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Premise of research. Jurassic localities of fossil flora in the Irkutsk Region (East Siberia) are rich in repro-
ductive remains of gymnosperms with in situ pollen. Our aim was to understand the morphology of pollen
grains from conifer cones of Schidolepium gracile in the context of the botanical affinity of their parent plant.

Methodology. Pollen grains were studied in transmitted light as well as with SEM and TEM.

Pivotal results. The pollen grains demonstrate an unusual combination of morphological and ultrastructural
traits. In pollen masses, they appear circular, asaccate, and flattened in a polar position. Detached monads show a
polar and equatorial position equally often; the outlines are rounded, oval, and irregular. An equatorial-distal
saccus was revealed. A small trilete scar is occasionally present. The surface is fossulate. The ectexine is formed
by structural elements that fused with each other by their lateral surfaces partially or completely. The element is a
solid elongated cylinder with a rounded external end and narrowing internal end/ends. The elements are arranged
along their length, perpendicular to the pollen surface. The endexine is more electron dense than the ectexine, and
it is prominent and appears homogeneous. We revealed variations in pollen morphology that we consider
preservational, although the existence of two species of Schidolepium is not excluded. One of the cones was con-
taminated by pollen grains of the Cycadopites type; electron microscopical data proved their ginkgoalean affinity.

Conclusions. The exine ultrastructure excludes an araucariaceous affinity, in spite of a relatively close gen-
eral morphology. Certain similarities to Cerebropollenites were found in the exine ultrastructure, but it possesses
a distal aperture and proximal saccus-like extensions. Although the pollen cones have something in common
with the Taxodiaceae and Voltziales, the palynological data do not support this relationship. The plant appar-
ently represents an early member of an evolutionary line within conifers.
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Introduction

The genus Schidolepium Heer 1880, with one species, Schi-
dolepium gracile Heer 1880, was established for cones from
the Ust’-Baley locality in the Irkutsk Coal Basin in the south-
west of East Siberia, Russia. Heer (1880, p. 26) provided the
following diagnosis of the genus: “Strobilus cylindricus; squa-
mae imbricatae, membranaceae, planae, palmatifidae, basi at-
tenuatae.” He described cylindrical cones, 25–30 mm long,
consisting of numerous and densely imbricate scales. The low-
ermost scales are ovate-lanceolate and entire margined; the fol-
lowing, more distal, scales are lobed. The number of the lobes
is not constant and appears to vary from three to seven. The
scales are flat and ribbed. The proximal nonlobed scales are
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possibly “bracts,” the axillae of which bear lobed “carpels”;
it is, however, conspicuous that these bracts are absent in the
upper parts of the cones. Heer compared Schidolepium cones
with female cones of Schizolepis Braun, Cheirolepis Schimper
(pHirmeriella Horhammer), Palissya Endlicher, and Sweden-
borgia Nathorst. However, he pointed out that there are no
recognizable seeds; if the bracts were absent, one could ask
whether these cones were male “catkins,” and they would be-
long to Leptostrobus Heer (Heer 1880, pp. 26–27).
Recently, we have studied in detail cones of S. gracile from

the type Ust’-Baley locality and discovered that these struc-
tures are pollen organs (Nosova et al. 2017). Additionally, we
have found numerous detached cones of S. gracile from three
more localities of the Irkutsk Coal Basin.
For this article, pollen cones of S. gracile from four localities

in the Irkutsk Coal Basin were examined, and pollen grains
were extracted. The fine morphology and ultrastructure of in
situ pollen grains from two strobili of S. gracile from two local-
ities were studied with the help of LM, SEM, and TEM. The
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pollen grains demonstrate an unusual combination of morpho-
logical and ultrastructural traits that we compare with those of
dispersed and in situ fossil pollen grains and also of pollen
grains of modern gymnosperms having some similar features.
Our aim was to better understand the morphology of the pol-
len grains in the context of the botanical relationships of their
parent plant. Variations in pollen morphology within and be-
tween samples studied with SEM and TEM were also challeng-
ing to interpret. We have emended the generic and specific di-
agnoses on the basis of newly obtained information on the in
situ pollen. In addition, we studied pollen grains of the Cyca-
dopites type that we found via maceration of one of these
cones and interpreted as contamination.
Material and Methods

The pollen organs come from four localities in the Irkutsk
Coal Basin, Irkutsk Region, in the southwest of East Siberia,
Russia (fig. 1). Three of them are located on the right bank
of the Angara River, as follows: (1) near the Ust’-Baley set-
tlement (lat. 5273704700N, long. 1037590100E), (2) near the
mouth of the Topka (spelled “Tapka” in Heer 1878) Creek
(lat. 5275601900N, long. 10275002500E), and (3) 2 km upstream
of the Ust’-Kuda village near the mouth of the Idan Creek
(lat. 5272601700N, long. 1047805800E). The fourth locality is sit-
uated on the left bank of the Iya River near the village Vladimi-
rovka (lat. 5471002900N, long. 10071802200E). In the Ust’-Baley
and Idan localities, plant remains come from the lower sub-
formation (Aalenian) of the Prisayan Formation and in the Vla-
dimirovka and Topka localities from the upper subformation
(Aalenian–Bajocian) of the Prisayan Formation (fig. 2). The dat-
ing of these subformations is based on the comparison between
their plant assemblages and those from deposits of the Western
Siberian paleofloristic province, which are dated by the marine
fauna (Shurygin et al. 2000; Kiritchkova et al. 2005). The total
thickness of the Prisayan Formation is up to 250 m. It is consti-
tuted by inequigranular sandstones with sublayers of gritstones,
pebbly conglomerates, coaly argillites, and coals (Akulov et al.
2015; Kiritchkova et al. 2017).

In situ pollen grains were extracted from several cones: spec-
imens GIN 166/63 (fig. 3M) and BIN 6a/76-3 from the Ust’-
Baley locality, BIN 1434/903-4 (fig. 3I) from the Idan local-
ity, and BIN 1434/130, 1434/1493 (fig. 3B), 1434/1494-1
(fig. 3E), and 1434/1495 (fig. 3D, 3G, 3H) from the Vladi-
mirovka locality. All pollen grains were examined in transmit-
ted light. Pollen grains from two of these cones, BIN 1434/
903-4 (Idan) and BIN 1434/1494-1 (Vladimirovka), were also
Fig. 1 Map of the Irkutsk Coal Basin (East Siberia) showing the studied localities.
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studied with SEM and TEM consecutively. Preliminary obser-
vations revealed some differences between the pollen grains that
come from these two specimens (BIN1434/903-4 from Idan and
BIN 1434/1494-1 from Vladimirovka); therefore, below we
describe their morphology separately, as two pools of pollen
grains.
The studied specimens are kept in the Geological Institute of
the Russian Academy of Sciences (GIN) in Moscow (collection
GIN 166) and at the Laboratory of Palaeobotany of the V. L.
Komarov Botanical Institute of the Russian Academy of Sciences
(BIN) in St. Petersburg (collections BIN 6a and BIN 1434). Re-
mains of polymerized resins with embedded fossil pollen grains,
gridswith ultrathin sections, and digital photos of all the types are
kept at the Laboratory of Palaeobotany, A. A. Borissiak Paleon-
tological Institute of the Russian Academy of Sciences (PIN), in
Moscow.
The chemical treatment and LMare the same as applied in our

previous studies (Zavialova et al. 2014; Zavialova and Nosova
2019); SEM and TEM are after Zavialova et al. (2018). As
equipment, we used a Stemi 2000-CS stereomicroscope at BIN;
a Carl Zeiss Axioplan 2 transmitted light microscope equipped
with anAxioCam105 digital camera, a Tescan SEM, and a Leica
EMUC6 ultramicrotome equipped with a diamond knife at PIN;
and a Jeol JEM-1011TEMat the Laboratory of ElectronMicros-
copy, LomonosovMoscowState University (MSU). Pollen termi-
nology follows Halbritter et al. (2018).

