arkhangelskaya, 2002).
In both pools of specimens, the thicknesses and ultrastructure
of the outer layer is comparable. However, the Polish specimens
differ from the Russian ones in having an almost homogenized band
in the middle part of the outer layer (Plate VIII, 1, arrows) but there
is no trend in alveolae size as was described in Russian specimens.
This difference may be signiﬁcant, but close comparison is impossible:
there were no ultramicrographs provided in the abstract. It is likely
that the differences between the Russian and Polish specimens are
not as distinct as they appear when based on a description not
supplemented by ultramicrographs. The lamellate portion of the inner
layer was not found in the Polish material. The inner layer in Polish
specimens is much thicker than in Russian ones, this is obviously
related to the high variability in sizes as well as in exospore thickness
known in G. zharkovae.
The absence of the inner layer in underdeveloped spores in Russian
specimens may be explained by the paradermal position of the section
(if only small pieces of underdeveloped spores, close to the large spore
were cut), or different state of the Russian material due to strong
oxidation (inner exospore layers are often more damageable than
outer ones). It is worth mentioning that Taylor (1974) found the inner
thin homogenous layer, present in fertile megaspore walls, only in
approximately one half of the sectioned aborted spores of Lepidocarpon takhtajanii (Snigrevskaya) Chaloner.
In spite of the above differences between the Russian and Polish
materials, the ultrastructural descriptions certainly coincide and
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conﬁrm the afﬁliation of the Russian and Polish specimens to the same
genus. The present knowledge of the exospore ultrastructure of the
Russian material neither proves nor disproves conspeciﬁcity of
specimens from both regions.
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5. Afﬁnity of Biharisporites and Contagisporites
The dispersed genus Contagisporites includes cavate spores bearing,
in the proximo-equatorial area and on distal surface, minute, granular or

Plate VII. TEM images of Granditetraspora zharkovae, Specimen 4 (Plate II, 8, Fig. 3). Megaspore surface facing left in both images.
1.

2.

Part of composite image of section situated in the proximal region of deformed functional megaspore; plane of section oblique to spore surface. Upper left part of the
image shows the suture of tetrad mark lined by inner, homogenous layer; right part of the image shows megaspore inner cavity; lower right part of the image shows
folded inner homogenous layer (appears branching in sections) partly detached from the outer layer (bottom of the ﬁgure); asterisks indicate darker and lighter
alternating parallel lines that are traces of the knife.
Part of a composite image of section situated in the proximal region of deformed functional megaspore. Image shows the outer layer, the contour of the exospore corresponds to
the pattern of the surface, near the surface an area with less numerous alveolae is present, several dark lines are visible in more inner regions (some are indicated with arrows).
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more or less conate ornament just like that of in situ archaeopteridalean
megaspores. The genus is readily distinguished from other genera
by the presence of prominent, broad, elevated, ridge-like curvatures
and characteristic nodes on the suturae where they cross the intexine
margin.
Marshall (1996) studied in detail a succession of related spores in
a long section of the Givetian in Scotland. In this succession, the
C. optivus qearly formq is replaced, in the supposed evolutionary
sequence, by typical C. optivus.
It has been suggested by several authors (Pettitt, 1965; Phillips
et al., 1972; Balme, 1995) that megaspores recovered from sporangia of
various species of Archaeopteris could be assigned to Biharisporites.
However, Allen (1980) pointed out that various megaspore specimens
of A. halliana (Göppert) Dawson, A. macilenta Lesquereux, and A. sp.
illustrated in Phillips et al. (1972), were referable either to Biharisporites or to Contagisporites. Indeed, some megaspore specimens from
sporangia of A. halliana, illustrated in Phillips et al. (1972, pl. 43, ﬁg. 28,
pl. 44, ﬁg. 38) are typical Contagisporites, some others (pl. 43, ﬁg. 29, pl.
