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Abstract—Dispersed pollen grains Wodehouseia spinata Stanley of unknown botanical affinity from the
Maastrichtian of the Amur River Region, Far East are studied using transmitted light, scanning and trans-
mission electron microscopy. The pollen was probably produced by wetland or aquatic plants, adapted to a
sudden change in the water regime during the vegetation season. The pattern of the exine sculpture and spo-
roderm ultrastructure suggests that insects contributed to pollination. The flange and unevenly thickened
endexine could facilitate harmomegathy. A tetragonal or rhomboidal tetrad type seems to be most logical for
Wodehouseia pollen. The infratectum structure suggests that Wodehouseia should be placed within an

advanced group of eudicots.
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INTRODUCTION

Dispersed pollen grains from the Upper Creta-
ceous of the USA, China, and Russia characterized by
an echinate surface, two pairs of pores and a flange
along the pollen grain perimeter, were described
almost simultaneously in 1961 by Stanley (1961) as
Wodehouseia Stanley, Samoilovitch (1961) as Kryshto-
Jfoviana Samoilovitch and Regina Samoilovitch, and by
Chlonova (1961) as Deplexipollis Chlonova. The
generic name Wodehouseia with the type species
Wodehouseia spinata Stanley has priority.

Samoilovitch (1961) studied unusual pollen from
the Upper Cretaceous—Paleocene of Siberia and
established the supergroup Kryshtofoviacites with
groups Kryshtofoviana, Singularia Samoilovitch,
Regina, and Azonia Samoilovitch. Pollen of the Krysh-
tofoviana and Regina groups is distinguished by the
presence of a lateral flange, absent in representatives
of Singularia and Azonia. Chlonova (1961) proposed to
use the morphological type name “oculata” for such
pollen.

Different species of Wodehouseia are recognized
based on the differences in size, aperture type (porate
or colpate), degree of the development of the flange,
and details of ornamentation. Species of Azonia,
another representative of the “oculata” type, repre-
senting a “body” of Wodehouseia lacking flange, are
also assigned by some palynologists to Wodehouseia

that has lost its flange (see a review Wiggins, 1976). A
detailed study of this morphology and ultrastructure
of the pollen of Azonia is needed to resolve this prob-
lem. V.F. Tarasevich (V.L. Komarov Botanical Insti-
tute of the Russian Academy of Sciences, St. Peters-
burg) studied the ultrastructure of the Azonia pollen
grains using TEM, but the results have not yet been
published (pers. comm.). To date, no results of such
studies have been published, hence this problem
remains unsolved. The short stratigraphic ranges and
wide geographical distribution of such easily identifi-
able pollen as Wodehouseia determines the importance
of this genus for stratigraphy. For example, for the
Russian Far East, Markevich (1983, 1995) introduced
this taxon into the practice of palynostratigraphic
works and recognized the following zones: Wodehou-
seia spinata—Aquilapollenites subtilis (Maastrichtian),
Orbiculapollis lucidus—Wodehouseia avita (late Maas-
trichtian),  Wodehouseia fimbriata— Ulmoideipites
krempii (early Danian). Unfortunately, pollen grains
of this type have not yet been described in situ and the
phylogenetic relationships of the plants producing this
pollen have not been revealed. This significantly limits
the potential use of finds of this palynotype; its appli-
cation at present is mainly stratigraphic. Evidently, it is
necessary to detail the interpretation of Wodehouseia
pollen finds and try to identify their possible phyloge-
netic relationships and environmental associations.
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Chlonova (1961) considered in detail possible variants
of the orientation of the axes of Wodehouseia pollen
and also suggested their similarity to the pollen grains
of modern Impatiens L. and Jollydora Pierre ex Gilg.
Samoilovitch (1961) also discussed the orientation of
the axes of Wodehouseia, but expressed a different
point of view, concluding that the genus was closer to
the modern Acanthaceae (see Leffingwell et al., 1970
for a detailed review). Both of these works are based on
the study of pollen grains under a light microscope.
For a more accurate interpretation, a comprehensive
study of the morphology and ultrastructure of Wode-
houseia pollen grains is necessary. Such a study using
light microscope (LM), scanning (SEM) and trans-
mission (TEM) electron microscopes was performed
for Wodehouseia spinata from the Maastrichtian of the
United States (Leffingwell et al., 1970). As a result of
that study, it was concluded that SEM and TEM data
refute the affinity of Wodehouseia to both Balsamina-
ceae and Acanthaceae. However the question of the
affinity of Wodehouseia remained open. In this
paper, we studied the pollen grains of the most com-
mon species, Wodehouseia spinata from the Maas-
trichtian of the Zeya-Bureya Basin of the Amur River
Region, compared our data with those obtained by
H. Leffingwell et al. (1970), and discussed new com-
parisons with seed plants and ideas about the possible
ecological niche of the pollen-producing plants.