Description

Pollen Cones of Schidolepium gracile

We found numerous detached pollen cones and only one cone
attached to a shoot with indistinct fragmentary leaves (fig. 3F,
white arrow). Unfortunately, we failed to take off the cuticles
from these leaves. However, this rock sample bears a detached
shoot of Elatocladus heerianus Nosova et Kiritchkova (fig. 3F,
red arrow) with similar leaves, whose epidermal structure we
have studied (Nosova et al. 2017). Therefore, we suppose that
the shoot with the attached cone also belongs to E. heerianus.
The pollen cones are elongated, cylindrical, 2–9mmwide, and

13–35mm long (fig. 3A–3F, 3K, 3L, 3O, 3P). The central axis is
surrounded by numerous helically and imbricately arranged
microsporophylls. The dimensions of the visible part of micro-
sporophylls vary from 1–1.2 mm wide and up to 2 mm long in
small cones to about 1.8–3.5 mm wide and up to 4 mm long in
large ones. Eachmicrosporophyll consists of a slender basal stalk
and an expanded distal lamina (fig. 3G). Most microsporophylls
have an acute apex, but somemicrosporophylls are oval near the
cone base and have a rounded apex (fig. 3N–3P). The surface of
the distal lamina of the sporophylls is slightly striated, the lam-
ina is entire margined (fig. 3L, 3N) to denticulate (fig. 3E), the
cuticle is thin, and stomata have not been found. In the middle
and apical parts of the cones, the distal lamina of the sporophylls
is very delicate and often is not preserved, and only numerous
pollen sacs are visible (fig. 3A–3E, 3I–3M, 3O, 3P). Five to
seven elongated and fusiform pollen sacs (0.2–0.5 mm wide
and up to 4 mm long) have been found per microsporophyll
(fig. 3H–3J). The mode of attachment of pollen sacs to the mi-
crosporophyll is unclear. Judging from their arrangement, we
assume that the pollen sacs are adaxial, attached to the sporo-
phyll stalk and directed from it.

Cycadopites Pollen Grains Associated with the S. gracile
Pollen Cone from the Idan Locality

We found an agglomeration of pollen grains of one type,
Cycadopites, in the organic residue obtained via the maceration
Fig. 2 Stratigraphic column showing the layers where the plant
fossils were collected.



Fig. 3 Schidolepium gracile Heer and Elatocladus heerianus Nosova et Kiritchkova (F, red arrow), Irkutsk Coal Basin, Prisayan Formation
(Aalenian–Bajocian), reflected light. A–F, I–P, Pollen cones and their fragments. A, B, D, E, G–J, Specimens from Vladimirovka. C, F, Specimens
from Topka. K, Specimen from Idan. L–P, Specimens from Ust’-Baley. A, BIN 1434/1494-3. B, BIN 1434/1493. C, BIN 1434/1045. D, J, BIN
1434/1495. J is magnified fromD. E, I, BIN 1434/1494-1. F, Pollen cone attached to a shoot (white arrow), BIN 1434/974b, and shoot of E. heerianus
Nosova et Kiritchkova (red arrow), BIN 1434/974a.G,H, BIN 1434/130.G, Microsporophyll.H, Pollen sac.K, BIN 1434/903-4.L,M, GIN 166/9.M
is magnified from L.N, P, GIN 166/10.N is magnified from P.O, GIN 166/63. Scale barsp 5 mm (A–E,K–P), 10 mm (F), 1 mm (G, I, J), 200 mm (H).
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of strobilus BIN 1434/903-4 from Idan. It disintegrated into
three smaller pollen groups in the course of manipulation
(fig. 4). The pollen grains are smooth and boat shaped,with a sul-
cus extending from one extremity of the pollen to the other, and
they are 34.4 mm# 19.84 mm in average size (wemeasured only
several pollen grains in transmitted light because the pollen
grains overlap with each other and the boundaries between
them are rarely distinct). SEM also confirmed that these pollen
grains are boat shaped and monosulcate and have an indistinct
surface pattern (fig. 5). Ultrathin sections of a group of pollen
grains revealed an ectexine with a thick, solid tectum, a thin in-
fratectum, and a thin foot layer (fig. 6). The infratectum is com-
posed of one row of granules sandwiched between the tectum
and foot layer (fig. 6A, 6D). Three ectexinal layers wedge out
into one thin homogeneous layer over the distal sulcus (fig. 6C,
left pollen grain). The endexine is more electron dense than the
ectexine, is thin, and appears homogeneous (fig. 6A, 6C).

In Situ Monosaccate Pollen Grains of S. gracile
from the Idan Locality

Apart from the group of Cycadopites pollen grains described
above, maceration of strobilus BIN 1434/903-4 from Idan
yielded agglomerations of numerous pollen grains of another
type, the largest of which replicated the outlines of sporangia
(fig. 7A). Individual pollen grains were detached quite easily
from these pollen masses. Pollen grains in the pollen masses ap-
pear circular and asaccate; most of them are in a polar position
(figs. 7A, 8A). Detached from the mass, individual pollen grains
show polar and equatorial orientations more or less equally of-
ten (fig. 7B–7L). Pollen grains in a lateral position are oval and
irregularly oval (up to nearly triangular) in outline (fig. 7C, 7G,
7L); in a polar position, they are rounded, irregularly rounded,
and oval (fig. 7B, 7D). The average size is 48.8 (36.9–57.1) mm
(12 pollen grains measured in transmitted light) or 44.47
(33.1–51.2) mm (21 pollen grains measured under SEM). No
proximal scar was detected. Orbicules are discernible even in
transmitted light (fig. 7D, 7I, 7K). A saccus is present equatorially
and distally (fig. 7E, 7G, 7H, 7I, 7L). It is not easy to discern its
outlines and size in all specimens. This is particularly difficult for
pollen in groups and much easier for detached pollen grains. A
few monads, flattened in a polar or obliquely polar position, ap-
pear as if the saccus is present, only distally occupying a smaller
area than the entire distal hemisphere (fig. 7F, right specimen).
However, specimens in a lateral position show that the saccus
is attached equatorially and over the entire distal hemisphere
(fig. 7C, 7I, right specimen). There is a possibility that the pollen
grains vary in this feature and some have a smaller saccus, but
an equatorial-distal saccus is a character of the majority of the
pollen grains.

Theproximal surface pattern is fossulate (fig. 8B, 8E, 8G). The
spaces between fossulae vary from 0.3 to 0.84 mm in width; the
largest are polygonal with obtuse angles, and the smallest are
rounded. They are densely arranged, and fossulae between them
are very narrow (fig. 8B). Some specimens show a slightly more
distinct fossulate-areolate pattern; in some specimens, spaces
between fossulae can be described as rounded areolae or grani
(fig. 8G). The surface of the saccus areas is folded (fig. 8C, 8H–

8J); the pattern is also fossulate, with spaces between the fossulae
about 0.3–0.49 mmwide (fig. 8F, 8H). Roundedoutlines between
Fig. 4 Pollen grains of the Cycadopites type, Irkutsk Coal Basin,
Prisayan Formation (Aalenian–Bajocian), Idan locality, transmitted light.
A, Boat-shaped pollen grain at the margin of a pollen mass; this pollen
mass is also shown in figures 5A, 5B, 5F, and 6A–6D. B, Several pollen
grains detached from a pollen mass; the sulcus in one of the pollen grains
is evident.C, Pollenmass, also shown infigure 5C–5E. Scale barsp20mm.
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the fossulae are less common than on the proximal surface; lon-
ger fossulae occur (cf. fig. 8F and 8G).
Orbicules are numerous, ranging in size from 1.08 to 3.39 mm

(fig. 8A, 8D). They are irregularly spherical and often fused with
each other, forming structures of more irregular outlines; their
surface pattern is granulate, similar to the granulate variant of
the proximal pattern that was observed in some pollen grains
(fig. 8F).
Fig. 5 Pollen grains of the Cycadopites type, Irkutsk Coal Basin, Prisayan Formation (Aalenian–Bajocian), Idan locality, SEM. A, Group of
pollen grains, also shown in figures 4A and 6A–6D. B, Enlargement of A, distal face of a pollen grain. C, Pollen mass, also shown in
figure 4C. D, Enlargement of C, proximal face of a pollen grain. E, Enlargement of C, pollen grain in lateral view; the sulcus is closed. F, Mechan-
ically damaged pollen grain; note the alveolae (arrow) of the exine situated in one row closer to the inner surface (is) of the exine. Enlargement of A.
Scale bars p 20 mm (A, C), 10 mm (B, D, E), 1 mm (F).



