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A study on the leaf cuticle ultrastructures of Baiera furcata from the Lower Cretaceous Huolinhe Formation in East
Inner Mongolia, Northeast China, was conducted with transmission electron microscopy (TEM) and elements
analysis by Energy Dispersive Spectroscopy (EDS). TEM observation revealed the ultrastructural details from or-
dinary epidermal cells for both upper and lower cuticles, and stomatal apparatus, which were all made with A2
(granular) and B1 (fibrilous) layers. Additionally, well-preserved cell remnantswere also observed. Comparisons
with other cuticles of the Ginkgoales were made using statistical measurements and evaluations of some poten-
tial Order characteristics, and genus–species characteristics were also emphasized. Two potential ultrastructural
groups can be recognized: Baiera–Sphenobaiera and Ginkgo–Ginkgoites–Pseudotorellia. This is reinforced by EDS
element analysis, whereby ratios could also be compared with another closely related Ginkgoalean taxon
Sphenobaiera huangii. The paleoenvironment significances is discussed, and it seems to support the TEM and
EDS results. It indicates a signature in the cuticle fine details of Sphenobaiera, which has experienced a putatively
warmer paleoenvironment than that of Baiera.
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1. Introduction

The application of transmission electronmicroscopy (TEM) in paleo-
botany beginning in the late 1980s (e.g., Archangelsky and Taylor, 1986;
Archangelsky et al., 1986) has considerably contributed to our
knowledge of the cuticle ultrastructure of fossil plants. Until now,
many groups, such as pteridosperms (Guignard et al., 2001, 2004;
Thévenard et al., 2005), Cycadeoidales (Villar de Seoane, 2005),
Bennettitales (Villar de Seoane, 1999, 2001, 2003), Czekanowskiales
(Zhou and Guignard, 1998), Ginkgoales (Guignard and Zhou, 2005;
Wang et al., 2005; Del Fueyo et al., 2013) and conifers (Archangelsky
and Del Fueyo, 1989; Barale et al., 1992; Nosova et al., 2016) have
been studied for their cuticle ultrastructure by using the TEM technique.
Among them, special interest has been given to the cuticle ultrastruc-
ture in the family Cheirolepidiaceae in the last 30 years, and nearly
10 species belonging to 6 genera have been studied by TEM
(Archangelsky and Taylor, 1986; Guignard et al., 1998; Villar De
Seoane, 1998; Zhou et al., 2000; Yang et al., 2009; Mairot et al., 2014;
Guignard et al., 2017; Yang et al., 2018). However, few studies have
been conducted on the cuticle ultrastructure of Ginkgoales. At present,
only the leaf cuticles ultrastructures of living Ginkgo biloba L. and fossil
Ginkgo yimaensis Zhou et Zhang from the Middle Jurassic of China
(Guignard and Zhou, 2005), Ginkgoites skottsbergii Lundblad (Guignard
et al., 2016) and Ginkgoites ticoensis Archang. (Del Fueyo et al., 2013)
from the Early Cretaceous of Argentina, and Sphenobaiera huangii
(Sze) Hsü from the Middle Jurassic of China (Wang et al., 2005) have
been described.

BaieraBraun (1843) is one of the oldest fossil foliage types of
Ginkgoales. It is among the most common genera of ginkgoalean vege-
tative leaves in theMesozoic of both Laurasia and Gondwana. Hundreds
of species of Baiera have been reported since the establishment of the
genus, and in China, approximately 31 species have been documented
from Permian to Neogene (Zhou andWu, 2006). Affiliated reproductive
structures were poorly known until Zhou and Zhang (1992) described
ovulate organs of Yimaia as being intimately associated with Baiera
hallei Sze in the Middle Jurassic of Henan, China. Similar ovulate organs
ascribed to B. muensteriana (Sternberg) (Braun, 1843) were restudied
by Kirchner (1992) based on the original material from the Liassic of
Franconia, Germany. The progress made on reproductive structures
has contributed to our knowledge of the classification and relationships
of Baiera (Kirchner, 1992; Zhou and Zhang, 1992). In China, ovulate or-
gans of Yimaiawere also found to be associated with Baiera-type leaves
from theMiddle Jurassic of Qinghai Province, Northwest China, and the
associated leaf segments of Baiera bear a resemblance to that of the
Yorkshire Middle Jurassic species Baiera furcata (Lindley et Hutton)
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Fig. 2. Baiera furcata (arrows) from the Early Cretaceous Huolinhe Formation, Holingola,
Inner Mongolia, China (Specimen PB 22980).
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Braun (Wu et al., 2006). This species is themostwidespread leaf around
theworld (Harris et al., 1974; Zhou andWu, 2006). In China, this species
have been recorded from more than thirty localities based on impres-
sion specimens from the Upper Triassic to the Early Cretaceous (Zhou
et al., 2019).

In this paper, the foliage of Baiera furcatawas reinvestigated with an
emphasis on the cuticular ultrastructure by using TEM and element
analysis EDS (Energy Dispersive Spectroscopy) to study the cuticles
and the rockmatrix, respectively, of the plant-bearing beds. To compare
with Sphenobaiera huangii formerly studied in TEM (Wang et al., 2005),
an EDS element analysis of this taxon has been added to this paper. The
paleoenvironment feature is also discussed based on the ultrastructure
of the cuticle and element analyses of the rockmatrix, incorporating ev-
idence from the associated fossil plants (Deng, 1995).

2. Material and methods

The specimens studied in the present paper were collected from a
thin gray mudstone at the lower coal-bearing bed of the Early Creta-
ceous Huolinhe Formation in the Huolinhe coal mine (45°29′06″ N,
119°34′30″ E.) of Holingola City of the Inner Mongol Autonomous Re-
gion, northeastern China (Fig. 1). The graymudstone contains abundant
plants of compressed ginkgoalean leaves, and most of them are domi-
nated by Baiera furcata and its fragments (Fig. 2). The cuticle structure
of Baiera furcata from the Early Cretaceous Huolinhe Formation in
Holingola has been described (Deng, 1995), here an emphasis was put
on the cuticular ultrastructure reinvestigated by using TEM.