44, ﬁg. 40) are reminiscent of Contagisporites optivus qearly formq of
Marshall (1996), and some simple forms are comparable with Biharisporites. Similar morphological differences can be observed among the
megaspores of A. latifolia which are either simple (Pettitt, 1965, pl. 2,
ﬁg. 3) or show thickened arcuate ridges (op. cit., pl. 2, ﬁg. 6). The
presence, in the sporangia of A. halliana and A. latifolia, of megaspores
of two different morphologies conforms with the evolutional model of
Marshall (1996). It may be supposed that they represent various
ontogenetic stages, and that mature spores of these species are of
Contagisporites appearance.
Megaspores have been also recovered from sporangia of A. ﬁmbriata Nathorst, and two unnamed taxa of Archaeopteris, i.e. A. sp. 1
and A. sp. 2 by Telnova and Meyer-Melikian (1993), and from those of
Tanaitis furcihasta Krassilov et al. (1987). All the megaspores are of
Contagisporites appearance, except for those of A. ﬁmbriata which
are reminiscent of Biharisporites.
All in situ archeopteridalean megaspores have very similar
ornament consisting of minute (usually 1−2.5 µm in length) conical
and rounded processes, in some cases fused to form ridges of an
imperfect reticulum. In this respect, B.? capillatus discussed in this

paper does not resemble megaspores of Archaeopteris described so far
because its ornament consists of long spines. On the other hand, our
specimens of C. optivus have a very characteristic ornament of minute
elements composed of even smaller granules (see Section 4). This can
be only observed in SEM and TEM, under high magniﬁcation (not less
than x 2000). Identical sculpture occurs in megaspores of Biharisporites appearance from sporangia of A. ﬁmbriata (see description in
Telnova and Meyer-Melikian, 1993, p. 39), and in megaspores of Tanaitis furcihasta (Krassilov et al., 1987, pl. VII, ﬁg. 2) comparable to
Contagisporites. It is likely that all archaeopteridalean megaspores
have this type of sculpture, but studies relevant to this problem have
not been reported.
To conclude, the afﬁnity of B.? capillatus is remains unknown. The
exospore ultrastructure in this species is, in general, similar to that in
C. optivus, though it differs in details, and the two species have
distinctly different ornamentation. B.? capillatus does not represent
spores of any of the species of Archaeopteris or Tanaitis discussed
above. But on the other hand, we are conﬁdent that our megaspores
included in C. optivus represent spores of Archaeopteris or some
closely related genus. We also suggest that the immature megaspores
of archaeopteridaleans described so far are of Biharisporites appearance while the more mature ones are of Contagisporites morphology.
6. Comparisons
In order to shed light on the afﬁnities of the Givetian seed-like
structure Granditetraspora zharkovae, wall ultrastructure and morphology of this species are compared with these features in Devonian
megaspores and seed-megaspores of known afﬁnities. Some Carboniferous lycopsid seed-megaspores and freely dispersed megaspores
are also discussed.
Our comparisons are mostly limited to the ultrastructure of the outer
layer. In most Palaeozoic megaspores and large spores, the inner layer is
lamellate, and the ultrastructure of the outer layer varies between taxa.
The lamellate structure of the inner layer may not be preserved.
Wellman and Gensel (2004) noted that in some in situ spores of
Oocampsa catheta Andrews et al. the inner layer was entirely homogenous while in other specimens some ultrastructure was preserved.

Plate VIII. TEM images of Granditetraspora zharkovae, Specimen 12 (Plate II, 7, Fig. 3). Numbers in ovals indicate the approximate position of regions shown in enlargements.
1.
2.
3.
4.

Composite image of section situated in the proximal part of the functional megaspore, almost homogenized band in central part of the outer layer is visible (arrows),
polygonal hollows near the surface (asterisks) are preservational.
Fragment of outer layer showing almost homogenized band, black contour is remnants of SEM coating.
Fragment of peripheral part of outer layer.
Fragment of exospore showing folded inner layer, and outer layer with homogenized band.