Fig. 6 Pollen grains of the Cycadopites type, Irkutsk Coal Basin, Prisayan Formation (Aalenian–Bajocian), Idan locality, TEM. The pollen
group that was sectioned is shown in figures 4A and 5A. A, Area of the exine, a thick, solid tectum, a thinner infratectum, and a thin foot layer
are visible in the ectexine; the endexine appears homogeneous. B, Pollen mass sectioned.C, Pollen grain to the left is cut via a sulcus; pollen grain to the
right is cut in a nonapertural area. D, Area of the exine; granules are present in the infratectum. Scale bars p 0.5 mm (A), 2 mm (B, C), 1 mm (D).



Fig. 7 Pollen grains of Schidolepium gracile Heer, Irkutsk Coal Basin, Prisayan Formation (Aalenian–Bajocian), Idan locality, transmitted
light. A, Pollen mass; most pollen grains are in a polar position. Also shown in figures 8A and 9A, 9C. B, Monad in a polar position; also shown
in figure 8E. C, Monad in a lateral position. D, Monad in a polar position; also shown in figures 8D and 9D, 9E. E, Distal view; the saccus is
evident. F, Two pollen grains; the smaller saccus is visible in the right specimen, which is also shown in figure 8C. G, Lateral view; also shown
in figures 8J and 9B. H, Distal view; the saccus is evident. I, Pollen grain to the left is richly covered with orbicules; the pollen grain to the right
shows a folded equatorial-distal saccus. J, Group of pollen grains. K, Pollen grain in an obliquely polar position; note the orbicules. L, Pollen grain
in a lateral position; a saccus is evident. Also shown in figure 8I. Scale bars p 50 mm (A), 10 mm (B–I, K, L), 20 mm (J).
000



Fig. 8 Pollen grains of Schidolepium gracile Heer, Irkutsk Coal Basin, Prisayan Formation (Aalenian–Bajocian), Idan locality, SEM. A, Pollen
mass; most pollen grains are in a polar position. Also shown in figures 7A and 9A. B, Enlargement of A, proximal face of one of the pollen grains.
C, Pollen grain showing a smaller saccus; see also figure 7F, right specimen. D, Pollen grain in polar view, distal surface; also shown in figures 7D
and 9D, 9E. E, Pollen grain in polar view, proximal surface; also shown in figure 7B. F, Enlargement of D, distal surface. G, Enlargement of E,
proximal surface. H, Enlargement of I, the surface of the saccus. I, Pollen in a lateral position; saccus is evident. Also shown in figure 7L. J, Pollen
in a lateral position; also shown in figures 7G and 9B. Scale bars p 50 mm (A), 10 mm (B–E, I, J), 2 mm (F), 5 mm (G, H).
000



Fig. 9 Pollen grains of Schidolepium gracile Heer, Irkutsk Coal Basin, Prisayan Formation (Aalenian–Bajocian), Idan locality, TEM. A, Pollen
mass sectioned; also shown in figures 7A and 8A. Dashed lines mark the boundaries between the pollen grains. Pollen grain to the left (1) was cut at
a deeper level: a thick endexine is present in the section. Pollen grains to the right were cut through sacci: the endexine either is lacking (3, 5) or is
represented by a very thin layer (2, 4, 6). B, Peripheral section; only the ectexine is present. The specimen is shown in figures 7G and 8J. C, Two pollen
grains sectioned; they belong to the same pollen mass as shown in A (3, 4) but are cut at a deeper level, and the endexine is present. Also note the
orbicules. D, Pollen grain cut in a peripheral area; the specimen is shown in figures 7D and 8D. E, Deeper section of the pollen grain shown in D
and in figures 7D and 8D; the pollen is pressed in a polar position, and a saccate area is to the left. Scale barsp 2.5 mm (A), 1 mm (B,D, E), 2 mm (C).
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We sectioned four monads that were flattened in lateral
(figs. 7L, 8I), obliquely lateral (figs. 7G, 8J, 9B), obliquely polar
(figs. 7B, 8E), and polar (figs. 7D, 8D, 9D, 9E) positions and a
group of at least 10 pollen grains flattened in various positions
(figs. 7A, 8A, 9A).

The exine consists of an ectexine and an endexine (fig. 9A,
9C–9E). Sections in most peripheral areas show only an ecte-
xine, which appears nearly homogeneous, but rare circular ele-
ments about 0.24 mm in diameter are occasionally present in the
center (fig. 9B). An endexine is detected at deeper levels. First, it
is visible as a very thin layer, but it suddenly becomes thick at
deeper levels (fig. 9A). We traced these changes in sections of
the pollen mass made at several levels as well as in serial sec-
tions of monads, and we are convinced that sections with only
an ectexine passed through saccus areas and that sections with
both layers passed through the pollen body (fig. 9A, 9C). Un-
der the pollen body is the area of the pollen where the endexine
envelops the gametophyte cavity; therefore, both ectexine and
endexine are present in sections of this area, and the endexine is
well developed. The saccus is also formed by both layers of the
exine, but a given section is thin, and one can see only a thick
ectexine, an ectexine plus a thin and interrupted endexine, or
well-developed ectexine and endexine; this depends on the depth
of the section.

More than 10 pollen grains were cut in the pollen mass; obvi-
ously, each pollen grainwas sectioned at a different distance from
its periphery, all sections made from this pollen mass constitute,
in sum, a considerable thickness, and we observed many saccus
areas of the ectexine, but we did not find any extended splitting
between the ectexine and the endexine (fig. 9A). The ectexine of
saccus areas was always strongly flattened; that is, two faces of
the ectexine were adpressed to each other (fig. 9A, 9C). It is more
probable that there are no saccus cavities preserved in the pollen
grains under study than that our sections did not pass through
them. The saccus areas are always compressed.

The endexine is lacking in peripheral saccus areas, very thin at
a short distance from the saccus/body transition, constantly thick
over the body, and even thicker in areas where sections passed
through folds (fig. 9A). We think that it is equally thick (about
0.76–0.87 mm) over the entire perimeter of the body, and all ob-
served variations in thickness are due to the position and direc-
tion of the sections. The endexine is homogeneous andmore elec-
tron dense than the ectexine, without any traces of lamellae. We
observed in some sections of some specimens one more sublayer.
It is even more electron dense; its thickness varies greatly. Most
probably, it does not belong to the exine and represents remnants
of the inner content of the pollen (fig. 9A, 9E).

The ectexine is nearly homogeneous, about 0.93–1.19 mm
wide over the proximal areas and 0.87 mmwide in saccate areas.
It is formed by structural elements that fused into this nearly ho-
mogeneous layer, and it is very important to decipher their
nature and mutual arrangement. Narrow spaces about 0.12–
0.35 mm long are occasionally present at the middle and deep
levels of the ectexine, aligned perpendicular to the pollen surface
(fig. 9E). These are spaces between the structural elements that
fused with each other laterally; they are present where the fusion
is incomplete.

The outer contour of the ectexine is crenate (fig. 9D). Fossulae
are lines where structural elements touch each other, and the
spaces between the fossulae are structural elements as they are
seen from the surface (fig. 9E). Most probably, these elements
are not isodiametric. SEM showed that spaces (areolae) between
the fossulae often have unequal length and width (fig. 8F); there
is a possibility that the areolae are composite. The width of the
areolae varies from 0.3 to 0.84 mm according to measurements
under SEM, and the width of the structural element as measured
under TEM is 0.17–0.25 mm. Therefore, the smallest areola fits
to an individual structural element, and larger areolae are even-
tually made of several such elements. In section, the structural
elements most often are more or less oval and are situated per-
pendicular to the surface of the pollen grain.
The ectexine ultrastructure is less monotonous in areas of folds.

The ultrastructure is easier to understand in these areas, whereas
in other places the elements are fused in a virtually homogeneous
layer. Occasional elements with circular outlines about 0.15 mm in
diameter were noticed at the deep level of the ectexine, near the
junction with the endexine. More often, they were observed in
areas of folds but in other places as well (fig. 9C).
There are two possible interpretations of the ectexine ultra-

structure. The first one is that we are dealing with two types of
structural elements: solid cylinders that form the upper sublayer
of the ectexine and granules that form the inner sublayer. The
second one is that there is only one type of element of the
ectexine. We traced changing outlines of the elements in serial
sections and believe that the second variant is more probable.
Our hypothesis is that the structural element of the ectexine is
a solid elongated cylinder with a rounded external end and nar-
rowing internal end/ends. The elements are arranged perpendic-
ular to the pollen surface. They are closely fused with each other
laterally in a way that the ectexine appears completely or nearly
homogeneous in sections. Where the fusion is incomplete, we
observed narrow spaces, aligned perpendicular to the pollen sur-
face. Semispherical external extremities of the structural ele-
ments form the surface pattern. Internal extremities of the struc-
tural elements constitute a crenate inner contour of the ectexine;
they can wedge out and, being cut transversely, appear as small
granules in sections. The element can have one or several internal
ends. The outlines of orbicules are crenate; an inner hollow is
occasionally visible (fig. 9C).