Pieces of cuticle were treated with hydrofluoric acid (HF 70%) for
12–18 h and were subsequently macerated in Schulze's solution (con-
centrate nitric acid and potassium chlorate) for approximately 12 h.
When they became yellow and translucent, they were rinsed with
water, then treated with dilute ammonium hydroxide (5%) for a few
seconds to half a minute, and then thoroughly rinsed with water. The
samples for TEM were prepared following Lugardon (1971), which
was used for living plant cuticles (conifers and angiosperms;
Bartiromo et al., 2012, 2013). In total, 11 pieces of the cuticle samples
from 6 leafy segments were embedded in Epon resin: 5 blocks were
made from10 treatedmaterials, and 1 blockwasmade from1untreated
material for comparison (not illustrated inplates, as the sectionswere of
unfavorable quality). From these, 110 ultrathin sections of 60–70 nm
thickness were made and were collected on uncoated 300mesh copper
grids (100 transversal sections, i.e., perpendicular to the leaf length; 10
Fig. 1. Sketched geographic map showing the fossil locality (45°29′06″ N, 119°34′30″ E.)
Holingola in East Inner Mongolia, Northeast China.
longitudinal sections, i.e., parallel to the leaf length). Some attempts
were also made with 10 single-slot oval whole 2 mm/1 mm uncoated
copper grids. Ultrathin sections were selected, observed and
photographed with a Philips CM 120 TEM at 80 kV, at the Centre de
Technologie des Microstructures (CTμ) of Lyon-1 University, France.

EDS (energy dispersive spectroscopic) analysis was performed on
the TEM using SIRIUS SD ENSOTECH and IDFIX software with accelera-
tion voltage 120 kV, spot sizes 1–3, processing time 60–120 s, constant
time of 4 μs. Fifteen copper 300mesh uncoated grids of the presentma-
terial were made, devoid of uranyl acetate and lead citrate staining. To
compare with Sphenobaiera huangii, five sections mounted on grids
were prepared for this taxon, which had already been studied by TEM
(Wang et al., 2005). Among the available elements, Cu and Al were
eliminated in the results as belonging to the grid, Os as part of the em-
bedding technique, Si as part of the oils used in the TEM, and C and O
also as major parts of the EPON embedding resin. Measurements were
evaluated with a Mann–Whitney test, using XLSTAT version 2018.2
software, which provided diagrams of the results that were included
in this paper. For TEM and EDS statistics, XLSTAT 2019.1 was used
(Addinsoft, 2019, XLSTAT statistical and data analysis solution. Long Is-
land, NY, USA. https://www.xlstat.com.). Element analyses of thematrix
containing fossil plants from the two localities were undertaken using
an energy dispersive X-ray (EDX) system attached to LEO-1530VP in
Nanjing.

The hand specimens of Baiera furcata (number PB22980) and
Sphenobaiera huangii (number PB20041) is housed in the Nanjing Insti-
tute of Geology and Palaeontology, Chinese Academy of Sciences, China.
TEMmaterial and negatives are stored in the Lyon-1 University, Villeur-
banne, France.

3. Results

3.1. Cuticle ultrastructure

The cuticle ultrastructure of the ordinary epidermal cells (Plates I–
II), and the subsidiary and guard cells of the stomatal apparatus were
observed in detail (Plate III). All statistical data (Table 1; Supplementary
material A) were calculated using 30measurements. Four types of cuti-
cles, two for ordinary epidermal cells and two for stomatal apparatus
cells, were discerned. All cuticular membranes (CM) consisted of A2
granular layer (belonging to the cuticle proper [CP]) and B1 fibrilous
and somewhat reticulate layer(belonging to the cuticular layer [CL]).
The data described below are the mean values, and the percentage of
each component of the cuticle is also shown (Table 1; Supplementary
material A).

Two types of cuticles were observed for the ordinary epidermal cell
cuticle (Plates I, II): the upper cuticle was thicker, about 2.63 μm in
mean thickness (Table 1), with more of the A2 layer than the B1 layer
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Plate I. Ultrastructural transmission electron micrographs, ordinary epidermal cell cuticles of Baiera furcata (specimen PB22980), general views. OP = outer part, IP = inner part, UC =
upper cuticle, LC= lower cuticle, CR= cell remnants. All micrographs are from untreated material, transversal sections. 1, 2, 4. Sections of leaves, showing the thicker upper cuticle and
thinner lower cuticle, separated by cell remnants where details of cell are hardly distinguishable. 3. One edge of section of leaf, with the two thicker upper and thinner lower cuticles
connected and their different thicknesses. Cell remnants are visible in the middle part of the leaf.
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in based on the mean (72.24% versus 27.76%, respectively); the lower
cuticle was thinner (1.53 μm in mean), with less thickness of the A2
layer than the B1 layer (43.79% versus 56.21%). This is true for all parts
of the leaf sections, including the edges, where the two cuticles are
linked but showing different thicknesses (Plate I, 3). In the details of
the ultrastructure, for both upper (Plate II, 1–10) and lower (Plate II,
11–15) cuticles, thefibrils of the B1 layermake various schemes of retic-
ulum thatmixedwith other straight fibrils. They usually oriented paral-
lel to the inner surface of the cuticle (Plate II, 6–8, 14–15) with quite
few of them oriented perpendicularly (Plate II, 10). Amorphous
and darkly stained cell remnants are present. The bottom of the B1
layer is directly connected with cell wall remnants, which are visible
inmany cases (Plate II, 8, 13, 15). The lower cuticle showsmany foldings
(Plate II, 13), and the cell remnants are apparently absent from these
foldings.

Although this taxon is amphistomatic, the number of stomatal appa-
ratuses is too rare on the upper cuticle sections, and only those from
lower cuticles were observed in details. The A2 and B1 layers were
also observed in the subsidiary and guard cell cuticles (Plate III). In
cases where the whole stomatal apparatus could be observed, the two
subsidiary and two guard cells kept a space for outer and inner cham-
bers (Plate III, 1–2). The subsidiary cell cuticle was the thickest, with
2.86 μm in mean, and had a high proportion of the A2 layer (81.46%)
versus a thin B1 layer (18.54% of the total thickness). The guard cell cu-
ticle was 0.34 μm thickness in mean, with 64.70% of the A2 layer and
35.30% of the B1 layer. Amorphous and darkly stained cell remnants
were also present.

