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a b s t r a c t
Three species, Aquilapollenites quadricretaceus, A. stelckii, and A. amicus, from the late Maastrichtian of China have
been studied using light, scanning, and transmission electron microscopy. Rare specimens of Aquilapollenites
quadricretaceus and A. stelckii with reduced polar and/or equatorial projections were observed. A. quadricretaceus
and A. stelckii are more similar to each other in exine ultrastructure than they are to A. amicus, which has a thicker
foot layer and thin infratectum. A comparison with extant Lythraceae pollen revealed characters similar to those
of triprojectate pollen, probably resulting from convergent evolution: prolate pollen with protruding equatorial
ora and pores, frequent occurrence of striate and reticulate exine sculpturing, consistent presence of endexine,
and infratectal columellae that are mostly simple and not branched. The colporate condition is rare in
Triprojectacites and occurs in species with rather short equatorial projections, which suggests that the protruding
part of the pollen grain, corresponding to the equatorial projections seen in Triprojectacites, might have been replaced functionally by the ora in tricolporate pollen like that of extant angiosperms. The possible adaptation of
some Triprojectacites species to a wetland environment is suggested based on comparison with extant pollen.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
Triprojectacites are one of the stratigraphically important and
diverse groups of fossil angiosperm pollen for which the exact botanical
afﬁnity or, more precisely, afﬁnities still remain enigmatic. The polyphyletic nature of the group has often been discussed, and the triprojectate
morphology has been considered a convergent feature unifying several
systematic groups. Information on the Triprojectacites group comes
from dispersed pollen grains (with rare exception) and is mostly at
the transmitted light microscopic (LM) level. There are few works
using scanning electron microscopy (SEM) and even fewer applying
transmission electron microscopy (TEM) (see reviews in Farabee,
1993; Tekleva et al., 2015). For an adequate comparison with modern
and fossil angiosperms and determination of the botanical afﬁnities of
Triprojectacites species, it is necessary to study at least the main
morphotypes of this huge group with SEM and TEM. At the present
state of knowledge, more studies are still required to reach this goal.
In this paper, we present studies of three species belonging to the
Triprojectacites group from the late Maastrichtian of China using LM,
SEM, and TEM. We also discuss previous and new comparisons of this
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group with modern angiosperms and make some suggestions as to
the ecology of their parent plants.
2. Material and methods
The material comes from the uppermost Cretaceous Furao Formation, borehole XHY2008, in the vicinity of Xiaoheyan in Jiayin County,
China, Amur (Heilongjiang) River area, in the Zeya-Bureya Basin
(Markevich et al., 2011). The studied pollen grains belong to the
Aquilapollenites stelckii–Pseudointegricorpus clarireticulatum assemblage
of late Maastrichtian age. Thirty-four pollen grains identiﬁed as
Aquilapollenites quadricretaceus Chlonova were studied, 17 identiﬁed
as A. stelckii Srivastava, and 10 identiﬁed as A. amicus Srivastava. The
pollen grains were picked from the residue and each pollen grain was
studied with LM and SEM; some of them were further studied with
TEM. Pollen grains were photographed in glycerine slides on a Zeiss
Axioplan-2 microscope (LM) equipped with an AxioCam 105 digital
camera, and then processed for SEM and TEM according to the methods
described in Zavialova et al. (2018). Some images were processed with
Helicon Focus 6.6.1 software. The pollen grains were observed and
photographed under a TESCAN VEGA-II XMU SEM (accelerating voltage
20 kV) at the Borissiak Paleontological Institute, Russian Academy of
Sciences. The pollen grains were sectioned with a Leica EMUC6 ultramicrotome equipped with a diamond knife. The ultrathin sections were
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Plate I. Sp. 1, Aquilapollenites quadricretaceus, LM and SEM. 1, 2. LM, equatorial view, different focal levels. 3. SEM, polar view. 4. SEM, equatorial view. 5, 6. SEM, close-ups of polar
projections. 7–9. SEM, close-ups of a colpus with an aperture membrane (seen in 9). Arrowheads indicate endexine thickenings. Scale bars: 10 μm (1–4), 2 μm (5–9).

post-stained with lead citrate and uranyl acetate for some pollen grains,
and examined under Jeol 100 B and Jeol 1011 TEMs (accelerating voltage 80 kV) at the laboratory of electron microscopy, Biological Faculty,
Lomonosov Moscow State University. The Jeol 1011 TEM was equipped
with a side-mounted Orius SC1000W digital camera (11 megapixels,

effective 8.5 megapixels); Digital Micrograph v. 2.0 (Gatan) software
was used. Some sections were studied unstained.
Pollen grains of fresh material of Trapa natans L. (Lake Parovoye,
Nizhniy Novgorod Region, Russia (N 55.669056, E 43.549256)) were
treated following Zavialova et al. (2018) for extant material, with
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Plate II. Sp. 1, Aquilapollenites quadricretaceus, TEM, transverse sections. 1, 3, 5, 6. Sections of whole pollen grains at different levels. 2. Non-apertural region, showing a protruding outline of
the inner surface of the foot layer (arrowheads). 4, 7. Close-ups of a region with an increased infratectum thickness. Asterisks indicate areas with increased infratectum thickness, arrows
indicate small granules, t – tectum, i – infratectum, ﬂ – foot layer, end – endexine. Scale bars: 1 μm (1, 4), 0.5 μm (2), 2 μm (3, 5), 0.67 μm (6), 1.25 μm (7).