In Situ Monosaccate Pollen Grains of S. gracile
from the Vladimirovka Locality

Maceration of strobilus BIN 1434/1494-1 fromVladimirovka
yielded agglomerations of numerous pollen grains, the largest of
which replicated the outlines of pollen sacs (fig. 10A). Individual
pollen grains were detached quite easily from these pollen
masses. Twenty-three individual pollen grains were measured
under LM, and 24 were measured under SEM. Polar and equa-
torial orientations occur equally often. Pollen grains in polar
view are, most often, more or less rounded and, less often,
rounded-triangular or oval (figs. 10D, 10G, 11A, 11F, 11G).
The outlines of pollen grains in a lateral position vary frommore
or less oval and boat shaped to irregular (figs. 10C, 10E, 11B).
The average size is 58.7 (42.3–72.4) mm according to LM mea-
surements or 50.48 (31.0–69.1) mm according to SEMmeasure-
ments. A saccus is evident in several pollen grains (figs. 10D,
11B), but most of them appear asaccate (fig. 10B, 10F). A small
trilete scar was detected in some pollen grains in transmitted
light, with a ray length of 2.9–4.8 mm (fig. 10E, 10G, 10H). The



Fig. 10 Pollen grains of Schidolepium gracile Heer, Irkutsk Coal Basin, Prisayan Formation (Aalenian–Bajocian), Vladimirovka locality, trans-
mitted light. A, Inner contents of a sporangium. B, Inner contents of a sporangium; the pollen grain at the top is circular and asaccate. C, Group of
pollen grains; the laterally compressed pollen grain to the right shows a certain splitting between the outer and inner exine layers. D, Individual
pollen grain in a polar position; the presence of a narrow saccus is evident. E, Oval pollen grain in a lateral position; a small trilete scar is visible
opposite the folded saccus. F, Outlines of pollen grains vary from boat shaped to irregular triangular. G, Pollen grain in polar view, with an ir-
regularly oval outline; a trilete scar is present. H, Pollen grains in a pollen mass; a proximal scar is visible (arrow), although the boundaries of
the pollen are unclear. Scale bars p 100 mm (A), 20 mm (B), 50 mm (C, F), 10 mm (D, E, G, H).
000



Fig. 11 Pollen grains of Schidolepium gracile Heer, Irkutsk Coal Basin, Prisayan Formation (Aalenian–Bajocian), Vladimirovka locality, SEM.
A, Proximal face; the fossulae are narrow. The pollen is shown in figure 12A, 12B. B, Lateral view; the saccus is evident. The pollen is shown in
figure 12F. C, Orbicule on the surface with wider fossulae. D, Area of the proximal surface. E, Orbicules. F, Proximal view, wider fossulae.
G, Distal view; the pollen is shown in figure 12C–12E. H, Area of the distal surface; enlargement of G. I, Area of the proximal surface with wider
fossulae; enlargement of F. Scale bars p 10 mm (A, B, F, G), 2 mm (C, E), 5 mm (D, H, I).
000
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occurrence of the scar clarified the position of the poles, with a
scar situated proximally and a saccus occupying the opposite
equatorially distal area. Pollen grains that are situated on the
top of sporangial masses differ from other pollen grains in being
smaller (42.3–48.3 mm in diameter; LMmeasurements), circular
without folds, and definitely asaccate (fig. 10A, 10B).We assume
that they are probably less developed than other pollen grains.
We did not detect a scar on them; this, however, can be explained
by the position of the pollen rather than by the absence of a scar.
The surface pattern is fossulate (fig. 11C, 11D, 11H, 11I). As a

rule, the fossulae on the proximal face are so narrow that their
width cannot be measured; the spaces between them are 0.25–
0.41 mm wide (fig. 11D). In few specimens, the fossulae are
wider, about 0.06–0.3 mm wide, and spaces between them are
0.47–0.65 mm wide (fig. 11C, 11I). The distal surface has short
folds covered by narrow fossulae, which go straight up to
0.82 mm of their length and then change direction to form a po-
lygonal line; at places, perforations 0.08–0.2 mm in diameter oc-
cur (fig. 11H). The proximal and distal patterns are not identical.
Proximally, fossulae are shorter, and the spaces between them
quite often form polygonal areolae with obtuse angles or nearly
rounded areolae (fig. 11D). Distally, fossulae are often longer
and form more distinct polygonal lines (fig. 11H). Orbicules are
common, ranging in size from 1.02 to 2.64 mm (fig. 11C, 11E).
Many of them are spherical; some are more irregular in outline
as a result of the probable fusion of several smaller orbicules.
Their surface pattern is similar to that of the exine but finer
(fig. 11C, 11E).
We believe that pollen grains from Vladimirovka are more

or less spherical. A saccus structure is present equatorially and
distally (fig. 11B, 11G), whereas a rudimentary trilete mark is
occasionally present on the proximal pole. No indications of a
distal aperture were detected in LM, SEM, or TEM.
We cut four individual pollen grains, one of which was

flattened in an obliquely polar position and three of which
were flattened in lateral or obliquely lateral positions. Sections
through laterally preserved pollen grains all show a distinct sac-
cus with a well-developed cavity (fig. 12A); a pollen grain flat-
tened in a supposedly oblique polar position was cut in a periph-
eral area and demonstrated a nonsaccate region of the pollen
grain (fig. 12C).
The exine consists of an ectexine and endexine. The ectexine

is 1.01–1.7 mm thick, and the endexine is 1.01–1.14 mm thick
(fig. 12A, 12F). Unlike the saccus cavity, the gametophyte cavity
is strongly flattened (fig. 12A). The endexines of two faces of
the pollen grain are adpressed to each other, forming an entity
that folds several times in one of the pollen grains (fig. 12F).
The endexine is more electron dense than the ectexine and
appears homogeneous. At places in one of the pollen grains, we
noticed inner more electron-dense material that fills the obliter-
ated gametophyte cavity (fig. 12F). We think that this material
is not related to the sporopollenin wall. Sections of one of the pol-
len grains touchonly the endexine, andwe saw thick andabruptly
thin areas in the endexine in the same section (fig. 12C). Thin
areas represented by a narrow lamella allow us to suggest that
the endexine, though it appears homogeneous, was in fact onto-
genetically lamellate. We think that the endexine has a constant
thickness over the body of the pollen grain.
The ectexine has crenate outer and inner contours (fig. 12D).

It is composed of elongated elements aligned perpendicular to
the pollen surface and fused to each other laterally. Their ar-
rangement is more easily understood in areas where the sec-
tions passed strictly perpendicularly (fig. 12C–12E). The ele-
ments are elongated, more often with rounded outer and inner
extremities. They vary in width from 0.23 to 0.57 mm. Gaps
between them are visible under SEM as fossulae. Some of the
gaps reach the endexine; others are situated in the outer or inner
third of the ectexine. The gaps and the structural elements are
all aligned perpendicular to the pollen surface.We think that this
picture is due to fusion of the structural elements. Where the
fusion is incomplete, we observed longer or shorter gaps. Com-
plete fusion of narrower elements results in a wider structural
element.