Inmany cases, the cell remnantswere present, and some of thewell-
preserved details were observed (Plate IV). Although the cell contents,
such as organelles, were not visible, cell membrane remnants were
quite often present. In some cases, they were three-layered (Plate IV,
4, 7–8) as classical cell membranes, with one darkly stained and two
translucent layers. In other cases, they were mono-layered (Plate IV,
1–2, 5), probably depending on the section and/or of the state of preser-
vation; in the other photos, they were intermediate. In some cases, the
cell membrane remnants make clear edges of cells (Plate IV, 1–2) or
shorter parts of cells with many straight lines (Plate IV, 3–4). In some
observations, they were grouped in more or less complicated foldings
(Plate IV, 3, 6, 9–10), making their interpretation very difficult, as clear
classical cell organelles could not be distinguished.
3.2. EDS analysis

For the EDS analysis, the present Baiera furcata material was com-
pared with that of another Ginkgoales species, Sphenobaiera huangii,
which had not been previously analyzed with EDS (Wang et al., 2005).
As the most common cell cuticles available in sections mounted on
grids are from ordinary epidermal cells, extremely rarely observed sto-
matal apparatuses were unfortunately not checked. Using the EDS sys-
tem, the data of the cuticle elements that were obtained may include
those from both the resin and meshes (Fig. 3). To provide only compa-
rable values of cuticle elements, Cu, Al, Os, Si, C and O were eliminated.
Among the potential ratios (Table 2, Supplementarymaterial B), four el-
ements (N/S, N/Cl, S/Cl, K/Ca)with insignificant differences in fivemea-
surements from the Mann–Whitney test, were selected for the two
layers (A2, B1) of the ordinary epidermal cells in the lower and upper
cuticles. Those with homogeneous values of resin provided similar
eventual errors due to the elements in the resin. Added to the confi-
dence interval values, all of these cuticle values were also determined
to be significantly different or similar by using the Mann–Whitney
test. Among the 40 possibilities of comparisons (Table 2; four ratios be-
tweenA2 and B1 of the same cuticlemultiplied by four types of cuticles;
four ratios between A2 of the upper and lower cuticles, four ratios be-
tween B1 of the upper and lower cuticles of the same taxon multiplied
by the two taxa of Baiera and Sphenobaiera; four ratios between A2 of
the upper cuticles of the two taxa, four ratios between B1 of the lower
cuticles of the two taxa), some had significant differences in their ratio
value, while others have insignificant differences (Fig. 6). In the EDS
analyses, each layer has its own characteristics.



Plate II. Ultrastructural transmission electron micrographs, ordinary epidermal cell cuticles of Baiera furcata (specimen PB22980), details. ECM = extracuticular material, CR = cell
remnants, CW = cell wall, AW = anticlinal wall, A2 = granular layer of the cuticle proper, B1 = fibrilous or reticulate layer of the cuticular layer. All micrographs are from untreated
material, transversal sections. 1–10. Ordinary epidermal cell upper cuticle. 1–2. Whole cuticles with thin and thick B1 layer, respectively. Note the A2 granular layer with amorphous
material, the B1 fibrilous and reticulate layer. 3–4. Cuticle areas with anticlinal walls. 5. Details of the fibrils of B1 layer of photo 4. 6–10. Details of the lower part of the cuticle,
connected to the cell remnants, showing usual fibrilous and reticulate B1 layer (6–9), oriented more or less parallel to the inner surface of the cuticle. In rare cases (10), some fibrils
are oriented transversely to the inner surface of the cuticle. Remnants of cell wall, with long, thin and very parallel lines are also visible in some cases. 11–15. Ordinary epidermal
lower cuticle. 11–12. Two cases of whole cuticles with thin and thick B1 layer, respectively. Note the A2 granular layer with amorphous material, the B1 fibrilous and reticulate layer.
In one case (12) cell wall remnants are hardly visible, made with long and thin lines very parallel to the inner surface of the cuticle. 13. Folding of the cuticle as usually observed in the
lower cuticle, where the cell remnants apparently not involved in this part. Some cell wall remnants are also visible in one part. 14–15. Middle (14) and lower part (15) of the cuticle,
with fibrils and reticulum of the B1 layer, directly connected to the inner surface of the cuticle or with some small fragments of cell wall remnants.
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Plate III. Ultrastructural transmission electron micrographs, stomatal apparatus and subsidiary and guard cell cuticles of Baiera furcata (specimen PB22980). ECM = extracuticular
material, CR = cell remnants, OC and IC = outer and inner chambers of the stomatal apparatus, SC and GC = subsidiary and guard cell cuticles, A2 = granular layer of the cuticle
proper, B1 = fibrilous or reticulate layer of the cuticular layer. All photos are from untreated material. Except photo 1 which is from a longitudinal section, all other micrographs are
from transversal sections. 1–3. General views. These whole sections provide all constituents of stomatal apparatus. Photo 3 is only half of one stomatal apparatus, with the outer and
inner chambers, one guard cell and one subsidiary cell cuticles. Note the remnants of the guard cell membrane just below the cuticle (arrow). 4–5. Details of subsidiary cell cuticle,
with A2 granular and B1 fibrilous and reticulate layers, the difference in consistency of the two layers being more visible in photo 5. 6–8. Details of guard cell cuticle, photos 6–7 being
a detail of 3. Note the two A2 and B1 layers, directly connected to the cell remnants.
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4. Discussion