MATERIAL AND METHODS

The material was selected from the Furao Forma-
tion (Borehole no. XHY2008) in Jiayin of Heilongji-
ang, China, which was located in the Zeya-Bureya
Basin during the Late Cretaceous (Markevich et al.,
2011). The sample was taken from the core of Borehole
no. XHY2008 from a depth of 23.25 m from the Upper
Maastrichtian (Markevich et al., 2011).

The pollen grains studied belong to the Maastrich-
tian Aquilapollenites stelckii— Pseudointegricorpus clar-
ireticulatum spore-pollen assemblage. The percentage
of Wodehouseia pollen grains in the assemblage is very
low, most often a fraction of a percent; only in the
studied sample it is 2.4%.

Collection no. XHY2008 is housed in the Research
Center for Paleontology and Stratigraphy of Jilin Uni-
versity, Changchun, China.

Dispersed pollen grains Wodehouseia spinata were
identified under an Olympus CX41 light microscope,
and transferred one by one to a new glass slide in a
drop of glycerin. The single pollen mount thus
obtained was photographed at magnification X100
using a Zeiss Axioplan-2 light microscope equipped
with a Leica DFC-420 digital camera. Next, the cover
glass was removed; the pollen grain was washed in a
drop of alcohol and transferred to a piece of photo-
graphic film attached with nail polish, with the emul-
sion side up, on a SEM stub. The SEM stub with the
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pollen grains was coated with gold and studied using a
TESCAN VEGA-II XMU SEM (accelerating voltage
30 kV). For TEM, part of the pollen grains were
removed from the SEM stub and transferred to an
epoxy resin mixture according to the procedure
described by Zavialova et al. (2018). Ultrathin sections
were obtained from these blocks using a LKB Leica
UC6 ultramicrotome. Some sections were addition-
ally contrasted with lead citrate and uranyl acetate and
were studied using Jeol 100 B and Jeol 1011 TEM
(accelerating voltage 80 kV). Another part of the sec-
tions was studied without additional contrasting. Pol-
len grains were also examined using a LSM 780 confo-
cal microscope (the results and methods are described
in Gavrilova et al. (2018). Measurements of pollen
grains were made in LM and SEM. A total of 20 pollen
grains were studied. When describing pollen grains, we
used the terminology proposed in the handbook of
morphology and ultrastructure of palynomorphs
(Hesse et al., 2009).

The equipment of the center for collective use of
the Paleontological Institute, Russian Academy
of Sciences (LM and SEM) and the Biological Faculty
of Lomonosov Moscow State University (TEM) was
used in this work.

RESULTS

LM. Prolate pollen grains, medium-sized,
31.9 (27.6—38.9) x 23.9 (19.7—-27.0) um, flattened,
with a flange along the perimeter of the pollen grain.
The apertures are pores or colpoids; simple, four in
number, visible as slit-like structures, 4.5 (3.7—5.5) %
1.3 (0.8—2.1) um, elongated along the short axis of the
pollen grain, approximated in pairs on the opposite
sides of the pollen grain (Fig. 1a). The exine sculp-
turing is echinate. The echini are of three size classes
(Figs. 1b, 1c). Large echini are located at the margin
of each pore, and in the center of a flattened pollen
grain. Numerous small echini are located on the
periphery of the pollen grain flattened along the long
axis. Medium-sized echini are located more or less
regularly between the large and small ones. The exine
is two-layered, uneven in thickness, with areas of
maximum thickness in the region of the flange and
with some thinning of these areas at the rounded
ends of the ellipsoidal pollen grain. The inner layer

consists of clearly seen columellate elements
(Fig. 1a).
SEM. The surface is echinate, perforated