Circular elements occur at a deeper level of the ectexine
(fig. 12A, 12C, 12D). We believe that they are not granules
but transversely cut cylindrical elements. We traced changing
outlines of these elements in serial sections and remarked that
circular contours alternated with ovals and more irregular con-
tours that in our opinion correspond to internal ends of the struc-
tural elements cut at various angles (fig. 12C, 12D). Orbicules
broadly vary in diameter from 1.08 to 2.44 mm, with 0.6 mm as
the diameter of the inner cavity (fig. 12B).
Discussion

Origin of the Cycadopites Pollen Grains

Although these pollen grains were obtained via the mac-
eration of a sporangium, we think that they represent contam-
ination. They are many times less numerous than the pollen
grains that we consider in situ. Although they were found in
a group, it does not replicate the outlines of the sporangium,
in contrast to the agglomerations of pollen grains that we con-
sider innate. They do not vary in morphology, surface pattern,
and exine ultrastructure; the assemblage of these features tes-
tifies to their ginkgoalean affinity (Zavialova et al. 2011; Zav-
ialova and Nosova 2019). Judging from their morphology and
ultrastructure, these pollen grains are mature and also very dif-
ferent from the monosaccate pollen grains that we consider in
situ. We are sure that they do not represent immature or tera-
tomorphic pollen grains of Schidolepium gracile.

Of interest is the question of how the contamination hap-
pened.We consider contamination from the rock (during or after
fossilization) less probable than their transportation by an ani-
mal vector (before fossilization). If they were transported by
wind, these mature pollen grains would have been transported
separately rather than in a group. In turn, this suggests that the
parent plant of S. gracile was more probably pollinated by a
nonspecialized animal pollinator than by wind and that the pol-
linator could have brought alien pollen grains. Assemblages of
dispersed pollen grains and spores do not comprise pollen grains
of S. gracile (Kiritchkova et al. 2020), and one of the explana-
tions could be that the parent plants were animal rather than
wind pollinated. We can suppose that in spite of the fact that
the plant produced plenty of pollen grains, they were rarely pres-
ent in the air and, therefore, did not fossilize as pollen dispersae.
Although modern conifers and the only living ginkgoalean,
Ginkgo biloba, are wind-pollinated plants, their ancient relatives
could have had different pollination syndromes.



Fig. 12 Pollen grains of Schidolepium gracile Heer, Irkutsk Coal Basin, Prisayan Formation (Aalenian–Bajocian), Vladimirovka locality, TEM.
A, Saccus cavity is distinct; the specimen is shown in figure 11A. B, Orbicules, enlarged from a neighboring section. C, Section in a nonsaccate area;
the specimen is shown in figure 11G. D, Enlargement from a neighboring section; the specimen is shown in figure 11G. E, Enlargement from a
neighboring section; the specimen is shown in figure 11G. F, Note the saccus and electron-dense material in the obliterated gametophyte cavity;
the specimen is shown in figure 11B. Scale bars p 5 mm (A), 1 mm (B, D, E), 2 mm (C), 10 mm (F).



000 INTERNATIONAL JOURNAL OF PLANT SCIENCES
Comparison between Pollen Grains of S. gracile
from the Idan and Vladimirovka Localities

We have two pools of pollen grains at hand from two
cones: BIN 1434/903-4 from Idan and BIN 1434/1494-1 from
Vladimirovka. Though similar, these pollen grains are not iden-
tical to each other. To consider the meaning of these differences,
we have separately described the morphology of the Idan and
Vladimirovka cones above. In this section, we sum up these
observations.
As long as the pollen grains are in pollenmasses, most of them

in both pools appear circular, asaccate, and flattened in a polar
position. Monads detached from pollen masses of both pools
equally often show a polar and equatorial position. Their out-
lines are variable. Rounded, irregularly rounded, and oval pollen
grains occur in a polar position. The outlines are oval, irregularly
oval, and up to irregular in lateral view. The Vladimirovka pool
differs from that of Idan in that some laterally preserved pollen
grains from Vladimirovka are boat shaped. Idan pollen grains
are smaller. No proximal scars were observed in Idan pollen,
whereas small proximal scars were detected in several pollen
grains from Vladimirovka.
In transmitted light, the presence of a saccus is evident in

the majority of the detached pollen grains from Idan but only
in a few detached pollen grains from Vladimirovka. However,
TEM proves that all pollen grains from both pools have saccus-
like areas in the exine. Surprisingly, Idan pollen grains always
show an obliterated saccus cavity, whereas Vladimirovka pollen
grains show a distinct saccus cavity. The position of the saccus is
equatorial-distal in both pools. However, there are specimens
among the Idan pool that possibly have a smaller saccus that
occupies less than the entire distal hemisphere, butwedidnotfind
such specimens among the Vladimirovka pollen.
Pollen grains from both pools show a characteristic fossulate

sculpturing; proximally, the fossulae are shorter and quite often
formpolygonal or nearly rounded areolae. Specimenswithwider
fossulae occur only among pollen grains from Vladimirovka.
Orbicules are common on pollen grains from both pools.
The exine comprises an ectexine and an endexine in both

pools. The exine layers in pollen grains from Idan are slightly
thinner than those in Vladimirovka. The endexine appears ho-
mogeneous, it is more electron dense than the ectexine, and it
is prominent and equally thick over the entire perimeter of the
pollen grain. The ectexine is formed by structural elements
that are partially or completely fused with each other by their
lateral surfaces. The element is a solid elongated cylinder with
a rounded external end and narrowing internal end/ends. The
elements are arranged along their length, perpendicular to the
pollen surface. Where the fusion is incomplete, narrow spaces
are present, aligned perpendicular to the pollen surface. Semi-
spherical external extremities of the structural elements form
the surface pattern. Internal extremities of the structural elements
constitute a crenate inner contour of the ectexine; they canwedge
out and, being cut transversely, appear as small granules in sec-
tions. According to our reconstruction, the ectexines of pollen
grains of both pools are constituted of structural elements of
the same type. However, the exine of the Idan pollen is much
more homogenized.
Three variants to explain the differences observed are conceiv-

able. First, the strobili from Idan and Vladimirovka belong to
two species of the same genus, and, therefore, the observed dif-
ferences in pollen morphology are interspecific. Although all ob-
served strobili fit the diagnosis of S. gracile, those from which
pollen grains were studied with SEM and TEM differ in size:
the strobilus from Idan is smaller (17mm# 5.6mm;fig. 3I) than
that from Vladimirovka (30 mm # 8 mm; fig. 3E). Only one
strobilus was found in Idan; four complete strobili from Vla-
dimirovka vary from 14 to 43 mm in length and from 5 to
8 mm in width (Nosova et al. 2017). We have not detected more
morphological differences between the strobili, but it is common
that different species of a conifer genus are very similar in the
morphology of the male cones. Therefore, the existence of two
rather than one species of Schidolepium is not excluded, but
much more data are needed to address that issue.

Second, the strobili belong to the same species but were fos-
silized at slightly different stages of ontogenesis. However, we
have not found any unequivocal characters that could point to
a more or less mature state of the pollen grains from one of
the pools. Idan pollen grains are smaller, but this feature could
point to their less mature state only in combination with sev-
eral more characters. The saccus, as TEM proves, is developed
in pollen grains of both pools.

A trilete scar is a primitive feature, and it was detected in only
some pollen grains from Vladimirovka. Let us consider the pos-
sibility that at least the trilete pollen grains from Vladimirovka
are less mature in comparison with those from Idan. Such small
proximal scars are known only in pollen grains of fossil gym-
nosperms. There is no ontogenetic information about proximal
scars in gymnosperms. We do not know at which stage they ap-
peared and how they developed during pollen ontogenesis. Ob-
servations of modern conifers suggest that pollen grains in the
same sporangium usually reach the same developmental stage
(S. Kuhn, personal communication); we suppose by analogy that
pollen grains from Vladimirovka are all at the same develop-
mental level. Dispersed fossil pollen grains are usually consid-
ered mature since they were already deposited outside the spo-
rangia during their life period, and genera of pollen dispersae,
for example, Classopollis, in which some specimens possess a
trilete scar while others do not, are known. This means that ma-
ture pollen grains can vary in the presence of this character. In
spores, the trilete scar originates early during ontogenesis and
does not disappear at maturity. In conclusion, the presence of a
trilete scar on some specimens from Vladimirovka most probably
does not point to a less mature state for this pool of pollen grains.

The exine of Idan pollen is thinner than that of Vladimi-
rovka pollen, which could mean that sporopollenin was de-
posited on Idan pollen over a shorter time. On the other hand,
at least some specimens from Vladimirovka show sculpturing
with wider fossulae, whereas Idan pollen grains are character-
ized by less distinct sculpturing, probably masked by longer
sporopollenin deposition.