Plate IX. TEM images of Granditetraspora zharkovae, Specimen 4 (Plate II, 8, Fig. 3) and Specimen 8 (Plate II, 9, Fig. 3). Numbers in ovals indicate the approximate position of regions
shown in enlargements. (see on page 27)
1.
2.
3.
4.
5.

Specimen 4, fragment of a composite image of the entire section taken at the distal part of the functional megaspore showing almost solid sporopollenin mass and
superﬁcial mesh-sack.
Specimen 8, composite image if the entire section taken in the region of the ‘stalk’, showing homogenous core and bands of superﬁcial mesh-sack.
Specimen 4, fragment of superﬁcial mesh-sack showing granules (arrows).
Specimen 8, loops of superﬁcial mesh-sack showing granules.
Specimen 8, fragment of superﬁcial mesh-sack.

Plate X. TEM images of Granditetraspora zharkovae, Specimen 12 (Plate II, 7; Fig. 3). Numbers in ovals indicate approximate position of regions shown in enlargements. (see on page 28)
1.

2.
3.
4.
5.
6.

Composite image of section taken at the junction between the functional megaspore and three aborted megaspores. Four contours of exospores are visible, the central
one, surrounded by three others, is probably the functional megaspore cut through its very proximal region. The black material on the surface of the spore (left) is the
SEM coating (arrow); some less electron dense remnants and an outer contour, varying in thickness, which are mostly situated to the right, are probably remnants of
sporangial tissues (arrows).
Fragment of aborted megaspore: both exospore layers and homogenized band are visible. Arrow indicates remnants of SEM coating; arrows point at supposed
remnants of sporangial tissue.
Composite image of section through three aborted megaspores. One member of tetrad (lower part of image) bent double.
Exospore fragment of aborted megaspore; inner layer and lumen are visible in lower left corner of the ﬁgure, outer layer with homogenized band is in the centre. Black
contour is probably remnants of sporangial tissue (arrows).
Junction between members of the tetrad.
Fragments of outer and inner layer is partly visible at the bottom of the ﬁgure. Dark material situated between the outer and inner layers and cutting into the outer layer
indicates the former location of a cavity between two layers of the exospore.
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Plate VIII.
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Plate IX (see caption on page 26).
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Plate X (see caption on page 26).
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Poor preservation of the inner layer was noted by Cottnam et al. (2000).
We have studied exospore ultrastructure of seven different genera of
Eifelian and Givetian megaspores from the Miastko 1 borehole. All have
an homogenous inner layer, in spite of the fact that Granditeraspora and
Contagisporites are known to have lamellate inner layer (Telnova and
Meyer-Melikian, 1993; Meyer-Melikian, Arkhangelskaya, 2002). The
lack of structure may be a result of diagenetic processes as our
megaspores are highly carbonized (see Section 2.2).
Devonian megaspores are still insufﬁciently studied in terms of
their exospore ultrastructure. In particular, the relative value of
observed ultrastructural characters is not recognized. An exospore
that appears and is correctly described as alveolate may have been
formed of plate-like units with spaces between the plates, or of larger
or smaller granules with spaces in between, or of elongated branching
units (moreover, combinations of these elements within a given
exospore are conceivable). In the following comparisons, we consider,
as much as possible, the shape and orientation of sporopollenin units.
6.1. Exospore ultrastructure
Ultrastructurally, our specimens of G. zharkovae show great similarities with C. optivus and B.? capillatus sharing with them the dense,
alveolate structure. In the two species ﬁrst mentioned, the outlines of
alveolae and the way they alternate in adjacent sections imply that the
alveolae are spaces between granulate units. In G. zharkovae, the
sporopollenin units of the outer layer appear as coalesced granules
(SEM, Plate II, 9), and the distally situated sections also suggest that,
ontogenetically, the exospore was composed of granules, rather than
plates of ﬁbres. In G. zharkovae and C. optivus, the alveolae have no
preferred orientation. The ultrastructural differences between the three
species concern the number and position of differing exospore regions,
and B.? capillatus differs also in showing some tangential alignment of
alveolae. The feature found only in G. zharkovae is the presence within
the outer layer of an almost homogenized band.