(Figs. 2a—2c; 3a). The echini are large (2.7—3.4 um;
with bases 2.1—3.6 um; 8—12 in number), medium-
sized (1.3—2.0 wm, with bases 1.1—1.7 um, ca. 20 in
number), and small (0.6—2.0 um, with bases 0.3—
0.8 um, ca. 40—50 in number). The perforations are
located between the echini, often perforations are less
numerous in the central part of a flattened pollen
grain. Echini are conical; large and medium-sized
echini have a relatively wide base and a narrower upper
Vol. 53
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Fig. 1. Wodehouseia spinata Stanley, LM: (a) combined photos taken at different focus depths; (b, c) the same pollen grain with
different focus, pores, echini of different sizes and infratectal columellae are seen. Scale bar length 10 um.

Fig. 2. Wodehouseia spinata Stanley, SEM: (a, b) general view of pollen grains, showing a pores and echini of different sizes;
(c) exine sculpturing at higher magnification, showing perforations, including at the base of the medium-sized echini. Scale bar
length: (a, b) 10 um; (c) 2 um.

half; small echini are of approximately the same diam-
eter throughout the height, with a blunt tip; the bases
of large echini and frequently of medium-sized echini
are perforated. The broken surfaces of the wall show
the tectum and infratectum of branching columella-
like elements (Figs. 3b, 3c). The apertures are
4.6 (3.5—5.6) um long.

TEM. The exine is uneven in thickness within the
pollen grain, from 0.6 to 1.5 um, consists of three lay-
ers: less electron-dense tectum and infratectum and
more electron-dense inner layer, apparently corre-
sponding to endexine (Figs. 4a—4d). The tectum is
very thin, 0.18 (0.12—0.23) wm, relatively uniform in
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thickness across the entire perimeter of the pollen
grain. The infratectum is represented by tall and some-
times branched columellae, 0.49 (0.31—0.7) um high
and 0.25 (0.17—0.39) um wide; the lateral regions are
with large cavities between the infratectum and the
inner layer (Figs. 4a—4e; 5a—5c). The inner layer is of
uneven thickness, 0.21 (0.12—0.27) um in the lateral
regions and 0.67 (0.5—0.82) um in other regions of the
pollen grains, appears to be homogeneous, with gaps
(Fig. 6); possibly this layer is in fact lamellate. The
thinning of the inner layer is confined to the lateral
regions. Echini are solid, mostly homogeneous
(Figs. 4a—4d). Pores represent breaks in all exine lay-
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Fig. 3. Wodehouseia spinata Stanley, exine sculpturing at high magnification, SEM: (a) showing pore (indicated by an arrow), per-
forated exine and echini of three dimensional classes with perforations at the base of large and medium-sized echini; (b, c) broken
sporoderm showing exine ultrastructure. Scale bar length: (a) 5 um; (b, ¢) 2 um.

ers; are arranged in pairs, opposite each other on
opposite sides of the pollen grain (Figs. 4a, 5a).

DISCUSSION

The unusual and complex exine, both in morphol-
ogy and ultrastructure, implies a high degree of spe-
cialization of the parent plant and its adaptation to the
growing conditions. At present, 26 species are
described in this genus (http://paleobotany.ru/paly-
nodata). Until now, Wodehouseia pollen grains have
been found only in a dispersed state and, thus, the
possible systematic affinity and ecology of the plant
producing them can be judged only on the basis of
sporoderm morphology and ultrastructure data, the
character of the host rock and the accompanying
plants.