Table 1
Pollen measurements in light (LM) and scanning electron (SEM) microscopy Pollen measurements in light (LM) and scanning electron (SEM) microscopes.
Pollen characters Average (min-max)

A. quadricretaceus

A. stelckii

A. amicus

Polar axis LM/SEM
Equatorial diameter LM/SEM
Polar projection length LM/SEM
Polar projection width LM/SEM
Equatorial projection length LM/SEM
Equatorial projection width LM/SEM

48.3 (40.4–54.0)/46.2 (37.3–52.0)
48.3 (40.0–55.3)/47.3 (41.4–53.0)
16.7 (12.0–20.7)/16.0 (9.7–20.4)
13.0 (9.6–17.3)/12.4 (8.2–15.7)
18.0 (13.6–23.3)/17.6 (12.1–21.0)
12.6 (8.0–16.0)/12.2 (8.9–14.5)

42.5 (36.1–52)/44.0 (36.9–50.0)
40.9 (35.0–56.0)/43.9 (35.8–52.7)
15.4 (11–22.8)/15.4 (11.2–19.5)
9.9 (6.4–15.3)/10.8 (7.2–12.7)
15.1 (9.6–20.0)/15.5 (11.3–19.5)
10.0 (6.8–13.0)/10.7 (7.7–14.1)

36.1 (31.0–40.0)/34.2 (31.7–38.5)
29.3 (23.0–36.7)/25.4 (14.9–32.4)
13.4 (9.6–16.7)/14.1 (9.5–17.7)
14.8 (10.0–23.3)/15.0 (12.4–19.7)
6.9 (5.3–9.0)/5.5 (3.8–8.8)
6.4 (5.2–7.5)/6.3 (5.1–9.2)

4

M. Tekleva et al. / Review of Palaeobotany and Palynology 282 (2020) 104288

osmium tetroxide. Pollen grains were photographed in LM with a Nikon
Eclipse Ci equipped with a Nikon DS-Vi1 digital camera. Dry pollen
grains were observed with a Camscan-S2 SEM (accelerating voltage
20 kV) in SEI mode. The ultrathin sections were studied unstained
under JEM-1400 Flash and JEM-1011 (acceleration voltage 80 kV)
TEMs with an ORIUS SC1000W digital camera at the laboratory of
electron microscopy, Biological Faculty, Lomonosov Moscow State
University.
Pollen measurements were made under LM, SEM, and TEM. The
morphological terminology used follows Hesse et al. (2009), except
for some terms taken from original descriptions by other authors.
In this paper we use Aquilapollenites as a generic name for our
species, while Braman (2013) made new combinations for A. quadricretaceus, A. stelckii, and A. amicus, transferring them to Triprojectus
quadricretaceus (Chlonova) Braman, Parviprojectus stelckii
(Srivastava) Braman, and Parviprojectus amicus (Srivastava) Braman,
respectively.
3. Results
3.1. Sp.1, Aquilapollenites quadricretaceus (Table 1, Plate I, 1–9, Plate II,
1–7, Plate VII, 1, 3)
3.1.1. LM
Pollen grains are tricolpate and isopolar and often appear four-lobed
in equatorial view (Plate I, 1). The colpi reach the pollen body. Polar and
equatorial projections are of more or less the same length and width; in
general the polar projections are slightly shorter and wider than the
equatorial ones, but the difference is insigniﬁcant (see Table 1). The
equatorial projections have rounded ends; the polar ones may also
have rounded ends, although most often one of them is triangular
while the other has a rectangular outline (Plate I, 1). The exine sculpturing is granulate except at the ends of the polar projections, where it appears foveolate (Plate I, 2). The exine is two-layered, with endexine
thickenings typical for most triprojectate pollen (Plate I, 1). The exine
is thickened at the edges of the polar projections, giving them the
above-mentioned peculiar outlines (Plate I, 1, 2). One pollen grain
with the polar projections/polar axis reduced in length was observed
(Plate VII, 3).
3.1.2. SEM
The exine sculpturing is densely microechinate in the equatorial
region and on part of the polar projections and microreticulate on the
apical parts of the polar projections (Plate I, 3–6). The microechini
have rounded tips; their distribution becomes sparser in the transition
from the equatorial region to the polar projections (Plate I, 3–6). On
the equatorial projections (especially their distal parts) the microechini
are at an acute angle to the exine surface, oriented with their tips towards the pollen body (Plate I, 8). The exine surface between the
microechini is psilate with very rare perforations (Plate I, 7–9). The lumina on the polar projections tend to be smaller towards the top of
the projections, often reduced to the size of perforations or absent,
resulting in a psilate surface (Plate I, 5, 6). The colpus margin (or margin
of the equatorial projections) is ornamented by microechini arranged in
a row (Plate I, 7–9). The colpi extend just to the pollen body or somewhat further onto the polar projections (Plate I, 7). The aperture membrane is granular (Plate I, 9).
3.1.3. TEM
The non-apertural exine is from 1.1 to 2.5 μm thick, tectate,
columellate, with a thin tectum (except for protruding elements that
form the microechinate pattern) and foot layer; the infratectum is also
thin all around the pollen except in the equatorial regions, where it
greatly increases in thickness (Plate II, 1, 3–5, 7); the exine in these
thickened regions is from 3.2 to 5.0 μm thick. The tectum is about
0.3–0.4 μm thick without and up to 0.9–1.0 μm thick with the