Exospore ultrastructure of in situ archaeopteridalean megaspores
derived from Frasnian sediments was discussed by Pettitt (1966) and
Telnova & Meyer-Melikian (1993, 2002). Pettitt studied megaspores
extracted from fructiﬁcations of Archaeopteris cf. jacksoni Dawson that
were of Biharisporites morphology. Telnova and Meyer-Melikian
(1993, 2002) described at ﬁne structural level megaspores of Archaeopteris ﬁmbriata Nathorst that were of Biharisporites morphology
and megaspores assignable to Contagisporites from sporangia of A. sp.
1, and A. sp. 2. Comparison with our material must be incomplete,
because these authors studied only fragments of megaspore exospore
and did not indicate what part of megaspore wall was represented.
Generally, the outer wall layers of our megaspores and of those found
in situ are similar being alveolate. Pettitt (1966) described the
ultrastructure of the discussed megaspores as granulate, and some
photos of archeopteridalean megaspore ultrastructure in MeyerMelikian and Telnova (1993) also clearly show granules. But one can
also observe differences. Walls of in situ megaspores mentioned above
are of lower density, and they are not divisible into regions. The
ultrastructural differences between the exospores of the studied
specimens of C. optivus and of archaeopteridalean megaspores from
sporangia can possibly be attributed to spores being found dispersed
versus in situ. One of the differences is much denser exospore of
dispersed specimens. The notable fact is, that in the megaspores
illustrated by Pettitt (1966) and Telnova & Meyer-Melikian (1993,
2002), the outermost alveolae are open towards the surface. One may
suggest that these in situ megaspores are immature, and they had not
received their more external coating of a higher density.
Two more Devonian representatives of seed-megaspores were
studied at ﬁne structural level by Hemsley (1990) and Marshall and
Hemsley (2003). These are Spermasporites devonicus, from the
Frasnian of Canada, and S. allenii, from Givetian of East Greenland.
Both are dispersed seed-megaspore taxa. S. allenii was ﬁrst described

by Allen (1972), and subsequently studied by Marshall and Hemsley
(2003). Exospore in the Spermasporites megaspores is entirely
homogenous. It is noteworthy that preservation of S. allenii specimens
is excellent, the degree of organic maturation being very low, so the
homogeneity of the spore wall is not due to diagenesis, but it is an
original feature. The homogenous wall in Spermasporites is just like
that of the Visean stauropterid seed-like structure Didymosporites
scotti Chaloner (Pettitt, 1966, Hemsley, 1990), and it is entirely
different from that in Granditetraspora zharkovae.
It would be useful to compare exospore of G. zharkovae with
those of megaspores enclosed in the Upper Devonian preovules
which are diverse and widespread (see Hilton and Edwards, 1996,
1999). However, no ultrastructural data on these preovules are, so far,
available.
The exospores of the Carboniferous lycopsid seed-megaspores
are ultrastructurally diverse (see the review by Hemsley, 1993).
The wall of Cystosporites giganteus (Zerndt) Schopf, known in
dispersed state, but also recovered from Lepidocarpon and most
Achlamydocarpon species, is formed of thick ﬁbres of tubules
aligned parallel to the megaspore surface. In Paracystosporites,
the outer wall region has vertically orientated canals, the inner
region is homogeneous, and the innermost region is particulate.
The exospore of Caudatosporites verrucosus Hemsley and Bartram
is composed of ﬁbres and large globules (Hemsley and Bartram,
1991), and in Caudatosporites bertholetispermoides Glasspool et al.
(2000) the units are massive and showing tangential elongation. In Subcystosporites and Telocystes the wall is formed of large
globular units fused in clusters (Hemsley, 1993). The exospore of
G. zharkovae differs distinctly from those of the Carboniferous
lycopsid seed-megaspores in being constituted of granules and in
showing no preferred orientation of sporopollenin units and alveolae.