Finds of the Pollen Grains Wodehouseia
in the Far East

It is believed that Wodehouseia first appeared in the
Turonian of the Khatanga Basin in northern Siberia
(Sinopsis ..., 1980). However, in the Zeya-Bureya
Basin of the Amur River Region, we recorded the first
finds of this pollen in the Santonian-Campanian
Kundur Formation. A few specimens of W. aspera
(Samoilovitch) Wiggins was found occasionally in
locality 1808. A few specimens of W. aspera, W. spi-
nata, and W. gracile Samoilovitch were found in the
Early Campanian locality 15 in the Mutnaya-
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Udurchukan interfluve. The material collected
includes, apart from phytofossils, remains of limno-
fauna, i.e., ostracods, bivalves, and fish that inhabited
a vast lake (Bugdaeva et al. 2001; Markevich et al.
2005). Wodehouseia pollen in this basin becomes the
most diverse in the Maastrichtian when it includes
W. aspera, W. spinata, W. gracile, W. stanleyi Srivas-
tava, and W. wigginsii Frederiksen. At the Cretaceous-
Paleogene boundary, these taxa disappear; only one
species (W, fimbriata Stanley) is found in the Danian.
In Primorye region, rare pollen grains Wodehouseia
sp. appear later in the geological record. The earliest
records of this pollen are from the lower Campanian
depositional unit in the Alchan River Basin, which is
composed of beds of sandstone, siltstone, mudstone
with interbeds of coal; it contains numerous plant
remains (Markevich, 1995).

These pollen finds are confined to normal sedi-
mentary deposits (coal, siltstone, mudstone, sand-
stone), apparently of lacustrine-fluvial origin, sand-
wiched between volcanic strata.

In Sakhalin, rare Wodehouseia pollen grains appear
in the marine early Campanian Middle Bykov Subfor-
mation containing ammonites and bivalves. Up the
section, this pollen becomes more diverse; it was
revealed in the pollen spectra obtained from the
marine sediments of the late Campanian—Maastrich-
tian Krasnoyarka Formation. On the Yuri Island of the
Lesser Kuril Chain, three species of Wodehouseia
(W. spinata, W. aspera, and the rarely occurring (1—
2%) species of W, avita Wiggins) were found in the pal-
Vol. 53
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Fig. 4. Wodehouseia spinata Stanley, sections through whole pollen grains, general view, TEM: (a) the section went through both
pores (asterisks), showing differently thick endexine, collumelate infratectum and medium-sized echini (arrowheads); (b) the
section went through one of the pores (asterisk), showing endexine of various thickness, columellate infratectum, cavities in exine
near the flange (arrow) and a large echinus (arrowheads); (c) the section was made in the area between the pores (in the central
part of the pollen grain), clearly showing differently thick endexine, columellate infratectum, cavities in the exine in the area of
the flange (arrow) one large, two medium-sized and one small echinus (arrowheads); (d) oblique section that has passed through
both pores and large echini associated with them (arrowheads); (e) paradermal section, showing cut infratectal columellae
(arrow) and medium-sized and small echini (arrowheads). Scale bar length: (a) 1 um; (b—d) 2 um; (e) 5 um.

ynological assemblage from the siltstone of the Maas-
trichtian—Danian boundary Yuri depositional unit
(Krassilov et al., 1988). The same beds contain plant
remains, foraminifers, small bivalves, gastropods, and
sea urchins, which indicate the coastal-marine origin
of the sediments. During the Santonian—Danian
Wodehouseia only occasionally occurs in palynofloras
of the south of the Far East, which may indicate either
the rare distribution of the plants produced, or long
distance of their burials from the habitats of pollen-
producing plants. The latter seems more likely in view
of the occurrence of this pollen on such a vast territory
and facies independence (marine, lacustrine, fluvial,
or volcanic sediments). We are inclined to think that
Wodehouseia producing plants grew on slopes. If we
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exclude the anemophilic nature of their pollination
and, consequently, the transport of pollen by air to
burial sites, we can assume its delivery to lowlands by
water. Probably, some Wodehouseia plants grew in
water or a near-water environment.

What Does the Morphology and Ultrastructure
of Wodehouseia Add to the Understanding
of the “Lifestyle” of the Pollen-Bearing Plant?