protruding elements that form the microechinate pattern.
The infratectum thickness is about 0.2–0.4 μm, except in the equatorial
regions where it is thicker; the columella width is about 0.2–0.4 μm, and
in the lower part of the equatorially thickened infratectum small granules about 0.06–0.17 μm in diameter are observed (Plate II, 1, 3, 7).
The foot layer is 0.3–0.5 μm thick. At places, a protruding outline of
the inner surface of the foot layer was observed (Plate II, 2). The endexine is more electron-dense than the ectexine and appears homogeneous
(Plate II, 1, 2, 6, 7). The non-apertural endexine is thin, usually
0.05–0.2 μm, and thickens towards the apertural regions (Plate II, 1, 3,
6, 7).
3.2. Sp. 2, Aquilapollenites stelckii (Table 1, Plate III, 1–8, Plate IV, 1–7, Plate
VII, 2, 4)
3.2.1. LM
Pollen grains are tricolpate and isopolar or subisopolar. The colpi are
short. Polar and equatorial projections are similar in length and width,
although one polar projection is often slightly longer than the other,
and the equatorial projections sometimes appear somewhat wider
than the polar ones (Table 1, Plate III, 1, 2, Plate VII, 2). Polar and equatorial projections have rounded ends, although one of the polar projections often shows a rectangular outline (Plate III, 1, 2). The exine pattern
appears strioreticulate in LM, with striations oriented parallel to the
polar axis. The exine is two-layered; endexine thickenings are weakly
expressed.
3.2.2. SEM
The exine sculpturing is striate with striations oriented parallel to
the polar axis. The striations are regular and tile-like on the equatorial
projections (Plate III, 3, 6), becoming slightly interwoven on the body
and polar projections (Plate III, 4, 5). Colpi are short and occupy only
the tips of the equatorial projections (Plate III, 7, 8). The colpus margin
is solid. The aperture membrane is probably granular. One pollen
grain in which polar and equatorial projections were reduced in length
was observed (Plate VII, 4).
3.2.3. TEM
The non-apertural exine is from 1.4 to 3 μm thick, tectate,
columellate, with a thin tectum (excluding regions with protruding elements forming the striate pattern), thick infratectum, and relatively
thick foot layer (Plate IV, 3–6). The tectum is about 0.1–0.4 (rarely
0.6) μm thick without and 0.5–1.5 μm with the protruding elements
forming striations. The infratectum thickness is from 0.5 to 1.1 (rarely
1.8) μm; the columella width is about 0.3–0.4 μm, and rarely branched
columellae are observed (not shown); in the lower part of the
infratectum small granules about 0.08–0.17 μm in diameter are often
observed (Plate IV, 1, 2, 7). The foot layer is 0.4–0.6 μm thick. The endexine is more electron-dense than the ectexine and appears homogeneous (Plate IV, 2, 3, 5). The non-apertural endexine is thin, usually
0.01–0.05 μm, sometimes 0.1–0.2 μm; it thickens towards the apertural
regions (Plate IV, 2).
3.3. Sp. 3, Aquilapollenites amicus (Table 1, Plate V, 1–8, Plate VI, 1–4)
3.3.1. LM
Pollen grains are tricolporate and isopolar. The colpi are long,
reaching the polar regions and continuing up to half the height of the
polar projection (Plate V, 1, 2). The ora are not always clearly visible.
The polar projections are much longer and wider than the equatorial
ones, with rounded ends. The equatorial projections are small and auriculate, with rounded ends (Plate V, 1, 3). The exine sculpturing on the
body and polar projections is reticulate, with lumina mostly about
1 μm in diameter, although lumina of different sizes up to 2 μm can be
observed; the exine sculpturing on the equatorial projections is striate
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Plate III. Sp. 2, Aquilapollenites stelckii, LM and SEM. 1, 2. LM, equatorial view, different focal levels. 3. SEM, equatorial view. 4, 5. SEM, close-ups of polar projections. 6. SEM, close-up of
equatorial projection. 7, 8. SEM, close-ups of colpi. Scale bars: 10 μm (1–3), 5 μm (4, 6, 7), 2 μm (5, 8).

(Plate V, 1, 3). The exine is two-layered, with endexine thickenings typical for most triprojectate pollen.
3.3.2. SEM
The exine sculpturing is reticulate on the body and polar projections
and striate on the equatorial projections (Plate V, 4–7). The lumina are

mostly 1–1.5 μm in diameter, rarely less than 1 μm or up to 2 μm. The
muri are rather narrow, about 0.2–0.4 μm wide. On the equatorial projections the striations appear to radiate from more or less one area;
the width of the striations is comparable with that of the muri. The
colpi extend well onto the polar projection, occupying about half of its
height (Plate V, 5, 8).

6
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Plate IV. Sp. 2, Aquilapollenites stelсkii, TEM, transverse sections. 1, 2, 4. Sections of whole pollen grains at different levels. 3, 5. Close-ups of part of a pollen grain with apertural and nonapertural regions. 6, 7. Non-apertural region. AP – apertural region, NA – non-apertural region; arrows indicate small granules, arrowheads indicate endexine. Scale bars: 2 μm (1, 2, 4, 5),
1 μm (3, 6, 7). t – tectum, i – infratectum, ﬂ – foot layer.

M. Tekleva et al. / Review of Palaeobotany and Palynology 282 (2020) 104288

7

Plate V. Sp. 3, Aquilapollenites amicus, LM and SEM. 1, 2. LM, equatorial view, different focal levels. 3. LM, focus on equatorial projections. 4. SEM, close-up of a polar projection. 5, 6. SEM,
equatorial view. 7. SEM, equatorial projection. 8. SEM, colpus. Arrowheads indicate endexine thickenings. Scale bars: 10 μm (1–3, 5, 6), 5 μm (4), 2 μm (7, 8).

3.3.3. TEM
The exine is about 2.0–2.5 μm thick, semitectate, columellate,
with a thick tectum, thin infratectum, and relatively thick foot
layer (Plate VI, 1, 2, 4). The tectum is about 0.7–1.4 μm thick, the
columella height is 0.2–0.6 μm, and the columella width is

0.2–0.4 μm. The foot layer is about 0.5–0.9 μm thick. The endexine
is more electron-dense than the ectexine and appears homogeneous (Plate VI, 1, 3). The non-apertural endexine is about
0.1–0.2 (rare) μm thick; it thickens towards the apertural regions
(Plate VI, 1).
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Plate VI. Sp. 3, Aquilapollenites amicus, TEM. 1. Longitudinal section of a whole pollen grain, cut through one equatorial projection, endexine thickening towards the apertural regions (AP).
2–4. Transverse sections. 2. Section of a whole pollen grain, cut through three equatorial projections (EP). 3. Close-up of apertural region. 4. Close-up of a central part of the pollen. Scale
bars: 2 μm (1, 2), 1 μm (3, 4). t – tectum, i – infratectum, ﬂ – foot layer, end – endexine.