The fact that the Idan strobilus is smaller than the Vladi-
mirovka strobilus can support the supposition that Idan pollen
grains are less mature, but this can be explained by interspe-
cific or intraspecific variability as well. Summing up, we think
that the differences between the two pools of pollen grains are
unlikely to reflect different ontogenetic stages.

Third, the differences between the two pools could be
preservational. The pollen grains from Idan and Vladimirovka
very interestingly differ from each other in the presence of a
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saccus. In LM and SEM, Idan pollen grains more often appear
saccate, whereas Vladimirovka pollen grains more often appear
asaccate. However, it was Vladimirovka pollen that showed dis-
tinct saccus cavities in ultrathin sections, in contrast to Idan pol-
len grains, which also showed a saccus-like ectexine ultrastruc-
ture but no extended cavities. The absence of cavities in Idan
pollen can more probably be explained by preservation than
by any differences between once-alive parent plants. Indeed,
we have already observed pollen grains of several botanical af-
finities from both localities with TEM and remarked that, in
general, pollen grains from Vladimirovka demonstrate much
better-preserved ultrastructures (the majority of the results are
in preparation). Our recent study on the exine ultrastructure
of fossil and modern Dacrycarpus (Endl.) de Laub. (Wu et al.
2019) also shows a similar difference between more poorly pre-
served (fossil) and much better-preserved (modern) exines: the
former were much more homogenized; namely, the ratio be-
tween the sporopollenin elements and the gaps between them
was much higher, although the construction plan was the same.

Although the Idan and Vladimirovka localities are geograph-
ically distant and the fossiliferous layer in Idan belongs to the
lower subformation of the Prisayan Formation and that in
Vladimirovka belongs to the upper subformation, the preserva-
tion of the plant macrofossils is similar as far as general mor-
phology is concerned. On the other hand, cuticles (similar to
exines) are better preserved at Vladimirovka. To conclude, the
differences between the two pools of pollen grains under study
are explained, at least in part, by preservation, but the existence
of two species is not excluded.

Comparison of Pollen Cones of S. gracile
and Selected Mesozoic Pollen Cones

Pollen cones of S. gracile demonstrate some similarities with
those of the former family Taxodiaceae (now included in
Cupressaceae sensu lato). The delicate microsporophyll lamina
in the middle and apical cone parts of S. gracile, where the lam-
ina often is not preserved and only numerous pollen sacs are
visible, was also described for pollen cones of Elatides zhoui
Shi, Leslie, Herendeen, Ichinnorov, Takahashi, Knopf et Crane
from the Lower Cretaceous of Mongolia (Shi et al. 2014). How-
ever, cones of E. zhoui are about 10 times smaller than those of
S. gracile. In contrast to our material, the microsporophyll of
E. zhoui bears only three pollen sacs at the base of the distal lam-
ina (table A1; tables A1, A2 are available online). Pollen cones
of S. gracile are comparable to taxodiaceous pollen cones of
Sewardiodendron laxum (Phillips) Florin (table A1) from the
Middle Jurassic of the Henan Province, China (Yao et al.
1998). Pollen cones of S. laxum vary in size and shape, from
small (4 mm long and 3–4 mm wide) and rounded to elliptical
(immature?) to large (up to 22.5mm long and 3.0–6.5mmwide)
and elongated (mature?). Elongated pollen cones of S. laxum are
similar to S. gracile in size, as well as in the size of the micro-
sporophylls and pollen sacs, but differ in the shape of the
microsporophylls and the less numerous pollen sacs per micro-
sporophyll; the pollen grains are reported to be asaccate. In ad-
dition, S. gracile is comparable to taxodiaceous pollen cones of
Elatides curvifolia (Duner) Nathorst (table A1) from the Lower
Cretaceous of Montana (Miller and LaPasha 1984). The shapes
and sizes of the cones, microsporophylls, and pollen sacs of both
species are very similar. Unlike S. gracile, with five to seven
pollen sacs per sporophyll, the microsporophyll in E. curvifolia
bears only two or three pollen sacs. The position of these sacs
and the structure of the pollen grains are unknown. In shape
and size, the pollen cones of S. gracile are comparable to those
ofMasculostrobus zeilleri Seward (Taxodiaceae) from theUpper
Jurassic of Scotland (Van Konijnenburg-van Cittert and Van der
Burgh 1989). However, each microsporophyll of M. zeilleri
bears only two abaxial rounded pollen sacs, in contrast to five
to seven elongated and presumably adaxial pollen sacs in S. grac-
ile (table A1).
An adaxial position of the pollen sacs is known for some Tri-

assic members of the Voltziales, such as Hercynostrobus,
Darneya, and Sertostrobus (table A1). Unlike those of S. gracile,
the pollen sacs ofHercynostrobus are club shaped and arise in a
digitate pattern from the surface of the sporophyll (Arndt 2002);
the pollen sacs of Darneya and Sertostrobus are attached to the
microsporophyll stalk with dichotomizing pedicels (Grauvogel-
Stamm 1969, 1978). Pollen grains found in these cones are
bisaccate (Grauvogel-Stamm 1969, 1978; Arndt 2002); ultra-
structurally, protosacci of voltzialean pollen are filled with
very characteristic undulated ectexinal partitions (Taylor and
Grauvogel-Stamm 1995) and differ from the saccus that we ob-
serve in the pollen grains under study.
Unlike S. gracile, Triassic pollen cones of Patokaea silesiaca

Pacyna, Barbacka et Zdebska (Pacyna et al. 2017) are small
(3.8–6.0 mm long and 1.8–4.0 mm wide) and characterized by
triangular to wedge-shaped (in a compressed state) pollen sacs
that were probably sessile and arranged in a whorl around the
central stalk of the microsporophyll (table A1).

Comparison of the Morphology and Ultrastructure
of the Pollen Grains of S. gracile with

That of Other Pollen Grains

The pollen grains under study turned out to be very peculiar
in several aspects. They appear quite different when observed
in pollen masses and as detached monads. Most of them appear
circular and asaccate when in groups, but the saccus is more of-
ten evident in individual pollen grains, many of which tend to
show their lateral position. Three microscopes used in our study
have proved unequivocally that the pollen grains are mono-
saccate. However, a commonly occurring lateral position is un-
usual for monosaccate dispersed pollen types, which, instead,
are usually flattened in a polar position. At an early stage of
our work, we even worried whether we were dealing with one
pollen type or with a mixture of several ones. These doubts con-
tribute in their own way to the understanding of this pollen
morphology, and we found similar uncertainty in the description
of pollen grains found in cupules of Leptostrobus cancerHarris
(Van Konijnenburg-van Cittert 1971). Van Konijnenburg-van
Cittert (1971) described and illustrated them as close in size
to those under study, monosaccate with a narrow saccus. She
cited an earlier description by Harris (1951) that reflects doubts
very similar to ours: he was not sure whether a saccus or sacci
were present but did not see any unequivocal saccus (Van
Konijnenburg-van Cittert later interpreted pollen grains in the
same slides as monosaccate), he observed circular pollen grains,
but oval pollen grains also occurred, and he mentioned a groove
but did not name the type of the aperture. His conclusion was
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that there was probably more than one type of palynomorph in
the clump. We first reasoned along similar lines for our pollen
grains; illustrations published by Van Konijnenburg-van Cittert
(1971) resemble some of our pollen grains. Unfortunately, the
comparison with this material is restricted to LM observations.
The pollen grains under study are similar to genera of pollen