4.1. Taxonomic implications

4.1.1. Ultrastructure
The present material represents the first leaf ultrastructural cuticle

study on the genus Baiera. The result shows that the ultrastructural cu-
ticle of Baiera furcata is composed of the A2 and B1 layers. Statistical
measurements allowed for comparisons between different layers of
the Baiera furcata cuticle by using the confidence interval (Fig. 4), and
a three-dimensional reconstruction (Fig. 5) and a dichotomous key
(Table 3) were made. By using very simple keys (Table 3), i.e., the pro-
portions of A2 and B1 layers, as well as the total thickness of the cuticu-
lar membrane, the four types of cuticles could be identified easily. We
found that subsidiary cell cuticle overlapped other cuticles that were
shown to be more heterogeneous in their thickness variations. Among
the three characters evaluated (total cuticular membrane [CM] thick-
ness and thickness of A2 and B1 layers), the upper and lower cuticles
of the ordinary epidermal cell and the guard cell cuticle yielded their
own identities. This demonstrated the importance of the details of ultra-
structural measurements and a special equilibrium for each type of
cuticle.
The only other known cuticle, which is made with the A2 and B1
layers in a detailed ultrastructure, was recorded in Sphenobaiera huangii
(Wang et al., 2005). As it also belongs to Ginkgoales, some similar char-
acters with Baiera furcata are striking: this taxon is also devoid of the A1
polylamellate layer (Wang et al., 2005, figs. 19, 27); the B1 fibrilous
layer is also reticulate in some cases (Wang et al., 2005, figs. 21, 33).
Moreover, although themeasurements for this taxon are, unfortunately,
not so detailed, according tofigs. 16–35 (Wang et al., 2005) the A2% and
B1% of the ordinary epidermal cell upper cuticle of this taxon (76% and
24%, respectively) are quite similar with the present material of Baiera
(72.24% and 27.76%, respectively).

Although the number of studies is still too limited in Gingkoales,
based on the presentmaterial, it seems that this ordermay be composed
of two ultrastructural groups of cuticles: the Baiera–Sphenobaiera type
(two taxa: Baiera furcata, Sphenobaiera huangii) is made with A2 and
B1 layers, while the Ginkgo–Ginkgoites–Pseudotorellia type (six taxa:
living Ginkgo biloba, fossils Ginkgo yimaensis, Ginkgoites ticoensis,
G. skottbergii, Pseudotorellia asiatica Nosova et Kiritchkova and
P. samylinae Nosova et Kiritchkova) has a very different cuticle, with
A1 upper and lower sublayers, A2 and B1 layers (Guignard and Zhou,
2005; Del Fueyo et al., 2006, 2013; Guignard et al., 2016; Nosova et al.,
2019). For Ginkgoites, G. tigrensis Archang. (Villar de Seoane, 1997)



Table 1
Statistical values, made with 30 measurements for each type of cell cuticles of Baiera
furcata.

Ordinary epidermal cell, upper cuticle Ordinary epidermal cell, lower
cuticle

Mean Min–max % St-d Mean Min–max % st-d

CM 2.63 2.08–3.94 100 0.57 1.53 1.13–1.92 100 0.23
CP (A) 1.90 1.16–3.13 72.24 0.49 0.67 0.29–1.17 43.79 0.22
A2 1.90 1.16–3.13 72.24 0.49 0.67 0.29–1.17 43.79 0.22
CL(B) 0.72 0.33–1.62 27.76 0.37 0.86 0.53–1.25 56.21 0.20
B1 0.72 0.33–1.62 27.76 0.37 0.86 0.53–1.25 56.21 0.20

Stomatal apparatus

Subsidiary cell cuticle Guard cell cuticle

Mean Min–max % St-d Mean Min–max % St-d

CM 2.86 0.3–5.02 100 1.79 0.34 0.20–0.56 100 0.11
CP (A) 2.33 0.23–5.02 81.46 1.7 0.22 0.09–0.39 64.70 0.08
A2 2.33 0.23–5.02 81.46 1.7 0.22 0.09–0.39 64.70 0.08
CL (B) 0.53 0–2.30 18.54 0.69 0.12 0.05–0.31 35.30 0.08
B1 0.53 0–2.30 18.54 0.69 0.12 0.05–0.31 35.30 0.08

Note. Min–max=minimum andmaximum values observed. % = percentage of each de-
tailed part of the cuticle. st-d = standard deviation. The cuticular membrane CM is made
up with cuticle proper CP (=A = A2 layer) and cuticular layer CL (=B = B1 layer). All
measurements are in μm.
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were shownwithout a detailed ultrastructure but had a cuticle assigned
to Karkeniaceae with strong affinities to the two layers of Sphenobaiera
huangii (Wang et al., 2005), which is not considered in this paper. It is
interesting to note that, from our study, Ginkgoales are divided into
two ultrastructural groups, while in gross morphology, there are more
than two groups of leaf fossils (Zhou, 2009): Ginkgo and Ginkgoites are
more or less related; Baiera and Sphenobaiera are different. At present,
there is only one known species of each Baiera and Sphenobaiera that
have been studied at the species level of taxonomy; thus, only the po-
tential genus-species taxonomy level can be evocated. Four characters
can be summarized: (1) S. huangii has the same thickness for both
upper and lower ordinary epidermal cell cuticles (6.5 μm), showing a
difference with that of B. furcata (2.63 and 1.53 μm, respectively).
(2) The subsidiary cell cuticle is slightly thinner than the ordinary epi-
dermal cell cuticle in S. huangii (6 μm versus 6.5 μm, respectively),
which is contrary to that in B. furcata (2.86 versus 2.63 μm, respectively).
(3) The guard cell cuticle is approximately three times thinner than the
ordinary epidermal cell cuticle in S. huangii (2.5 for 6.5 μm, respectively)
and is approximately nine times thinner in B. furcata (0.34 versus 2.63
μm, respectively). (4) The percentages of the thickness of the A2 layer
of the subsidiary and guard cell cuticles are smaller than the B1 layer
in S. huangii (8.33% and 32% versus 91.66% and 68%, respectively),
which is the reverse in B. furcata (64.7% and 81.46% versus 18.54% and
35.3%, respectively). Compared with other taxonomical groups, no
other fossil families or orders are identical to the present Baiera furcata
ultrastructural features of cuticle; they are Czekanowskiales (Zhou and
Guignard, 1998), Pteridospermales (Guignard et al., 2001; Thévenard
et al., 2005; Carrizo et al., 2014), including Corystospermaceae
(Guignard et al., 2004), Bennettitales (Villar de Seoane, 1999, 2001,
2003); cycadalean cuticles (Artabe et al., 1991; Archangelsky et al.,
1995; Passalia et al., 2010), Coniferales Cheirolepidiaceae (Guignard
et al., 1998; Yang et al., 2009; Guignard et al., 2017; Yang et al., 2018)
and Miroviaceae (Nosova et al., 2016), living Pinaceae (Bartiromo
et al., 2012).