There are two main modes of pollination—by wind
and by insects—and aquatic and wetland angiosperms
are no exception in this respect (Mahabalé, 1968). A
significant amount of aquatic plants became aquatic
secondarily, and some species retained their “terres-



208

TEKLEVA et al.

|\—|] (b)

il (c)

Fig. 5. Wodehouseia spinata Stanley, parts of the sporoderm at high magnification, TEM: (a) section through a pore in which there
are no exine layers; also showing endexine of varying thickness, infratectal columellae, in places branched columellae (arrow) and
large echinus are visible; (b) oblique section, infratectum with branched columellae (arrows) and a medium-sized echinus;
(c) section through the pore margin, endexine is present in the pore area; the photograph also shows branched columellae indi-
cated by an arrow. Scale bar length: (a) 1 um; (b) 0.5 um; (c) 0.67 um.

trial” pollen grains, whereas adaptation to an aquatic
environment was reflected in the structure of vegeta-
tive organs (Mahabalé, 1968). Therefore, far from all
aquatic plants have a characteristic ‘aquatic plant’
sporoderm structure, for example, with reduced exine
and a simplified exine structure. In the current case,
the structure of the sporoderm is just atypical for
“true” aquatic or semi-aquatic plants, an echinate
sculpture, a well-developed ectexine, and apertures
occupying a small part of the total perimeter of the
pollen. Evidently, if the pollen-producing plant was
indeed confined to a body of water, adaptation
occurred mainly in the vegetative part. Developed
sculpture, represented by both supratectal structures
(echini) and reticulum, in modern plants is always
associated with entomophily (e.g., Tanaka et al.,
2004), whereas the nature of the sculpture —supratec-
tal elements (echini, bacula, clubs) or semitectal ele-
ments (reticulum, perforations) is more likely associ-
ated with phylogenetic (taxonomic) groups. It seems
logical that the differently sized echini should also be
associated with adaptations to certain growing condi-
tions of the pollen-producing plant, for example, as a
way of increasing the probability of the desired orien-
tation of the pollen grain on the stigma and further
germination (large echini and a high flange create an
overall architecture of the pollen grain that is more
likely to be arranged with its two pores facing the
stigma).

Also, large echini near the pore may, in the case of
partial dehydration, cover it to reduce evaporation as a
result of thinner areas of the exine around the aperture
becoming concave. The latter assumption, however,
casts doubt on the semiaquatic habitats of the pollen-
producing plant, or implies a periodically drying res-
ervoir. Large sculptural elements (in this case, echini)
create some layers of air around the aperture on the
surface of the sporoderm, which does not prevent the
pollen grain from growing, but possibly prevents it
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from sinking into water. We do not know whether
Wodehouseia pollen grains had the need to spread over
the surface of the water, whether the stigma of pollen-
producing plants lays on the water or lays above the
water, however, judging by the morphology of the
Wodehouseia pollen, the stigma was not submerged.

In the pollen grains of some modern plants (for
example, in representatives of Plumbaginaceae, Vale-
rianaceae) echini and rods are associated with the
aperture only if they are located on the operculum. In
this case, the operculum may be echinate, and the
mesocolpium is striate or striate-perforated, as, for
example, in Aesculus hippocastanum L. Representa-
tives of Plumbaginaceae and Valerianaceae are not
considered classic semi-aquatic species, but more
likely inhabit saline environments of the semi-arid and
arid climate.