dispersae, embracing pollen grains with irregular rounded out-
lines interpreted as monosaccate, incipiently monosaccate, and
asaccate. In the Mesozoic, similar palynomorphs are most often
incorporated in such genera as Araucariacites Cookson, Callia-
lasporites Dev, or Perinopollenites Couper. The Araucariaceae
is named as the botanical affinity of Araucariacites and Callia-
lasporites; Perinopollenites pollen grains were reported from
taxodiaceous cones (Balme 1995). However, the origin of such
pollen is probably not restricted to these families; several other
parent groups are also conceivable. Such pollen grains possess
few characters of gross morphology that are not always visible
on pollen grains, and, therefore, it is not always easy to choose
one of these genera, particularly in the case of pollen dispersae.
In situ, such pollen grains are also often assigned to two rather
than only one pollen type, for example, Araucariacites and Cal-
lialasporites types found among pollen grains from the arauca-
riaceous cone of Masculostrobus graiterensis Allenbach et Van
Konijnenburg-van Cittert (Allenbach and Van Konijnenburg-
van Cittert 1997). The pollen grains under study share several
characters with these pollen genera but are not identical to any
of them. The most important dissimilarities concern the exine
ultrastructure. It is very fortunate that data on the exine ultra-
structure of Araucariacites and Callialasporites are available
from several studies (e.g., Zavada 1992; Archangelsky 1994;
Batten and Dutta 1997). Nearly all data published on the fine
morphology testify to the granulate ultrastructure of the ectex-
ine. Their ectexine is formed by irregularly distributed granules
of various size; the surface pattern is described as granulate or
verrucate and results from the exposition of the same granulate
elements that constitute the bulk of the ectexine. Data on the
modern Araucariaceae (Del Fueyo et al. 2008) and on in situ pol-
len of fossil members testify that variants of an irregularly gran-
ulate exine are a characteristic feature of the family (Leslie et al.
2009). The granulate ultrastructure can be deduced with enough
certainty even in the absence of TEM data because this exine or-
ganization gives a very characteristic pattern under LMand SEM
(e.g., Chambers et al. 1998; Cantrill and Raine 2006; Escapa
et al. 2018; Kvaček andMendes 2020). Pollen grains in the pres-
ent study are different in their ultrastructure. Elements with circu-
lar outlines occur quite rarely and only in the deep area of the
ectexine. We reconstruct them as transverse sections of solid
cylinders. External areas of the ectexine certainly do not contain
granules. To conclude, the general morphological similarity to
araucariaceous pollen in the case of our pollen does not testify
to an araucariaceous affinity because data on the exine ultrastruc-
ture do not allow us to accept this hypothesis (table A2).
Pollen assemblages from the studied area comprise mem-

bers of Araucariacites and Perinopollenites (Kiritchkova et al.
2020). However, illustrated specimens of these genera are much
larger than the pollen grains under study, are compressed in an
irregularly polar position, as is usual for these pollen dispersae,
and show a dissimilar texture of the pollen wall: either punctate
(suggesting granulate elements of the exine) or nearly smooth.
In the latter case, it is difficult to guess about the structural
elements, but the surface pattern is different from that of the
pollen under study. Kiritchkova et al. (2020) illustrated a pollen
grain defined as Quadraeculina anellaeformis Malyavkina, not
very typical of this taxon but resembling some irregularly folded
specimens under study. The exine ultrastructure of Quadrae-
culina as elucidated by Batten and Dutta (1997) shows no simi-
larity to that under study.We have screened papers onMesozoic
and Late Paleozoic pollen assemblages but did not find illustra-
tions of pollen grains identical to the pollen grains of Schi-
dolepium under study. We think that because of their rather
indefinite and variable general morphology, pollen grains pro-
duced by Schidolepium are probably treated, if found in a dis-
persed state, as poorly preserved specimens of irrelevant taxa
or fall into miospores that remain undetermined. Papers on
palynostratigraphy illustrate common and stratigraphically val-
uable members of the assemblages, and the information about
rare and atypical miospores that were encountered by the au-
thors regrettably may remain unavailable for later scientists.
Transportation by animal pollinators is onemore possible expla-
nation of the absence of Schidolepium pollen in palynological
assemblages.

Cerebropollenites Nilsson is one more genus with specimens
that resemble the pollen grains under study or, more precisely,
one of their several variants of compression. When pollen grains
of Schidolepium are compressed in a polar position, they are
similar to Cerebropollenites in their rounded outline, medium
size, and relatively prominent sculpturing. However, we have
not seen any photo of Cerebropollenites pollen compressed in
a lateral position; the polar position totally prevails, and this
is certainly predetermined by the inner structure of the exine.
Ultrastructurally, our pollen grains also are closer to Cerebro-
pollenites than to Araucariacites and Callialasporites (e.g., Bat-
ten and Dutta 1997). The ectexine of Cerebropollenites is
formed by irregularly shaped and tightly packed elements. It
can be described in various terms, but its appearance in non-
saccate areas is quite similar to the ultrastructure under study.
However, Cerebropollenites demonstrates many small saccate-
like structures formed by repeated convolutions of the ectexine;
this is not a character of the pollen under study (table A2).

Earlier authors already noticed significant similarities between
Cerebropollenites and pollen of modern Tsuga (Endl.) Carrière
(e.g., Batten and Dutta 1997). Cerebropollenites and Tsuga
share several characters, and their similarities/dissimilarities to/
from our pollen more or less coincide. The distal surface of the
pollen grains of Tsuga canadensis (L.) Carrière is different in
sculpturing from that of the equatorial and proximal ones: the
distal surface is covered by smaller and more rounded elements
(gemmae), whereas the equatorial surface is covered by coarser
rugulate elements and the proximal surface by ridges (Kurmann
1990a). We also detected an analogous difference between the
nonsaccate and saccate areas of our pollen, but it is expressed
much more subtly than in Tsuga and Cerebropollenites. More-
over, the orientation of the poles is opposite. The presence of a
rudimentary proximal scar proves that the saccus occupies an
equatorial-distal position in our pollen, unlike the equatorial
saccus in Tsuga pollen and the many saccate-like convolutions
occurring equatorially and proximally in Cerebropollenites.
No traces of a distal aperture were detected, unlike the extended
distal aperture (leptoma?) in Cerebropollenites. In Tsuga, the
distal hemisphere is interpreted as a leptoma (Halbritter 2017),
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although TEM did not reveal a thinning in the distal exine
(Kurmann 1990a).

Taxodiaceous pollen grains also have something in common
with pollen grains of S. gracile (table A2). Similar to the pollen
grains under study, taxodiaceous pollen grains have rounded
outlines; they are often folded, appear nonaperturate, and bear
numerous orbicules (Sokolova et al. 2017; Zavialova and Soko-
lova 2017). However, these similarities are superficial. Although
it is often difficult to detect an aperture in taxodiaceous pollen
grains, they do have a distal leptoma and a small pore or papilla
on the distal pole, unlike the truly nonaperturate pollen grains
under study. Although taxodiaceous pollen grains can reach
moderate sizes, they are most often small, unlike the larger pol-
len grains under study. Many pollen grains of S. gracile appear
asaccate, but the saccus is present, as TEM shows, whereas
taxodiaceous pollen grains do not possess a saccus. Taxodia-
ceous orbicules are covered by spinules or granules (Roscher
1975; Zavialova and Sokolova 2017), unlike orbicules of the
pollen grains under study, which are different in surface pattern,
larger in size, and less regular in outline. The ectexine of any
taxodiaceous pollen is granulate, and the endexine is distinctly
multilamellate, whereas no granules are present in the ectexine
of the pollen grains under study, and their endexine appears
homogeneous.

Pollen grains of the taxodiaceous S. laxum are illustrated by
unsharp images made under low magnification; pollen sizes,
as stated in the description and as measured in figures, do not
coincide (Yao et al. 1998). Therefore, it is difficult to compare
this pollen and the pollen grains under study. It seems that in
transmitted light, pollen grains of S. laxum resemble Perino-
pollenites (the lighter outer exine layer seems to be detached
from the darker inner one), but ultrathin sections show (as far
as we can discern) an asaccate exine of a typical taxodiaceous
type.

Male cones ascribed to the genus Masculostrobus Seward
were produced by several groups of conifers, and several pollen
types are known in situ, among which Araucariacites, Callia-
lasporites, and Perinopollenites were also named (Balme 1995).
Often, it is difficult to make an adequate comparison between
our specimens and these published data regarding pollen mor-
phology since usually only LM was applied and solitary images
were provided, but the peculiarity of the pollen under study is
its variability and absence of easily recognizable characters. Pol-
len grains of M. zeilleri (shown in LM and SEM images) are
small to moderate in size and spherical, with a granulate surface
and a repeatedly folded exine; a papilla or pore was detected
in some pollen grains (Van Konijnenburg-van Cittert and Van
der Burgh 1989). It is visible clearly enough that the folds are
formed by the entire exine rather than by the ectexine alone; this
means that there is no splitting between the ectexine and endex-
ine, the pollen grains are asaccate, and their exine is thin (this
is why it is able to form numerous folds). This is quite typical
of the taxodiaceous pollen. The pollen grains of S. gracile differ
from the pollen grains of M. zeilleri in surface pattern, absence
of an aperture, and presence of a saccus.