Due to good preservation of the material, the guard cell cuticle is
present and noticeable, although it is not so often observed by TEM.
The low thickness of the guard cell cuticle, which is usually observed
in many taxa, is usually correlated with the function of closing or open-
ing the stoma, as a thin cuticle is much more malleable than a thick cu-
ticle. The guard cell cuticle was revealed to be the thinnest of the other
types of cuticles of Baiera, with 0.34 μm in average thickness versus 2.63
and 1.53 μm in the mean for the two ordinary epidermal cell cuticles
(Table 1). In the group Baiera–Sphenobaiera, the latter taxon
Sphenobaiera shows a thinner guard cell cuticle (2.5 μm versus 6.5 for
the two ordinary epidermal cell cuticles) (Wang et al., 2005); therefore,
we can state the homogeneity of this group. It seems to be different for
the group Ginkgo–Gingkoites–Pseudotorellia, for which two possibilities
occur. The fossil Ginkgoites agrees with the taxa just evocated:
G. ticoensis has 0.46 μm in mean thickness for the guard cell cuticle,
1.02 μm for the ordinary epidermal cell cuticle (Del Fueyo et al.,
2013); in G. skottsbergii (Guignard et al., 2016), the guard cell cuticle is
0.47 μm and the ordinary epidermal cell cuticle is 2.07 μm. However,
as a contrary, the Ginkgo (living G. biloba male and female, fossil
G. yimaensis), guard cell cuticle is thicker than all lower cuticles, with
1.76–2.34 μm for the guard cell cuticle, 1.11–1.75 μm for the 3 lower or-
dinary epidermal cell cuticles (Guignard and Zhou, 2005). These Ginkgo
guard cell cuticle features are very unusual, as guard cell cuticles are also
very thin in other taxa beside Ginkgoales: in Cheirolepidiaceae,
Pseudofrenelopsis dalatzensis (Chow et Tsao) Cao ex Zhou,
Pseudofrenelopsis gansuensis Deng, Yang et Lu, the guard cell cuticle is
1.77–1.88 μm thick, and the ordinary epidermal cell cuticles are
9.41–12.27 μm (Yang et al., 2009; Guignard et al., 2017); in Hirmeriella
muensteri (Schenk) Jung, the guard cell cuticle is 0.8 μm thick, and the
ordinary epidermal cell cuticle is 11.5 μm (Guignard et al., 1998). In
Pteridospermales (Dichopteris), the guard cell cuticle is 3.6 μm thick,
the ordinary epidermal cell cuticle is 14.7–17.8 μm (Thévenard et al.,
2005). In pteridosperms, Pachypteris leaves have a guard cell cuticle of
3.99 μm in thickness and an ordinary epidermal cell cuticle of
13.68–12.26 μm thick (Guignard et al., 2004). In some living plants,
such as Agave americana L., Plantago major L. and Ardisia crenata Sims,
the A1 polylamellate layer is correlated with impermeability (Fischer
and Bayer, 1972; Wattendorff and Holloway, 1980, 1982; Wattendorff,
1992; Jeffree, 2006). The present fossil guard cell cuticle is, therefore,
quite unusual comparedwithmost of the other fossil guard cell cuticles.
Baiera furcata has the same layers as the ordinary epidermal and subsid-
iary cell cuticles, A2 and B1. In some living angiosperms, such as Agave
Americana, Plantago major and Ardisia crenata, the A1 polylamellate
layer is correlated with impermeability (Fischer and Bayer, 1972;
Wattendorff and Holloway, 1980, 1982; Wattendorff, 1992; Jeffree,
2006). As A1 is absent from the present material, the impermeability
of the guard cell cuticle could be related in this case with the presence
and special thickness % equilibrium of the A2 and B1 layers (approxi-
mately 2/3 of A2 and 1/3 of B1 layers; Table 1).

4.1.2. EDS
In our study, approximately six-element and four-element EDS ra-

tios were selected (N/S, N/Cl, S/Cl, K/Ca, Supplementary material B);
thus, different types of comparisons can be achieved. It has to be no-
ticed, first, that this study reveals the same range of ratios as those
of former EDS studies, with three-five ratios and four-five elements se-
lected: N/F, N/Cl, F/Cl, K/Ca in Coniferales, Cheirolepidiaceae,
Suturovagina intermedia (Yang et al., 2018); N/S, N/Cl, N/K in
Coniferales, Cheirolepidiaceae, Pseudofrenelopsis dalatzensis and
P. gansuensis (Guignard et al., 2017); Cl/N, K/S, N/Ca, S/Ca, K/Ca in
Gingkoales, Ginkgoites ticoensis and G. skotttsbergii (Guignard et al.,
2016). Comparing the present EDS results with those of former studies,
the N/Cl (or Cl/N) ratio seems to be characteristic of cuticles of all orders
and is, therefore, always significant.

For fossil plants, the EDS data are very limited and are only available
for very few taxa. Thanks to TEM EDS, details of the elements of the dif-
ferent cuticle layers are, therefore, possible for taxonomical consider-
ations. Some cuticle part may show element differences of distinction
between genera or species, e.g., in gymnosperms (D'Angelo et al.,
2010), seed ferns, conifers and cycad-related fossils (D'Angelo and
Zodrow, 2011; D'Angelo et al., 2011); pteridophyll cuticles (Zodrow
and Mastalerz, 2007); or other seed ferns (Zodrow et al., 2010;
D'Angelo et al., 2012). It is also the case in chemotaxonomy for N and
Cl (tree ferns in Stoyko et al., 2013) and N, Ca, Cl (seed ferns in