4. Discussion
4.1. Comparison of the studied species with similar Triprojectacites taxa
When found in the pollen spectra, the studied pollen species 1, 2,
and 3 were determined as Aquilapollenites quadricretaceus, A. stelckii,

and A. amicus, respectively. Aquilapollenites quadricretaceus and
A. stelckii occur relatively often, while pollen grains of A. amicus are
rare. The palynological assemblage was previously studied by
Markevich et al. (2011), and a taxon list was presented in table 3
there; however, Aquilapollenites quadricretaceus and A. amicus were absent in the taxon list for this sample. The Triprojectacites group of this
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Plate VII. Pollen grains with normal (1, 2) and reduced (3) polar and (4) polar and equatorial projections. 1, 3. Aquilapollenites quadricretaceus. 2, 4. Aquilapollenites stelсkii. Scale
bars: 10 μm.

sample comprises Cranwellia striata Srivastava, Aquilapollenites stelckii,
A. cruciformis Mtchedlishvili, A. conatus Norton, A. subtilis Mtchedlishvili,
A. procerus Samoilovich, A. rhombicus Samoilovich, Aquilapollenites sp.,
Integricorpus bellum Mtchedlishvili, Pseudointegricorpus clarireticulatum
(Samoilovich) Takahashi, and Parviprojectus reticulatus Mtchedlishvili
(Markevich et al., 2011). While the presence of A. stelckii corresponds
well with previous work, the absence of the other two species in the
list needs explanation.
The ﬁrst explanation could be that we misidentiﬁed our sp. 1 and
sp. 3. However, one of the few works presenting SEM of triprojectate
pollen, by Farabee (1993), shows SEM photos of A. quadricretaceus and
A. amicus that are indistinguishable from our sp. 1 and sp. 3, respectively, which supports our determinations. Sp. 1 ﬁts well with the diagnosis of A. quadricretaceus except for the recognition that the exine
pattern, while appearing granular at standard working magniﬁcations
(×400–×600), is seen to be reticulate at higher ones (with immersion).
Another difference is that the polar axis of A. quadricretaceus was described as longer (58 (52–64) μm) by Chlonova (1961). While a difference in pollen size can be explained by pollen variability and a large
range of pollen size characterizing a species, exine sculpturing is
among the more crucial characters. However, this recognition of the