Elatides williamsonii (Lindley et Hutton) Narthorst is a taxo-
diaceous cone (table A1) with pollen grains that were ascribed
to the Perinopollenites pollen type. Indeed, some distance is
present between the ectexine and endexine (Kurmann 1990b),
but the general morphology of the pollen grains, which possess
a leptoma and a pore, as well as the granulate ultrastructure, is
typically taxodiaceous and very different from that of Schi-
dolepium pollen.
There are pollen dispersae from older deposits that resemble

the pollen grains under study in some aspects. Cladaitina
Maheshwari et Meyen occurs in Permian assemblages and is
known to be related to the rufloriaceous Cladostrobus Zales-
sky (Balme 1995), which is a male strobilus with spirally ar-
ranged microsporophylls having a rhomboid lamina and a
long stalk; clusters of sporangia are attached to the microspo-
rophyll stalk and appear to have been borne in pairs, probably
arranged in a whorl around the stalk (Maheshwari and Meyen
1975). Pollen grains of the Cladaitina type demonstrate a var-
iable general morphology, from monosaccate to more or less
asaccate variants, and the potential to compress in various po-
sitions, even including boat-shaped variants (Maheshwari and
Meyen 1975), and they resemble our pollen in this variability.
Moreover, a small proximal scar was occasionally detected in
some specimens and was not found in others. However, ultra-
structural data (Afonin 2000; Zavialova and Gomankov 2002)
revealed important dissimilarities, such as a solid continuous
tectum that is well developed over the pollen grain and an
infratectum of large and not numerous granules. In Cladaitina,
we also observed a thinning that might have corresponded to a
distal germination area and an endexine with evident layering
(Zavialova and Gomankov 2002). Marsupipollenites Balme is
one more Permian palynomorph that is rounded, bears a rudi-
mentary trilete scar, and folds in various positions, including a
boat-shaped variant, but it is asaccate and also possesses a distal
sulcus, as TEM observations proved (Foster and Price 1981).
Triassic deposits contain diverse members of the Circumpolles

group. Our pollen grains are similar to this group in their more
or less rounded outlines, occasional presence of a small rudimen-
tary proximal scar, and fine but distinct sculpturing. Thus, a re-
cent study by Pacyna et al. (2017) revealed circular pollen grains
with distinct sculpturing in an Upper Triassic plant of a presum-
ably voltzialean affinity, P. silesiaca. In search of a dispersed an-
alogue, the authors chose from among Enzonalasporites Leschik
emend. Scheuring, Vallasporites Leschik emend. Scheuring, Pseu-
doenzonalasporites Scheuring, and Patinasporites Leschik emend.
Scheuring and decided in favor of the first one, not because it fully
corresponds to their pollen but because others correspond to a
lesser degree. The presence or absence of a saccuswas also amat-
ter of consideration, but TEM showed an asaccate exine. Ultra-
structural observations revealed a convoluted ectexinewith some
similarities to that of modern Tsuga.
Recently, N. Zavialova studied podocarpaceous pollen grains

of fossil and modern Dacrycarpus (Wu et al. 2019). The pollen
of Dacrycarpus is very different in general morphology, pos-
sessing three sacci, but we see something in common with the
pollen grains under study in the surface sculpturing and in the ex-
ine ultrastructure. These similarities testify not to a close rela-
tionship but to a possible direction of morphological evolution.
The pollen grains under study could have been on the way to de-
veloping a more prominent saccate state. Although it is also pos-
sible that such pollen grains were produced by plants of some
dead-end group or that their saccus is residual rather than devel-
oping, and one cannot choose between these variants with the
present state of knowledge, we like our hypothesis because very
different sacci are known in gymnosperms as far as the exine
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ultrastructure is concerned, and the transformation of the saccus
of S. gracile into a saccus that resembles the podocarpaceous
saccus appears plausible ultrastructurally. Newly obtained data
on in situ pollen grains allow us to emend the diagnoses for the
genus Schidolepium and its type species, S. gracile.

Schidolepium Heer, 1880

Emended diagnosis. Pollen cones elongated, cylindrical with
helically and imbricately arranged microsporophylls. Pollen sacs
elongated. Pollen grains spherical, monosaccate, with weakly ex-
pressed equatorial-distal saccus.

Schidolepium gracile Heer, 1880
(Figs. 3A–3N, 7–12)

1880 Schidolepium gracile—Heer, S. 27, taf. VIII, figs. 6–
12 (non fig. 5)
1951 Schizolepidium gracile—Prynada, pl. 18, figs. 13, 14
1962 Schizolepidium gracile—Prynada, p. 279, pl. XVIII,

figs. 13, 14
2017 Schidolepium gracile—Nosova et al., p. 10, pl. IV,

figs. 1b–14, pl. V, figs. 1–18
2020 Schidolepium gracile—Kiritchkova et al., p. 135,

pl. CXXXII, figs. 1a–10, pl. CXXXIII, figs. 1–14

Lectotype. GINRAS, specimen 166/9, designated inNosova
et al. (2017, p. 10, pl. V, figs. 1, 2) and represented in Heer
(1880, table VIII, fig. 9). Irkutsk Coal Basin, Ust’-Baley, lower
subformation of the Prisayan Formation, Aalenian.
Emended diagnosis. Pollen cones elongated, cylindrical with

numerous helically and imbricately arranged microsporophylls
on the axis. Sterile part of the microsporophyll expanded in the
distal lamina with an acute apex; near the cone base, some
microsporophylls oval, with rounded apex. Distal sporophyll
lamina of themature cone thin and often not preserved in the api-
cal cone part. Microsporophyll with five to seven elongated pol-
len sacs. Pollen grains spherical, monosaccate, with weakly ex-
pressed equatorial-distal saccus.
Conclusions

Pollen grains that have a variable solitary saccus are known
from the Permian on. The saccus is often poorly developed,
and such pollen grains can even be described as asaccate. They
certainly have several botanical affinities. Tsuga is an example
among modern conifers. The origin of fossil pollen can possibly
be cleared upwith the application of ultrastructural information.
If a pollen grain can be ascribed to Araucariacites, for example,
because of its general morphology, this does not necessarily
mean that it has an araucariaceous affinity, though pollen grains
with such an appearance have been repeatedly found in arau-
cariaceous cones. Although the pollen grains under study are
similar to araucariaceous pollen in general morphology, the ul-
trastructural data show that they are not related to the Arau-
cariaceae. Although the pollen cones have something in common
with the taxodiaceous conifer Sewardiodendron laxum and
Elatides curvifolia, the pollen grains under study are very distinct
from taxodiaceous pollen. The pollen grains under study show a
combination of characters that forces us to seek for the relatives
of their parent plant in several groups of conifers, and we cannot
choose only one of them. This probably means that we are deal-
ingwith a plant that represents an early member of an evolution-
ary line (although a dead end is also conceivable). This is why it
does not show a complete assemblage of features that we can use
to consider as characteristics of one of the groups but a mixture
of them.

Finally, we would like to stress once again the importance of
the simultaneous application of light and electron microscopy.
Only combined data from LM, SEM, and TEM have proved
unequivocally the presence of a saccus in the pollen grains un-
der study. Only TEM data have discarded some variants of bo-
tanical affinity since the pollen grains under study turned out
to be fundamentally different in exine ultrastructure, although
they show several similarities in general morphology. Only ob-
servations under TEM revealed unequivocally the ginkgoalean
affinity of the clump of Cycadopites pollen grains. On the other
hand, the LM stage should not be bypassed because of the ad-
equate comparison with dispersed miospores diagnosed with
such data, among other reasons. Even if only LM is available,
it is important to make sharp photographs under high magni-
fication. Dealing with such variable pollen types that lack eas-
ily detectable characters, scientists should show all variations
of the pollen grains. We failed to accomplish an adequate com-
parison with several in situ pollen records because only single
images shot under low magnification were available.

TheMiddle Jurassic localities of Siberia seem to be rich sources
of sufficiently well-preserved reproductive remains of gymno-
sperms with in situ pollen as well as other types of plant fossils.
There is a good chance that further studies of fossil plant col-
lections from the Irkutsk Region will shed light on early steps
of the evolution of several groups of Mesozoic gymnosperms
and possible relations between them and contribute to whole-
plant reconstructions.
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