The presence of the flange and the corresponding
cavities in ectexine and the flattening of the pollen
grain can also be considered as a possible adaptation to
pollination by wind or water, similar to the sacci of
wind-pollinated coniferous plants, although it is pos-
sible that the flattening of pollen grain also contributes
to a certain orientation when it lands on the stigma.
Cavities in the sporoderm usually have a har-
momegathic function, and in pollen grains of angio-
sperms plants often serve to contain substances that
promote entomophily and/or attachment to the
stigma. The apertural type of Wodehouseia is also not
typical of aquatic or semi-aquatic plants. Wodehouseia
pollen grains are described as porate, but in principle,
these apertures can also be called colpoids (short
colpi). A similar example is observed, for example, in
Mpyriophyllum L., whose apertural type is described as
porate (Praglowski, 1970; www.paldat.org), or as col-
pate (Alwadie, 2008). All this family (Haloragaceae)
comprises aquatic plants, however, the pollen of its
representatives is characterized by small-scale sculp-
Vol. 53
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ture and pores (=colpi) with a rim and thickened nex-
ine. Note that, as in Wodehouseia, the colpi of these
pollen grains are oriented meridionally (that is, along
a smaller diameter), while the pollen grains are flat-
tened. The exine ultrastructure, on the one hand, sug-
gests that the pollen-producing plant was adapted to
entomophily, a large area of free space in the ectexine
providing the so-called exine vitalization. Leffingwell
et al. (1970) also noted the presence of inclusions in
the spaces between the columellae. However, it should
be taken into account that, for example, in conifers,
alveolate exine was also strongly developed and used to
form sacci and adapt to anemophily, perform a har-
momegathic function and to orientate on the pollina-
tion droplet. It was also hypothesized that the sacci
contribute to more rapid clogging of the stomach of
pollen-feeding insect and, thus, to less consumption
of pollen grains. Such a hypothesis, however, needs to
be confirmed by actual observations.

The formation of cavities in the infratectum or a
similar layer occurred in many groups independently,
even in spores of Lycopodiophyta (Tryon and Lugar-
don, 1990). Perhaps this is due to an aquatic (marsh)
habitat, like that of Trapa L., or not connected to such
a similar habitat, like Centaurea L. The endexine of
Wodehouseia pollen has uneven thickness, with
thinned areas near the flange. Earlier (Leffingwell et
al., 1970) it was described as homogeneous, however,
we observed gaps in the thickness of this layer (Fig. 6).
It is possible that the structure of the endexine did not
allow the pollen grain to withstand strong changes in
volume, which resulted in the variable thickness of this
layer. The absence of the foot layer may have led to
greater “flexibility” of the exine layers relative to one
another. Irregularities in the height of the layers of
ectexine and especially endexine probably contributed
to the “stabilization” of the sporoderm, which has
numerous differences in thickness and structures
(flange, cavities, echini of various sizes, and pores).

Comparison of Wodehouseia Pollen
to Those of Gymnosperms

Echinate or microechinate exine sculpturing is
extremely rare in pollen grains of gymnosperms [e.g.,
Gnetum L. (Tekleva, 2016), Cyclusphaera Elsik,
(Del Fueyo et al., 2012)]. Wodehouseia pollen grains
were compared with sculptured pollen grains of gym-
nosperms due to the presence of saccate structures
(=flange). Indeed, the exine structure in the lateral
thickened areas to a large extent resembles that of the
saccate pollen grains of gymnosperms, the same cavity
between the infratectum and the underlying exine lay-
ers. Morphologically, this is not expressed by sacci,
typical of many conifers, but by a flattened, flange
structure.

A similar structure in terms of developmental and
pronounced morphology is observed in the fossil dis-
persed pollen grains Cryptosacciferites pabularis Krass-
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Fig. 6. Wodehouseia spinata Stanley, non-homogeneous
endexine (marked by arrows), TEM: (a) area of sporo-
derm, showing non-homogeneous endexine; (b) only
endexine, higher magnification. Scale bar length: (a) 1 um;
(b) 0.5 um.
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ilov et Tekleva (Krassilov et al., 2003) and Zolerella tri-
colpata Scheuring (Scheuring, 1978), but in these spe-
cies this structure is not located around the entire
pollen perimeter grains, but only in the lateral areas,
like sacci in bisaccate pollen grains. In Crypfosaccif-
erites pabularis and Zolerella tricolpata, the infratec-
tum is alveolate; the alveolae are mostly elongated and
arranged in a single row, generally resembling a collu-
melate structure in sections, however, unlike the pol-
len we studied, the alveola walls are much thinner than
the infratectal columellae of Wodehouseia. Also, Cryp-
tosacciferites pabularis and Zolerella tricolpata are
characterized by a psilate or scabrate exine surface and
three colpi, in contrast to the echinate porate pollen
grains of Wodehouseia.