reticulate nature of the exine has been ignored or rejected by many authors who indicate the presence of A. quadricretaceus in their palynological assemblages based on verrucate/granulate sculpture. For example,
Braman's (2013) comments on A. quadricretaceus are “The sculpture appears to be verrucate to granulate on the specimens observed in the
present study rather than the reticulate one suggested in the original
description.” As seen under SEM, the exine of apical parts of the polar
projections of the studied species has microreticulate to foveolate sculpture (Plate I, 3–6). This may be one of the reasons for the reticulate exine
pattern indicated in Chlonova's description of A. quadricretaceus. Or the
reticulation seen by Chlonova may have represented the infratectal
structure, and not the sculpture pattern of the pollen. Or the originally
described pollen grains of A. quadricretaceus may have indeed had a reticulate exine, and the attribution of verrucate forms to this species
needs reconsideration. On the other hand, for those researchers who
take the reticulate exine pattern as a crucial character, such pollen
might have been described as A. subtilis. And this may explain the situation we face with our material. The diagnosis of A. subtilis also ﬁts our
sp. 1, and the described pollen size matches nicely our measurements.
However, Mchedlishvili (1961) indicated that A. subtilis differs from
other species of the genus in having a thinner exine and especially
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Plate VIII. Trapa natans, 1–4 LM, 5–7 SEM, 8–10 TEM. 1, 2. Polar view, optical section. 3. Equatorial view, optical section. 4. Polar view, surface. 5. Equatorial view. 6. Polar view. 7. A
meridional crest. 8. Section of a whole pollen grain. 9. Non-apertural region. 10. Apertural region. Scale bars: 10 μm (1–7), 5 μm (8), 2 μm (9), 1 μm (10). t – tectum, cav – cavity, end –
endexine, int – intine.
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weakly developed nexine thickenings. This remark refutes determination of our sp. 1 as A. subtilis, as our sp. 1 has a rather thick exine and
well-developed endexine thickenings. Braman (2013) treated
A. subtilis and A. nenjiangensis Yu, Guo et Mao as synonyms, although
the diagnosis and photos of A. nenjiangensis (Yu et al., 1983) show notable differences from A. subtilis and our studied species, so we will not
discuss A. nenjiangensis further. Other listed Aquilapollenites species
also differ from our sp. 1. A. procerus differs in having reticulate
sculpture and equatorial projections that are usually longer than the
polar ones; A. cruciformis and A. insignis, in having wider and longer
equatorial projections relative to the polar ones (Mchedlishvili, 1961;
Samoilovitch, 1965). The most plausible explanation is that A. quadricretaceus was incorrectly entered in table 3 of Markevich et al. (2011) as
A. cruciformis, as the latter appeared in the table twice and A. quadricretaceus was mentioned as occurring in Furao Formation pollen spectra in
the text.
The most interesting feature of our sp. 2 (A. stelckii) concerns its
exine sculpture. It was initially described as retipilate by Srivastava
(1968), then Farabee (1993) considered it strioreticulate. In LM the
exine pattern indeed appears strioreticulate on the polar projections
and body and striate on the equatorial projections. However, in SEM it
is clear that the exine sculpture on both the polar and equatorial projections is striate, although the striation patterns are different. This shows
once again the importance of SEM (and TEM) studies for correct description and interpretation.
Our sp. 3 is characterized by tricolporate pollen grains. However, the
ora are often unclear and, for this reason, our sp. 3 could have been determined as Parviprojectus reticulatus (tricolpate pollen) in Markevich
et al. (2011) or Aquilapollenites reticulatus Stanley (Stanley, 1961),
which Braman (2013) treated as a synonym of Parviprojectus reticulatus.
The overall description of Parviprojectus reticulatus ﬁts our sp. 3 (except
for the absence of ora), although the equatorial projections are notably
longer (9.7–15.6 μm versus 5.3–9.0 μm in our pollen and 5–10 μm in
A. reticulatus as described by Stanley (1961)). We think this is a rather
crucial character for distinguishing these species and not considering
them synonyms. The description of A. reticulatus by Stanley (1961) ﬁts
well our sp. 3 except for the tricolpate condition of A. reticulatus, in contrast to the tricolporate pollen of our sp. 3. Another similar species with
tricolpate pollen, Parviprojectus dolium Samoilovich, has short equatorial projections (2.2–6.4 μm), but in P. dolium they are notably shorter;
besides, the exine sculpturing is microreticulate with more uniformly
sized lumina, and there is no mention of whether the exine sculpturing
of the equatorial projections is striate; from the description it is supposed to be microreticulate as well. The description of A. amicus perfectly matches our sp. 3. In addition, our species looks quite similar to
Aquilapollenites amicus illustrated by Farabee (1993) with SEM. The
equatorial projections for this species ﬁgured in Braman (2013) are longer, but this may fall in the range of infraspeciﬁc variability. A. amicus
and A. reticulatus (Stanley, 1961) appear to differ only in the presence
of endoapertures in A. amicus. So, the absence of A. amicus in the taxon
list of Markevich et al. (2011) could be a result of either its misidentiﬁcation as A. reticulatus or Parviprojectus reticulatus, or its rare occurrence
in the pollen spectra; in other words, our studies revealed this species
when it had been missed in previous work.
We observed one pollen grain of Aquilapollenites quadricretaceus and
one pollen grain of A. stelckii with a reduced length of the polar and/or
equatorial projections. This character (ratio of polar and equatorial projections) is crucial for distinguishing some Triprojectacites species at the
LM level, so these ﬁnds again urge researchers to provide at least SEM
observations in studies of dispersed pollen of this group for a clear interpretation. Aquilapollenites quadricretaceus and A. stelckii show more similarity to each other in their exine ultrastructure than they do to
A. amicus; the latter differs notably in its thicker foot layer and thin
infratectum.
So far, TEM has been applied to a very limited number of fossil
triprojectate species: Aquilapollenites amicus, A. conatus Norton,
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A. quadricretaceus, A. quadrilobus Rouse, Mancicorpus notabile Mtchedlishvili, M. rostratus Srivastava, M. vancampoi Srivastava, Mtchedlishvilia
canadiana Srivastava, and Pseudointegricorpus clarireticulatum (Skvarla
et al., 1987; Farabee, 1990, 1993; Tekleva et al., 2015). Unfortunately,
except for Pseudointegricorpus clarireticulatum, there is no detailed description of the species studied in TEM and the photos are few, so it is
difﬁcult to use these data effectively. The available TEM photos of
A. quadricretaceus and A. amicus are in good accordance with our data
for our spp. 1 and 3.
4.2. Comparison with pollen grains of modern angiosperms
Previous works suggested similarities of Triprojectacites members
with species from Apiaceae, Rubiaceae, Proteaceae, Sapindaceae,
Loranthaceae, Santalaceae, Olacaceae, Caprifoliaceae s. lat. (including
Morinaceae s. str., Dipsacaceae s. str., Caprifoliaceae s. str.), Elaeagnaceae, and Simaroubaceae (see review in Tekleva et al., 2015). The
most “popular” comparisons include Apiaceae, Santalaceae, Loranthaceae, Morinaceae, and Proteaceae; the latter group is especially attractive in light of the two known ﬁnds of triprojectate tetrads arranged
according to Garside's law (Catterall and Srivastava, 1985; Farabee
and Skvarla, 1988). Among the above-mentioned families, besides
Proteaceae, some Olacaceae members also have tetrads arranged according to Garside's law. Farabee (1991) made a detailed comparison
of the main suggested modern taxa using SEM and found the most resemblance of some Triprojectacites taxa to some species of Santalaceae
and Apiaceae. He also stated that the similarity of Morina (Morinaceae)
and Aptandra (Olacaceae) in pollen morphology to triprojectates results
from convergence as an adaptation to particular environments. The
exine ultrastructure in the families compared to fossil triprojectate pollen is quite diverse: columellate (Apiaceae, Dipsacaceae, Olacaceae,
Rubiaceae, Sapindaceae, Simaroubaceae), columellate, granular, or homogeneous (Proteaceae), spongy or granular (Morinaceae), and
granular-columellate or columellate with a granular matrix between
the columellae (Loranthaceae) (Feuer, 1978, 1986, 1989, 1990; Feuer
and Kuijt, 1980; Verlaque, 1983; Blackmore and Cannon, 1983;
Dettmann and Jarzen, 1990, 1996; Milne, 1994; El-Ghazaly et al.,
2001; Sauquet and Cantrill, 2007; paldat.org, n.d.). So, each case should
be carefully considered in terms of the exine ultrastructure; there are
groups with a rather speciﬁc structure of the foot layer (e.g., Proteaceae),
without a foot layer (Morinaceae), with branched columellae (Dipsacaceae s.str.), etc.
In the present paper, we present some new comparisons with
species from Lythraceae. Although the choice of this family may seem
strange and surprising, there are several reasons that led us to the comparison. On the one hand, there is still very little information on the
detailed morphology (in SEM) and exine ultrastructure (TEM) of
Triprojectacites species, which impedes further reliable comparison
with the above-mentioned, “most popular,” extant groups of angiosperms. This will have to wait for the accumulation of factual data on
different Triprojectacites genera and species. On the other hand,
Braman (2013) presented a short review of hypotheses on palaeoecology of the Triprojectacites group; among them Srivastava (1973) suggested their preference for marshy, paludal environments, while there
are also some different ideas from other authors. Tekleva et al., 2019a,
2019b suggested the possibility of an aquatic or semiaquatic (wetland)
environment for some Triprojectacites species. In this context, we decided to make a comparison with a new family, Lythraceae, which
attracted our attention by having several similar features in light of
the aforesaid. Lythraceae are a widespread large family with numerous
species occupying aquatic and wetland environments; among them
there are dominant members in wetland biocenoses, including woody
species with a relatively high percentage of pollen productivity and
high possibility of being represented in a pollen spectrum (Graham,
2006). Pollen grains of Lythraceae species show trends towards complexity and thickening of the exine in particular parts of the wall
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(Graham et al., 1985, 1987, 1990), as in some studied Triprojectacites
species. In Lythraceae pollen as well as in Onagraceae and Myrtaceae
(Kriebel et al., 2017), a trend towards ornamentation and projections
in the regions near the apertures is conspicuous; this character is also
somewhat reminiscent of pollen structure in Triprojectacites members.
Although pollen grains of Lythraceae do not possess such clearly
expressed projections, there is still some similarity in overall morphology. Most probably, these features are of convergent origin, but at this
stage of knowledge we need an accumulation of as much data as possible for comparison. There are a number of taxa in Lythraceae that show
equatorial structures somewhat similar to triprojectate morphology:
Trapa, Decodon, Didiplis, Lafoensia, Sonneratia, Duabanga, and Lourtella.
Among them, Trapa and the similar extinct genus Hemitrapa show the
most outstanding morphology: large pollen, prolate-spheroidal, triangular amb, with three protruding apertures (short colpi/colpate to
porate) and three meridional crests; the exine is differently sculptured
– psilate, perforate to rugulate and verrucate, depending on the pollen
region and/or species (Mohr and Gee, 1990; Zetter and Ferguson,
2001; Plate VIII, 1–7). Decodon has medium-sized prolate pollen with
a circular amb, tricolporate apertures, colpi meridionally elongated,
exine psilate to scabrate; in SEM faint elongated depressions parallel
to the colpi are seen, representing incipient/residual pseudocolpi or
slight folds (Lieux, 1983; Graham et al., 1985; Volkova, 2014). Didiplis
has small oblate-spheroidal pollen with a triangular to oval-triangular
amb, exine protruding in the mesocolpal region, tricolporate apertures,
colpi meridionally elongated, exine striate to rugulate in the mesocolpal
region (Graham et al., 1985). Lafoensia has medium-sized prolate to
subprolate pollen with a circular or slightly lobate amb, tricolporate apertures with six pseudocolpi, meridionally elongated, exine scabrate to
ﬁnely verrucate and psilate-punctate in the equatorial zone of the
mesocolpial ridge, psilate at the poles (Graham et al., 1987). Duabanga
has small prolate to prolate-spheroidal pollen with an oval amb,
triporate apertures, pores equatorially arranged and slightly protruding,
exine scabrate to ﬁnely verrucate in mesocolpal regions and psilate to
areolate at the poles (Graham et al., 1990). Sonneratia has mediumsized prolate pollen with an irregular amb, tricolporate apertures (or
triporate with pores located in elongated apertural ﬁelds), with three
pseudocolpi, colpi meridionally elongated, exine scabrate to ﬁnely
verrucate, psilate on the mesocolpal ridges and areolate at the poles
(Muller, 1978; Graham et al., 1990; Mao et al., 2009). Lourtella has
small prolate to prolate-spheroidal pollen with a circular amb,
tricolporate apertures, colpi meridionally elongated, exine scabrate to
ﬁnely verrucate (Graham et al., 1990). Another member of this family,
Cuphea (Graham and Graham, 1971; Graham et al., 1985), bears some
similarity to Cranwellia in the Triprojectacites group, which is not considered in the present paper but provides more basis for a comparison
with Lythraceae. The exine ultrastructure in Lythraceae species shows
great diversity, although it is mostly columellate; often the endexine is
well-developed and rather thick towards the apertural regions; this
thickening begins far from the apertural regions and is often combined
with reduction of the foot layer, sometimes also beginning almost at the
polar regions (Graham et al., 1985, 1987, 1990; Volkova, 2014). Such an
endexine-foot layer condition was not observed in our Triprojectacites
taxa, despite their characteristic endexine thickenings. An increased
thickness of the infratectum like that observed in our Aquilapollenites
quadricretaceus has not been indicated in any Lythraceae species. The
columellate infratectum of Lythraceae species shows a great diversity,
sometimes resembling the columellate infratectum of the studied species (as well as many other dicot pollen grains). Trapa pollen grains
show a completely different exine ultrastructure from our pollen
(Plate VIII, 8–10). Pollen morphology of Lythraceae species does not coincide with that of our Aquilapollenites species; however, there are similar trends in some features characteristic both for Lythraceae and the
species under study: protruding equatorial ora and pores in prolate pollen, frequent occurrence of a striate and reticulate exine pattern, consistent presence of endexine, infratectal columellae mostly simple and not