The exospore ultrastructure of megaspores or megaspore tetrads recovered from Carboniferous gymnosperm ovules is granular (cf.
Stamnostoma huttonense, see Chaloner and Hemsley, 1991) or spongy,
composed of network of anastomozing baculae (Zimmerman and
Taylor, 1970). The granular exospore of S. huttonense bears some
resemblance to that of G. zharkovae, though it is denser.
Only few Devonian megaspores and large spores have been
described at ﬁne structural level. The Upper Devonian Protobarinophyton and Barinophyton are plants exhibiting intrasporangial heterospory. They are included in the Barinophytaceae, and they are
probably not closely related to any other known vascular plant
(Brauer, 1981), or they are members of paraphyletic zosterophylls
considered to have included the ancestors of the lycopsids (Bateman
and DiMichele, 1994). Exospore ultrastructure of Barinophyton
citrulliforme Arnold was described by Taylor and Brauer (1983), and
that of Protobarinophyton pennsylvannicum Brauer by Cichan et al.
(1984). Megaspores of both species have alveolate outer exospore
(very thin inner layer was preserved only in B. citrulliforme) divisible
into two regions. In P. pennsylvanicum, the alveolae of the inner region
are elongate and aligned perpendicular to the lumen, while within the
outer region they lay tangential to the exospore surface. In B.
citrulliforme, the inner region is dense and the outer one more open;
in both regions the alveolae are elongate and run tangentially to the
megaspore surface. Ultrastructurally, the exospore of Barinophyton
megaspores differs from that of G. zharkovae in the shape and disposition of alveolae.
Ultrastructural information on Devonian lycopsid megaspores is
sparse. Nikitinsporites canadensis Chaloner has been reported as a
sporae dispersae element of the Givetian and Upper Devonian. The
species has the same morphology as megaspores of Krishtofovichia
africani Nikitin, a putative lycopsid. Exospore of dispersed specimens
of N. canadensis, as described by Taylor et al. (1980), is bilayered.
The inner layer is lamellate, and it is almost as thick as the outer
layer, and the loosely organized, anastomosing muri that are
wider than the interjacent lumina characterize the outer layer. The
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microornamentation of the megaspore surface consists of short,
apically rounded rods. The exospore of G. zharkovae is different, its
inner layer is thin in relation to the outer layer, and both sporopollenin
units of the outer layer and the spore surface also differ. The outer
exospore of the Middle Devonian large spores of the genus Ancyrospora comprises continuous laminae and globular, rodlike, tabular and
sometimes bifurcating elements with interjacent voids (Wellman,
2002). This type of ultrastructure is, according to this author, a strong
indication of lycopsid afﬁnity of this taxon. The sporopollenin units
that constitute the wall of G. zharkovae seed-megaspores make this
wall different from that in Ancyrospora. The alveolate megaspore
ultrastructure of the enigmatic Devonian plant Ludovatia mirabilis is
quite reminiscent of that in Granditetraspora as well as Contagisporites
and Biharisporites, but it most probably was formed by different units
and shows a dissimilar gradient of exospore density (Jurina et al.,
2005).
Much is known on wall ultrastructure in Carboniferous megaspores of well-established lycopsid afﬁnity (see Balme, 1995). In
most of these spores, the outer wall comprises elongate units
tangential to the megaspore surface especially in the innermost
part of the wall (Taylor, 1990; Cottnam et al., 2000; Glasspool et al.,
2000; Arioli et al., 2007). This makes these exospores different
from that of G. zharkovae. However, one feature makes the wall of
G. zharkovae superﬁcially similar to the wall of Carboniferous,
selaginellalean megaspores Triangulatisporites triangulatus (Zerndt)
Potonie and Kremp described by Cottnam et al. (2000). In
T. triangulatus a band of ﬁne particles is present within the outer
layer. It is reminiscent of the almost homogenized band within the
outer layer of G. zharkovae. We consider this similarity to be fortuitous,
and not indicating a lycopsid afﬁnity of our seed-megaspores.