The porate apertural type, in general, is character-
istic only of angiosperms, although in some taxa of
gymnosperms (e.g., Cyclusphaera, Classopollis Pflug,
Cupressoideae, Taxodiaceae), pore-like structures are
known (Zavialova et al., 2010; Del Fueyo et al., 2012;
review in Zavialova and Sokolova, 2017). The aperture
areas in gymnosperms with pore-like structures are
represented by greatly thinned ectexine, often reduced
to the foot layer, and endexine of different degrees of
development. In pollen grains with a differentiated
aperture region (presence of an operculum, papilla, or
pore), there is a variability in the structure of endex-
ine: thickening (the region of the operculum in Cyclus-
phaera: Zavada, 1992; Del Fueyo et al., 2012) or its
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disappearance (region of papilla or pore in Taxodia-
ceae) (e.g., Kurmann, 1990, 1991).

Comparison of Wodehouseia Pollen
to Those of Angiosperms

Apertural type and exine sculpture. The unusual
apertural type, characteristic of Wodehouseia, is quite
rare among modern angiosperms, and among them
the most similar structure is found in the pollen grains
of the genus Impatiens, which also includes semi-
aquatic species. However, the exine sculpture and ultra-
structure of pollen grains of representatives of Impatiens
are quite different from those of Wodehouseia.

Echinate ornamentation is irregularly found in the
phylogenetic tree of the flowering plants. Among
paleograsses, taxa with echinate pollen are found
among Nymphaeales (Taylor et al., 2015), Lauraceae
(Van Der Merwe et al., 1990), and Piperaceae (Lei
and Lian, 1998); among monocots, in Alismatales
(Furness, 2013), rarely in Liliaceae (Kosenko, 1999)
and Arecaceae (Sannier et al., 2009); among primitive
groups of eudicots, only in Ranunculales (Blackmore
et al., 1995). In advanced groups of eudicots, echini
and microechini are rarely found, and primarily in
representatives of Saxifragales, Myrtales, Rosaceae,
Cucurbitaceae, and Malvaceae (Christensen, 1986).
Echini and microechini are considerably more com-
mon among Caryophyllales (some semi-aquatic
Droseraceae), Dipsacales, and Asterales (Polevova,
2004; Tekleva et al., 2011).

Among paleograsses, for example, in Nym-
phaeaceae, microechini are associated with the col-
pate aperture type, while representatives of Laurales
and Piperales have typical echinate inaperturate pol-
len. Many representatives of Piperaceae prefer wet-
lands (Kirpichnikov and Komar, 1980; Tebbs, 1993).
It should be noted that echinate pollen grains with
pores or short pore-like colpi are found in Ranuncu-
lales, Cucurbitales, Malvales, Caryophyllales, and
Dipsacales (Erdtman, 1966). Of these, the last are the
most interesting, because they may have echini of dif-
ferent size classes; often the operculum has rods, and
the pore rim is also covered with echini. However, only
the Caprifoliaceae have semi-aquatic forms (Godfrey
and Wooten, 2011). A uneven, but organized arrange-
ment of echini is observed, for example, in Lemna L.,
but this genus is characterized by monoporate pollen
grains (Alwadie, 2008).

In the pollen grains of angiosperms, four apertures
are not common. If we exclude taxa with 4-colpate
and 4-colporate pollen grains, then the analysis
should include only representatives of the families
Bromeliaceae, Betulaceac, Campanulaceae, Halor-
agaceae, Apocinaceae, and Malpigiaceae (www.pal-
dat.org). Among these, echini or microechini are
characteristic only of pollen grains of representatives
of Betulaceae, Campanulaceae (Zolala et al., 2011),
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and Haloragaceae (Praglowski, 1970). Some species of
Lobelia (Campanulaceae) are aquatic or semi-aquatic
plants, but they typically have 3-colpate pollen grains
and non-echinate sporoderm (Takhtajan, 1981; Lam-
mers, 2007; Zolala et al., 2009).

Sporoderm ultrastructure. Pollen grains with a
complex tectum or branched columellae and unevenly
thick exine, with ectexine and endexine are only found
in advanced Asterids: Apiaceae, Asteraceae, Campan-
ulaceae, and Caprifoliaceae. While in Asteraceae and
Caprifoliaceae, the exine is thicker in mesocolpia
(Polevova, 2006), in many others, including Apiaceae
(Shu and She, 2001), the exine is thickened around the
apertures, e.g., in Hacquetia epipactis DC. (www.pal-
dat.org), Trapa (Zetter and Ferguson, 2001), and
Morina L. (Blackmore and Cannon, 1983).