branched. At least one species, Pseudointegricorpus clarireticulatum, has
meridional furrows similar to the pseudoapertures of Lythraceae. The
colporate condition is rare in Triprojectacites species and occurs in species with rather short equatorial projections,which raises the idea that
the protruding part of the pollen grain, which corresponds to the equatorial projections of Triprojectacites, might have been replaced functionally by the ora in tricolporate pollen like that of extant angiosperms.
The fossil record of Lythraceae pollen shows that after the ﬁrst ﬁnds
in the Late Cretaceous the family rapidly diverged and became widely
distributed by the end of the Paleocene (Muller, 1978; Grimsson et al.,
2011; see reviews in Graham, 2013 and Volkova, 2014). Volkova
(2014) studied and analyzed different “pseudoapertural” structures
and, in particular, the possible path of evolutionary development of
the pseudocolpi in Lythraceae and concluded that the pseudocolpi are
newly formed structures and not a result of aperture reduction.
In the Lythraceae taxa considered above we observe varying degrees
of protrusion of the apertures or equatorial parts of the wall. The recent
idea of a possibly aquatic or semiaquatic (wetland) environment for at
least some Wodehouseia and Triprojectacites species (Tekleva et al.,
2019a, 2019b) gets some support from these new comparisons, based
on the ecology of some of the above-mentioned taxa of Lythraceae
(Trapa, Hemitrapa, Decodon, Didiplis, Sonneratia). Although Wodehouseia
pollen exhibits quite different pollen morphology and ultrastructure, it
is often found in the same pollen spectra as triprojectates. Its botanical
afﬁnity is also unknown and suggested comparisons with systematic
groups vary greatly, but there are also a number of aquatic or semiaquatic taxa with somewhat similar morphology (e.g., Lemna, Myriophyllum (Alwadie, 2008)). It is possible that such morphologies resulted
from highly specialized adaptation to wetland or aquatic environments.
This does not imply that such morphology was exclusively an adaptation to wetland or aquatic environment. What we consider probable is
that this morphology reﬂects a high degree of specialization, and the
range of possible environments to which it was adapted could have included several types.
Together with other previous comparisons of the Triprojectacites
group, we suggest that the development of such morphological features
shows an adaptation to the environment rather than a phylogenetic
character. This idea was repeatedly suggested in a number of earlier
works (see review in Farabee, 1993). However, in order to prove this a
detailed study of many more Triprojectacites members using SEM and
TEM is needed that would also make possible an adequate comparison
with possible modern relatives of members of this group.