Plate IV. Ultrastructural transmission electron micrographs, cell remnants of Baiera furcata (specimen PB22980). All micrographs are from untreatedmaterial, transversal sections. CR=
cell remnants, CW=cellwall, B1=fibrilous or reticulate layer of the cuticular layer. 1–2. Edges of cellswith cellmembranes remnantsmono-layered in these two cases. 3–5. Longparts of
cells with straight cell membranes three-layered in some parts, mono-layered in other parts. Between these straight membranes, other more or less agglomerated membranes may also
occur as in photo 3. 6–10. More or less agglomeratedmembranes, three- or mono-layered, among amorphous cell remnants. In the upper part of photo 6 amorphous translucentmaterial
mixed with membranes is also observed.
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Zodrow et al., 2016). Based on the present and former EDS studies
(Guignard et al., 2016), for Ginkgoales, K/Ca is useful for all studied
taxa and could be a potential order characteristic; however, it is not ex-
clusive, as it is also useful for one genus of Coniferales, Suturovagina be-
longing to Cheirolepidiaceae (Yang et al., 2018). Within Ginkgoales, the
two groups Baiera–Sphenobaiera and Ginkgo–Ginkgoites, just evocated
in their ultrastructure, are also congruent. Sphenobaiera huangii (Wang
et al., 2005) could be used for EDS comparisons using the Mann–
Whitney test; these element analyses are also significant for the group
Baiera–Sphenobaiera, as it shows two significant EDS common ratios
(Fig. 6, Table 2 middle part), including N/Cl, K/Ca for B1 of both lower
cuticles. Moreover, the other group of Ginkgoales (Ginkgo–Ginkgoites),
shows very different EDS ratios, based on an unfortunate few study
cases of EDS in one genus (Ginkgoites) (Guignard et al., 2016). Ultra-
structurally, only one species of each Baiera and Sphenobaiera were
studied in EDS until now; thus, only the genus-species taxonomy level
can be summarized. At this level, three points can be evocated. First,
comparing Baiera furcata and Sphenobaiera huangii cuticles (Table 2,
middle part), predominant and significant differences were recognized
and enhance the identity of each taxon at the genus-species level.



Fig. 3. Examples of EDS analyses of Baiera furcata and Sphenobaiera huangii cuticles and resins. For each taxon (a, b), the A2 lower cuticles diagrams are on the left side, the resin diagrams
on the right side.
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Among all ratios, eight of them seem to be of potential genus-species
taxonomical interest, as they are significantly different between the
two taxa (Table 2: N/S, N/Cl, S/Cl, K/Ca for both A2 upper and lower
Table 2
Summary of EDS ratios significant differences or/not between the layers of Baiera furcata and S

types of 
Mann-Whitney 
tests 

between A2 or
between B1 of 

the 2 cuticles of
Baiera furcata

between A2 or
between B1 of the 2 

cuticles  of
Sphenobaiera 

huangii

between A2 or between 
B1 of the two taxa, for

OEC upper  cuticle

layers ratios OEC
upper 
cuticle

OEC
lower 
cuticle

OEC
upper 
cuticle

OEC
lower 
cuticle

Baiera 
furcata

Sphenobaiera 
huangii

A2 N/S 0.29-0.31 1.26 0.85 0.31 1.26

A2 N/Cl 0.92 0.42 0.09 0.05 0.92 0.09
A2 S/Cl 2.93 1.51 0.07 2.93 0.07

A2 K/Ca 1.18-1.44 0.83 0.44 1.18 0.83

B1 N/S 0.31-0.39 1.09-1.58 0.31 1.09

B1 N/Cl 0.78 0.39 0.07 0.56 0.78 0.07

B1 S/Cl 2.58 1.16 0.06-0.49 2.58 0.06
B1 K/Ca 1.11-1.84 0.46-1.08 1.11 0.46

Note: green color = insignificant differences, the 2 means are indicated for each ratio; purple
cuticles; N/S, S/Cl for both B1 upper and lower cuticles; N/Cl, K/Ca for
B1 upper cuticles). Second, the details of the A2 and B1 layers in Baiera
furcata are totally homogeneous in both the upper and lower cuticles
phenobaiera huangii upper and lower cuticles.

between A2 or between 
B1 of the two taxa, for  

OEC lower cuticle

between A2 and 
B1 of the 2 cuticles 
of Baiera  furcata

between A2 and B1 
of the 2 cuticles of  

Sphenobaiera 
huangii

Baiera 
furcata

Sphenobaiera 
huangii

layers 
and ratios

OEC
upper 
cuticle

OEC
lower 
cuticle

OEC
upper 
cuticle

OEC
lower 
cuticle

0.29 0.85 A2 N/S
B1 N/S

0.31 0.29-
0.33

1.09-1.26 0.85-1.58

0.42 0.05 A2 N/Cl 0.78-
0.92

0.39-
0.42

0.07-0.09 0.05
0.561.51 0.07 B1 N/Cl

1.44 0.44 A2 S/Cl 2.58-
2.93

1.16-
1.51

0.06-0.07 0.07-0.49
0.33 1.58 B1 S/Cl

0.39-0.56 A2 K/Ca
B1 K/Ca

1.11-
1.18

1.44-
1.84

0.46-0.83 0.44
1.08

1.16 0.49
1.08-1.84

color = significant differences, each mean is indicated for each ratio.



Fig. 4.Means and confidence intervals of the layers of Baiera furcata upper and lower cuticles.
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(Table 2, right part). This demonstrates the unity of these cuticles in
their element compositions. It shows almost the same schemes for
Sphenobaiera, with 100% homogeneity for the upper cuticle; however,
its lower cuticle shows half heterogeneity between theA2 and B1 layers.
Third, comparing the two A2 layers (or the 2 B1 layers) between the
upper and lower cuticles (Table 2 left part), half of the ratios are signif-
icantly different, showing the identity of each upper and each lower cu-
ticle in Baiera furcata. This is also the same scheme for Sphenobaiera
huangii, but with different ratios. The insignificant characteristics are
homogeneous but show the identity of each taxon. Differences between
upper and lower cuticles of one taxon are difficult to interpret; however,
the different and possible roles of these two parts of a leaf may be
evocated for these different molecular compounds.