The pore ultrastructure of Wodehouseia is most
similar to that of angiosperms with a simple aperture
(Fumariaceae, Romero et al., 2003), expressed in the
absence of a noticeable change in the nature of
the exine layers near the aperture region, where all the
exine layers interrupt abruptly. On the other hand, one
cannot exclude the possibility of the presence of a
complex pore in Wodehouseia, expressed in the struc-
ture of the intine, which has not been preserved in the
fossil state.

Possible arrangement of pollen grains in a tetrad. If
we take a pair of pores of Wodehouseia for the ends of
one aperture, then two complex apertures are present
at each of its poles (the least likely option), or two colpi
surround the pollen grain at the equator, with a flange
at the poles, or two colpi and the flange along the
meridian becoming slightly smaller at the poles
(Fig. 7a). In the case of the equatorial arrangement of
the pores, the flange goes from pole to pole between
pairs of apertures, and the exine is thin in the alternat-
ing gap between the pores (Fig. 7b). In the case of
polar arrangement of pores in Wodehouseia, its pollen
grains become bilaterally symmetrical, and the exine is
considerably thickened along the equator to form a
flange, and two pores with echini on their edges are
present on each of the poles (Fig. 7c). Other variants
of arrangement of pollen grains in tetrads of square
type are also possible (Fig. 8). It seems to us that a
tetragonal or rhomboidal type of tetrad is the most
logical; it is not associated with “malformations” in
the architecture of pollen grains of Wodehouseia. This
is the most convenient type for the formation of two or
four apertures.

CONCLUSIONS

The systematic position of Wodehouseia remains
enigmatic. The polyfacial nature of the sediments,
containing pollen grains characteristic of this genus,
suggests that the parent plants could form slope plant
communities growing along streams and rivers. The
complex exine structure and sporoderm ultrastructure
Vol. 53
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Fig. 7. Models showing arrangement of pollen grain Wodehouseia spinata Stanley in tetrads: (a) polar axis along the long axis, two
apertural areas, each with two pores, tetrahedral (left) and square (to the right) tetrads; (b) polar axis along the short axis, four
pores in the equatorial region, tetrahedral (left) and square (to the right) tetrads; (c) polar axis along the short axis, two apertural
areas, each pole with two pores, tetrahedral tetrads.

Fig. 8. Models showing arrangement of pollen grain Wodehouseia spinata Stanley in tetrads; other possible types of square tetrads.

indicate that Wodehouseia is undoubtedly an angio- with any modern taxon, although the nature of the
sperm. The complex of characters of the sporoderm infratectum indicates that it belongs to an advanced
makes it difficult to directly compare Wodehouseia eudicot. The type and structure of the aperture, as well

PALEONTOLOGICALJOURNAL Vol.53 No.2 2019



212

as the nature of the exine sculpture (including differ-
ently sized echini), are rather genetically determined,
while the flange and endexine of uneven thickness
could serve as an adaptation to the environment. The
appearance of cavities in the infratectum or similar
layers is observed in several unrelated groups of seed
and spore plants. The unusual aperture type, charac-
teristic of Wodehouseia pollen, is quite rare in modern
angiosperms. The exine sculpture and ultrastructure
positively distinguish this genus from other angio-
sperm genera similar in apertural type. A similar situ-
ation is observed for the remaining characters of
Wodehouseia, whose analogs can be observed sepa-
rately in different taxa, but their combination is unique
to Wodehouseia and is not found anywhere else. One
has to agree with the opinion of Leffingwell et al.
(1970), that Wodehouseia clearly represents a dead end
branch of evolution. The existence of Wodehouseia for
more than 20 million years over a vast territory of Asia
and North America may indicate that the pollen pro-
ducing plants had a good adaptive potential, which
was realized in their adaptation to a certain ecological
niche. It is possible that it was a narrow specialization
that contributed to the complete extinction of this
lineage.
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