Declaration of Competing Interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.
Acknowledgements
We thank Dr. Andrey Sinjushin (Lomonosov Moscow State University) for collecting and sharing the fresh material of Trapa natans. The reviewers comments helped to improve the text. We are greatly thankful
to Prof. James Doyle who considerably improved the text by correcting
the English and by making helpful comments. The study was supported
by the Russian Foundation for Basic Research, 17-04-01094 for MT and
SP, № 17-04-01582 for EV and VS, and projects of 2015FY310100
(MOST, China) and DD20160120-04 (CGS, China) for G. Sun.
References
Alwadie, H.M., 2008. Pollen morphology of six aquatic angiosperms from Saudi Arabia.
Asian J. Biol. Sci. 1 (1), 45–50.
Blackmore, S., Cannon, M.J., 1983. Palynology and systematics of Morinaceae. Rev.
Palaeobot. Palynol. 40, 207–266.

M. Tekleva et al. / Review of Palaeobotany and Palynology 282 (2020) 104288
Braman, D.R., 2013. Triprojectate Pollen Occurrence in the Western Canada Sedimentary
Basin and the group’s Global Relationships. Royal Tyrrell Museum of Palaeontology,
Drumheller.
Catterall, R., Srivastava, S.K., 1985. Aquilapollenites tetrads from the Edmonton Group of
Alberta, Canada, and their afﬁnity. Pollen Spores 27, 391–412.
Chlonova, A.F., 1961. Pyl’tsa i spory verhnej poloviny pozdnego mela vostochnoj chasti
Zapadno-sibirskoj nizmennosti [Spores and Pollen of the Upper Half of the Upper
Cretaceous in the Eastern Part of West Siberian Lowland]. Trudy Instituta Geologii i
Geoﬁziki Sibirskogo Otdeleniya Akademii Nauk SSSR, Novosibirsk (in Russian).
Dettmann, M.E., Jarzen, D.M., 1990. Pollen evidence for Late Cretaceous differentiation of
Proteaceae in southern polar forests. Can. J. Bot. 69, 901–906.
Dettmann, M.E., Jarzen, D.M., 1996. Pollen of proteaceous-type from latest Cretaceous
sediments, southeastern Australia. Alcheringa 20, 103–160.
El-Ghazaly, G., Huysmans, S., Smets, E.F., 2001. Pollen development of Rondeletia odorata
(Rubiaceae). Am. J. Bot. 88 (1), 14–30.
Farabee, M.J., 1990. Triprojectate fossil pollen genera. Rev. Palaeobot. Palynol. 65 (1–4),
341–347.
Farabee, M.J., 1991. Botanical afﬁnities of some Triprojectacities fossil pollen. Am. J. Bot. 78
(9), 1172–1181.
Farabee, M.J., 1993. Morphology of Triprojectate fossil pollen: Form and distribution in
space and time. Bot. Rev. 59 (3), 211–249.
Farabee, M.J., Skvarla, J.J., 1988. Examination of a pollen tetrad of Integricorpus reticulatus
(Mtchedlishvili) Stanley from the Maastrichtian of North Dakota, U.S.A. Palynology
12, 43–48.
Feuer, S.M., 1978. Aperture evolution in the genus Ptychopetalum Benth. (Olacaceae). Am.
J. Bot. 65 (7), 759–763.
Feuer, S., 1986. Pollen morphology and evolution in the Persoonioideae, Sphalmioideae
and Carnarvonioideae (Proteaceae). Pollen Spores 28, 123–156.
Feuer, S., 1989. Pollen morphology of Embothrieae (Proteaceae) I. Buckinghamiinae,
Stenocarpinae, Lomatiinae. Grana 28, 225–242.
Feuer, S., 1990. Pollen aperture evolution among the subfamilies Persoonioideae,
Sphalmioideae, and Carnarvonioideae (Proteaceae). Am. J. Bot. 77, 783–794.
Feuer, S.M., Kuijt, J., 1980. Fine structure of mistletoe pollen. III. Large-ﬂowered Neotropical Loranthaceae and their Australian relatives. Am. J. Bot. 67 (1), 34–50.
Graham, S.A., 2006. Lythraceae. In: Kubitzki, K. (Ed.), The Families and Genera of Vascular
Plants. Volume IX. Flowering Plants: Eudicots: Berberidopsidales, Buxales,
Crossosomatales. Springer, Berlin, pp. 226–246.
Graham, S.A., 2013. Fossil records in the Lythraceae. Bot. Rev. 79, 48–145.
Graham, S.A., Graham, A., 1971. Palynology and systematics of Cyphea (Lythraceae). II.
Pollen morphology and infrageneric classiﬁcation. Am. J. Bot. 58 (9), 844–857.
Graham, A., Nowicke, J., Skvarla, J.J., Graham, S.A., Patel, V., Lee, S., 1985. Palynology and
systematics of the Lythraceae. I. Introduction and genera Adenaria through Ginoria.
Am. J. Bot. 72 (7), 1012–1031.
Graham, A., Nowicke, J., Skvarla, J.J., Graham, S.A., Patel, V., Lee, S., 1987. Palynology and
systematics of the Lythraceae. II. Genera Haitia through Peplis. Am. J. Bot. 74 (6),
829–850.
Graham, A., Graham, S.A., Nowicke, J., Patel, V., Lee, S., 1990. Palynology and systematics of
the Lythraceae. III. Genera Physocalymma through Woodfordia, Addenda, and conclusions. Am. J. Bot. 77 (2), 159–177.
Grimsson, F., Zetter, R., Hofmann, Ch.-C., 2011. Lythrum and Peplis from the Late Cretaceous and Cenozoic of North America and Eurasia: New evidence suggesting early diversiﬁcation within the Lythraceae. Am. J. Bot. 98 (11), 1801–1815.
Hesse, M., Halbritter, H., Weber, M., Buchner, R., Frosch-Radivo, A., Ulrich, S., 2009. Pollen
Terminology - An Illustrated Handbook. Springer, New York.
Kriebel, R., Khabbazian, M., Sytsma, K.J., 2017. A continuous morphological approach to
study the evolution of pollen in a phylogenetic context: An example with the order
Myrtales. PLoS One 12 (12), 1–27.
Lieux, M.H., 1983. An atlas of pollen of trees, shrubs, and woody vines of Louisiana and
other southeastern states, part V. Lythraceae to Euphorbiaceae. Pollen Spores 25
(3–4), 321–350.