To sum up, we could state that ultrastructurally the exospore
of the megaspores and seed-megaspores studied is most similar
to that of archaeopteridalean megaspores, however, some similarity
to the megaspore wall from the Carboniferous gymnosperm
seed Stamnostoma huttonense also exists. The wall of our seedmegaspores differs distinctly from those of the Carboniferous
lycopsid seed-megaspores, and freely dispersed megaspores of the
Devonian and Carboniferous. The homogenous exospore of the
Devonian Spermasporites, a seed-megaspore of uncertain origin, and
of the Visean stauropterid seed-like structure Didymosporites is
distinctly different.
6.2. Morphology and architecture
Both Russian and Polish seed-megaspores G. zharkovae bear a very
characteristic and distinct external reticulum. This may cover only the
distal region ('stalk' including) of the large spore or extend over the
entire tetrad. In this respect, G. zharkovae is similar to megaspore
tetrads recovered from the Famennian ovule Archaeosperma arnoldii
Pettitt and Beck, and those released from the seed-bearing sediments.
Both the in situ and dispersed tetrads were enclosed in a thin (but
resistant) membrane bearing a cellular pattern (Pettitt and Beck,
1968), a structure interpreted as a tapetal membrane. Similar 'meshy'
membranes envelope megaspore tetrads found dispersed or recovered from several Carboniferous gymnosperm seeds (Pettit, 1969,
Zimmerman and Taylor, 1970). Although megaspores recovered in situ
from the lycopsid cone Mazocarpon are also covered by some
remnants of cellular patterns (Zimmerman and Taylor, 1970), this
structure is not resistant and dispersed lycopsid seed-megaspores do
not possess this envelope (see Hemsley, 1993). In contrast to the
Carboniferous gymnosperm seed-megaspores and to G. zharkovae,
neither the Frasnian dispersed seed-megaspores Spermasporites
devonicus (Chaloner & Pettitt) Hemsley nor S. allenii possess such a
resistant membrane (Chaloner and Pettitt, 1964; Hemsley, 1990;
Marshall & Hemsley, 2003). Although S. allenii possesses an outer wall
layer extending out onto the 'stalk', in this case it is not meshy. This
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latter feature, allied with exospore ultrastructure, clearly differentiate
Granditetraspora from Spermasporites.
It should be added here that Pettitt and Beck (1968) assigned the
dispersed seed-megaspores accompanying A. arnoldii to Cystosporites
devonicus, the species transferred subsequently by Hemsley (1990) to
Spermasporites. Ultrastructure of megaspore exospore of A. arnoldii
has not been studied, but considering their morphology (presence of
resistant meshy membrane) they should be better accommodated in
Granditetraspora.
7. Discussion
7.1. Seed-megaspore wall formation
Observations on aborted, immature and mature, extant and Pennsylvanian lycopsid megaspores have revealed some details on stages of
exospore formation. Zerndt (1934) observed that exospore of the
functional megaspore of Cystosporites giganteus was diaphanous,
while that of the aborted spores was thick. This was conﬁrmed by
observations on Lepidocarpon seed-megaspores in which the exospore
of aborted spores was four times thicker than that of the mature
functional megaspore (Taylor, 1974). Analysis of exospore thickness
and ultrastructure of immature and mature Pennsylvanian lycopsid
megaspores led Taylor (1990) to the conclusion that the increase in
megaspore size is an important factor in formation of exospore. In
response to megaspore enlargement the wall is stretched and becomes
thinner, and the disposition of the wall units changes (becoming
tangential and more densely disposed). The effects of attenuation were
also noticed to occur in some Pennsylvanian lycopsid megaspores
(Hemsley, 1997) and extant lycopsids (Taylor, 1992).