Although cell organelles seem to be absent from the present mate-
rial, the quality of cell residues with distinct membranes is quite inter-
esting, as cell remnants are mostly found in younger geological
periods and mainly in angiosperms (Niklas et al., 1978; Niklas and
Brown, 1981; Niklas, 1983; Niklas et al., 1985; Schoenhut et al., 2004;
Shen et al., 2016). However, in recent years, they have been increasingly
observed in Mesozoic gymnosperms, i.e., Ginkgoales (Del Fueyo et al.,
2013) and Coniferales (Guignard et al., 1998; Yang et al., 2018). This en-
hances the very good quality of the present Baiera fossils, as they were
found in gray mudstone which allowed this excellent preservation. In
this good preservation, the membrane three-layered were observed in
some places, similar with living plants membranes. However, organites
like chloroplasts could not be found, it seems that these organites are
much more preserved in fossil plants from younger geological periods,
and vanished in older material. Cell remnant ratios of the presentmate-
rial could not be compared with those of Sphenobaiera huangii, as they
were absent from the latter material; however, the EDS ratio values
and Mann–Whitney test (Supplementary material C) show significant
differences among the cuticle ratios and demonstrate the real identity
of this material. Although ratios of cuticle layers are variable, for Baiera
cell remnants N/S (0.57) is always higher than for cuticle layers, N/Cl
(0.90) is higher except for one value of A2 from upper cuticle (0.92),
S/Cl is among the values of cuticle layers, K/Ca is always lower. This con-
ducts to a tendency for more N, K, Cl in cell remnants than in cuticle
layers, conversely for less S and Ca.

4.2. Paleoenvironment

Interestingly, three complementary aspects can be envisaged: the
cuticle TEM and EDS details, the EDS of the rock matrix, and the associ-
ated flora of the two taxa are compared.

First, the function of molecules in the cuticles is mainly studied in
some living angiosperm taxa (Fernández and Eichert, 2009;
Dominguez et al., 2011; Fernández and Brown, 2013). However, there
are still very few cuticle results on the elements, and the “chemical up-
take behavior of leaves… remains largely unknown” (Ahmadi et al.,
2016). No result had yet been obtained by using the details of the



Fig. 5. Three-dimensional reconstruction of the cuticles of Baiera furcata with TEM ultrastructure.
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different cuticle layers, as was achieved successfully for the present fos-
sil material. Concerning environmental considerations and TEM results,
the previous comparisons between the same species from two different
environments demonstrated the influence on the layers of cuticles (fos-
sil Komlopteris nordenskioeldii (Nathorst) Barbacka, Guignard et al.,
2001; living Pinus halepensisMill. and living Erica arborea L., Bartiromo
et al., 2012, 2013).Moreover, EDSwas recently applied efficiently to fos-
sil Suturovagina intermedia Chow et Tsao (Yang et al., 2018), and some
element ratios were evaluated for the environmental signature. It was
significantly different between two paleoenvironments (more and less
xerothermic) for the same species. In this study, we include two species
of two genera; it is, thus, not evident to demonstrate the influence of the
environmental significances. However, in comparison with the
Suturovagina study, some convergent remarks can be made. This en-
hances the possible signature of the paleoenvironment through the cu-
ticle details, which indicate warmer climate for Sphenobaiera huangii
than for Baiera furcata.

Five EDS elementswere used efficiently for this study (S, N, K, Ca, Cl).
However, although the first two elements were studied based on
the cuticles and environment in other living and fossil plants
(Grammatikopoulos et al., 1998; Santrucek et al., 2004; Guan et al.,
2011; Rashidi et al., 2012; Elliott-Kingston et al., 2014; Fernández
et al., 2016; Somapala et al., 2016; Simioni et al., 2017; Steinthorsdottir
et al., 2018), only the last three elements (Ca, K, Cl) seemed to infer
Table 3
Dichotomous key for the four types of cuticles of Baiera furcata.

Total cuticle thickness 0.3 μm 65% A2 versus 35%

Thicker A2 than B1 layer Total cuticle thickness 2.6–2.9 μm 81% A2 versus 19%
72% A2 versus 28%

Thicker B1 than A2 layer 44% A2 versus 56% B1

Note. The total thickness of the cuticular membrane may be divided in two components: A2 o
potential interest for the paleoenvironment in the present study. The
thickness of the cuticle of Baiera furcata is less thin (over two times thin-
ner: ordinary epidermal cell cuticles are 2.63 and 1.53 μm in mean, for
the upper and lower cuticles, respectively; and 6.5 μm in average for
both upper and lower cuticles in Sphenobaiera huangii, Wang et al.,
2005), which is usually related to a less xerothermic environment. In
addition, two EDS results or data also converged for the same consider-
ations. First, potassium (K) is useful in plant cuticle development (gen-
era Agave and Clivia, Wattendorff and Holloway, 1982), and its
penetration through the cuticle is studied in angiosperms (Schönherr,
2002; Elshatshat et al., 2007), especially in Pyrus and Citrus (Schönherr
and Luber, 2001), as well as in Acer and Citrus (Tyree et al., 1990).
More preciselywith xerothermy and stress, Ca is alsowell studied in cu-
ticles (Guzmán-Delgado et al., 2016), and in a study of leaves of living
Arabidopsis thaliana (L.) Heynh., Benikhlef et al. (2013) experimented
with “a soft mechanical stimulation” to induce an artificial “stress”
that is related to a higher Ca content. In the fossil Suturovagina study,
a higher K/Ca ratio (=lower Ca value) was potentially related to a
lower xerothermy (Yang et al., 2018). In the present study, compared
with Sphenobaiera huangii, the K/Ca values are always higher in Baiera
furcata (Table 2), which may induce a possible climate that is less
warm for the Sphenobaiera taxon. Second, following the study in living
Pinus ponderosa Lawson and Pseudotsuga menziesii (Mirb.) Franco,
where the cuticular transpiration is revealed to be higher during
B1 Guard cell cuticle

B1 Total cuticle thickness 2.86 μm Subsidiary cell cuticle
B1 Total cuticle thickness 2.63 μm Ordinary epidermal cell upper cuticle

Total cuticle thickness 1.5 μm Ordinary epidermal cell lower cuticle

f the cuticle proper and B1 of the cuticular layer.