13

Mao, L.-m., Wang, D., Chen, J.-h., Zhong, C.-r., 2009. Pollen morphology of 6 species from
Sonneratia as a fossil guide. Acta Palaeontol. Sin. 48 (2), 254–267.
Markevich, V.S., Bugdaeva, E.V., Ashraf, A.R., Sun, G., 2011. Boundary of Cretaceous and Paleogene continental deposits in Zeya-Bureya Basin, Amur (Heilongjiang) River region.
Global Geol. 14 (3), 144–159.
Mchedlishvili, N.D., 1961. Triprojectacites. In: Samoilovich, S.R., Mchedlishvili, N.D. (Eds.),
Pyl’tsa I Spory Zapadnoj Sibiri, Jura-Paleocen [Pollen and Spores from Western Siberia, Jurassic-Paleocene]. Trudy VNIGRI, Leningrad, pp. 203–229 (in Russian).
Milne, L.A., 1994. Relationship between Propylipollis annularis (Tertiary dispersed pollen)
and extant Xylomelum (Proteaceae). In: Kurmann, M.H., Doyle, J.A. (Eds.), Ultrastructure of Fossil Spores and Pollen. Royal Botanic Gardens, Kew, pp. 193–213.
Mohr, B.A.R., Gee, C.T., 1990. Sporotrapoidites erdtmanii (Nagy) Nagy, a trapaceous pollen
species pertaining to the Oligocene to Pliocene genus Hemitrapa Miki. Grana 29 (4),
285–293.
Muller, J., 1978. New observations on pollenmorphology and fossil distribution of the
genus Sonneratia (Sonneratiaceae). Rev. Palaeobot. Palynol. 26, 277–300.
paldat.org, d. PalDat - a palynological database: Descriptions, illustrations, identiﬁcation,
and information retrievalhttp://www.paldat.org/.
Samoilovitch, S.R., 1965. Pyl’tsa novyh vidov verhnemelovyh pokrytosemennyh rastenij
Jakutii [New pollen species of Upper Cretaceous angiosperms of Yakutia].
Paleophytological Symposium, Trudy VNIGRI 239, 123–141 (in Russian).
Sauquet, H., Cantrill, D.J., 2007. Pollen diversity and evolution in Proteoideae (Proteales:
Proteaceae). Syst. Bot. 32 (2), 271–316.
Skvarla, J.J., Farabee, M.J., Chissoe III, W.F., 1987. Fossil pollen ultrastructure by transmission imaging in a scanning electron microscope (TSEM). J. Palynol. 23-24, 205–211.
Srivastava, S.K., 1968. Reticulate species of Aquilapollenites and emendation of genus
Manicorpus Mchedlishvili. Pollen Spores 10, 665–699.
Srivastava, S.K., 1973. Paleoecology of pollen genera Aquilapollenites and Mancicorpus in
Maestrichtian deposits of North America. 24th International Geological Congress,
Section 7, Paleontology, Montreal 111–120.
Stanley, E.A., 1961. The fossil pollen genus Aquilapollenites. Pollen Spores 3 (2), 329–352.
Tekleva, M.V., Markevich, V.S., Bugdaeva, E.V., Sun, G., Gavrilova, O.A., 2015.
Pseudointegricorpus clarireticulatum (Samoilovitch) Takahashi. Hist. Biol. 27 (3–4),
355–365.
Tekleva, M.V., Polevova, S.V., Bugdaeva, E.V., Markevich, V.S., Sun, G., 2019a. Further interpretation of Wodehouseia spinata Stanley from the Late Maastrichtian of the Far East
(China). Paleontol. Zhu. 53 (2), 203–213.
Tekleva, M.V., Polevova, S.V., Bugdaeva, E.V., Markevich, V.S., Sun, G., 2019b. Unique sets
of exine features in morphology and ultrastructure of oculata and triprojectate pollen
from Zeya-Bureya Basin. Abstracts for Int’l Symposium on Cretaceous Biota and the
K-Pg boundary in Jiayin of Heilongjiang, China and the 2nd Jiayin Forum on Fossil
Protection, pp. 34–35.
Verlaque, B., 1983. Contribution a l’étude du genre Morina L. Pollen Spores 25 (2),
143–162.
Volkova, O.A., 2014. Struktura, razvitie i vozmozhnye puti stanovlenija psevdoborozd
pyl'cevyh zeren dvudol'nyh rastenij [Structure, development and possible ways of establishment of pseudocolpi in pollen grains of dicotyledonous plants]. Ph.D. thesis.
Lomonosov Moscow State University (unpubl.).
Yu, J., Guo, Z., Mao, S., 1983. Cretaceous palynological assemblages from the district south
of the Songhua River. Professional Papers on Stratigraphy and Palaeontology 10,
pp. 1–87.
Zavialova, N.E., Tekleva, M.V., Polevova, S.V., Bogdanov, A.G., 2018. Electron Microscopy
for Morphology of Pollen and Spores. RIPOL Classic Press, Moscow.
Zetter, R., Ferguson, D.K., 2001. Trapaceae pollen in the Cenozoic. Acta Palaeobot. 41,
321–339.