In contrast to those lycopsid megaspores and seed-megaspores,
the wall of the functional megaspore of the Upper Devonian S.
devonicus is thick in comparison with the wall of aborted megaspores
from the same tetrad (Hemsley, 1990). According to that author, this
suggests that the functional megaspore of S. devonicus enlarged before
signiﬁcant sporopollenin deposition occurred. The same proportion of
exospore thickness of aborted versus functional megaspores occurs in
G. zharkovae. Moreover, the functional megaspore wall has no
ultrastructural features, such as tangential disposition of wall units,
which would indicate that the mature wall was stretched to
accommodate the growing protoplast. This may suggest that both
S. devonicus and G. zharkovae are not lycopsid seed-megaspores.
Comparison of exospore between aborted and functional megaspores from a single tetrad reveals that appearance of proximal
exospore of the functional and aborted megaspores from the same
specimen of G. zharkovae shows the same layers. The total exospore
thickness of the functional megaspore is about three times higher
than that of the aborted ones (about 16.5−20 µm compared to about
5−7 µm); however, the differences in thickness of the inner layer are
less signiﬁcant (2.3−2.6 µm compared to 1.5−2 µm). This may
indicate that the inner layer was formed during an early ontogenetic
stage.
The seed-megaspores G. zharkovae are highly asymmetric. Asymmetry, reﬂecting the position of the tetrad in the sporangium, is
expressed not only by the difference in size and wall thickness between
the functional and aborted megaspores, but also in the construction of
the functional megaspore exospore. This is thicker distally, and is built
of an almost solid sporopollenin mass (see Arkhangelskaya and
Turnau, 2003, and Descriptions). The asymmetry is mirrored by that
of the enveloping mesh-sack. Over the distal end of the functional
megaspore, the sack is thick and probably multilayered, but it
decreases in thickness signiﬁcantly towards the functional megaspore
proximal end, and the aborted megaspores. One can suppose that
during earlier ontogenetic stages, sporopollenin was deposited more
uniformly, but deposition became more and more uneven with the
growing distance between the smaller spores of the tetrad and the
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sporangium proximal end. At the ﬁnal stage of exospore completion,
the alveolate structure was masked by sporopollenin accumulation at
the fertile megaspore distal end.
7.2. Afﬁnity of seed-megaspores Granditetraspora zharkovae
In the previous section we have analyzed the similarities and
differences between G. zharkovae and the archaeopteridalean megaspore species on one hand, and megaspores and seed-megaspores of
other plant groups on the other hand. Such comparisons are
hampered by the lack of precise terminology concerning exospore
ultrastructure, and even more by the still very incomplete knowledge
of wall ultrastructure of in situ and dispersed Devonian megaspores.
The results of our studies suggest that ultrastructurally the wall of the
seed-megaspores from Pomerania, consisting of granular units, is
similar to that of archaeopteridalean megaspores, and that of
megaspores from Carboniferous gymnosperm ovules. The mode of
exospore formation (see Section 7.1) in our seed-megaspores is
different from that in Carboniferous lycopsid seed-megaspores.
The presence of a resistant mesh-sack enclosing the entire tetrad is
shared by G. zharkovae with Famennian dispersed and in situ megaspores of A. arnoldii (Pettitt and Beck, 1968), and with several Carboniferous pteridosperm and cordaite ovules (Pettit, 1969; Zimmerman
and Taylor, 1970).
The origin of the seed plants is one of the most signiﬁcant events in
the evolution of terrestrial vegetation, so it is not surprising that there
is a long history of debate on the subject. Stellar morphology, type of
tracheids, and secondary phloem of progymnosperms make this
group the ﬁrst candidate for the seed plant ancestors (Beck, 1976). The
results of our investigations allow suggesting that the mid-Givetian
anisodiametric tetrads G. zharkovae might have been produced by a
progymnosperm. The unknown Givetian parent plant of G. zharkovae
that developed monomegaspory, a feature distinctive for plants with
the seed habit, is a likely candidate as Middle Devonian gymnosperm
plant ancestor.
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