Fig. 6.Mann–Whitney p-values of the EDS differences or/not between the layers of the cuticles of Baiera furcata and Sphenobaiera huangii.
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exposure to chlorine gas (Schreuder andBrewer, 2001), a lower concen-
tration of Clwas possibly related to a lower xerothermy in Suturovagina.
As all ratios with Cl seem to indicate a lower Cl concentration for the
present Baiera furcata study (original values are 2.16–3.28%) compared
with Sphenobaiera huangii (original values are 2.91–15.06%), it may in-
dicate a lower potential transpiration, although a less warm climate
for Baiera furcata may be inferred.

Second, comparing the EDX matrix sediment analysis, although the
data are quite heterogeneous (Supplementary material D), a higher C
content for Baiera sediments (6.85–63.06%, present in each of the
six checks) and a lower C content for Sphenobaiera sediments
(4.74–10.63%, only present in three of the five checks) were
observed. These kinds of valueswere formerly enhanced for a difference
in the xerothermy between the two localities of Suturovagina
(Cheirolepidiaceae, Yang et al., 2018), which agreed with a possibly
less warm climate for Baiera and a warmer climate for Sphenobaiera.
In the Suturovagina localities, a lower Ca content was associated with
a lower xerothermy versus a higher Ca content associatedwith a higher
xerothermy; however, it is contrary in the present case, as for Baiera
sediments, the values were 0.46–6.28%, while they were 0.21% for
Sphenobaiera.

Third, in the Huolinhe Formation, the present Baiera furcata was
found to be associated with Ginkgo coriacea Florin, Sphenobaiera
ikorfatensis (Seward) Florin, Phoenicopsis angustifolia (Heer) Samylina,
Phoenicopsis (Culgoweria) huolinhensis Sun and Czekanowskia sp. (Sun,
1987, 1993; Sun et al., 1995; Sun et al., 2003); all were typical temperate
or warm temperate elements in the Siberian-Canadian floristic region
(Vachrameev, 1991; Sun, 1993). The fossil plants from the Early Creta-
ceous Huolinhe Formation have 69 species belonging to 36 genera, in-
cluding 28 species of ferns, 11 species of Cycadopsida, 8 species of
Ginkgoales and 13 species of Coniferopsida (Deng, 1995). The abundant
plants in the Huolinhe Formationmight indicate that a warm ormoder-
ate climate dominated this area during the Early Cretaceous. Except for
the flora mentioned above, there are five fossil conifer woods reported
in the Huolinhe Formation, including Phyllocladoxylon eboracensee
(Holden) Krausel, Podocarpoxylon dacrydioides Cui, Protocedroxylon
orientale He, Xenoxylon huolinhense Ding and Xenoxylon peideense
Zhang et Zhang(Cui, 1995; He, 1995; Yang et al., 2013). It is of interest
to see that all thesewoods have distinct growth rings. Therefore, the cli-
mate at the time Early Cretaceous in eastern InnerMongolia waswarm-
temperate, humid and seasonal. Concerning Sphenobaiera huangii, the
presence of more tropical plants, such as ferns (Marattia of
Mattoniaceae; Wang, 2002), Phlebopteris of Matoniaceae (Wang and
Mei, 1999) and scale-like leaf conifers (Brachyphyllum specimens from
newcollection in this locality), seem to indicate awarmer climate rather
than that of the Baiera locality.

5. Conclusions

In the ultrastructure, each of the four cuticles of Baiera furcata (ordi-
nary epidermal cell upper and lower cuticles, subsidiary and guard cell
cuticles of the stomatal apparatus)wasmadewith an A2 layer of the cu-
ticle proper and a B1 layer of the cuticular layer. Each cuticle has its own
characteristics, besides an overlapping of the thickness and high vari-
ability of subsidiary cell cuticles overlapping the other three cuticles.
The guard cell cuticle is the thinnest of the cuticles, and cell remnants
made with cell membranes show the very good quality of preservation
of the material. Compared mainly with another Ginkgoales species,
Sphenobaiera huangii, which has the same type of cuticle, it seems that
within this order, two groups of cuticles are potentially emerging: one
group (Baiera–Sphenobaiera) with A2 and B1 layers, and the other
group (Ginkgo–Ginkgoites–Pseudotorellia) with A1U and A1L sublayers,
A2 and B1 layers. In the ultrastructure, the comparisons between the
two taxa allow some characteristics to be enhanced at the potential
genus–species level: the same thickness or different thickness between
the two upper and lower ordinary epidermal cell cuticles; thinner or
thicker subsidiary or guard cell cuticles comparedwith ordinary epider-
mal cell cuticles; a reversed % of thickness of A2 and B1 layers for both
subsidiary and guard cell cuticles. Thanks to EDS element analysis, the
present material could be compared with data on Sphenobaiera huangii
andwith data on Ginkgoites. Although the number of studied taxa is still
too low, taxonomically speaking, the K/Ca ratio could be characteristic
of the order Ginkgoales. The ratios allow for a distinction between two
genera groups, Baiera–Sphenobaiera and Ginkgo–Ginkgoites. Baiera–
Sphenobaiera is distinct with two common ratios; in this group for
each taxon, eight ratios seem to be of interest for the genus-species
level. There is a majority of unity of the EDS elements among the two
layers for each taxon; there is also an identity of the upper and lower cu-
ticles for each taxon. As in the TEM studies, Ginkgoales are divided into
two ultrastructural groups, while in gross morphology, there are more
than two groups; these new findings should be more developed
among more than five genera that have been studied until now. A
higher number of studied genera in the ultrastructure would certainly
provide new insights and a more synthetic view of Ginkgoales.
Although comparisons have to make with caution, as they concern
two materials from two different genera, according mainly to two
main EDS comparisons amongCa, K andCl, a paleoenvironmental signa-
ture with the fine details of the cuticles seems to draw warmer condi-
tions for Sphenobaiera huangii with a thicker cuticle, compared with
the thinner cuticle of Baiera furcata. These paleoenvironmental consid-
erations seem to be in congruence with associated flora and EDX ele-
ments of matrix sediments.
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