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Abstract

New cuticle samples from the bennettitalean Ptilophyllum eminelidarum were
herein studied using the combination of light microscopy (LM), scanning and
transmission electron microscopy (SEM, TEM), and element analysis by Energy

Dispersive Spectroscopy (EDS). The new TEM studies correspond with and improve



the former ones; however, statistical measurements reinforce their uniqueness and erect
Bennettitales as a heterogeneous group of cuticles. Six types of cuticles were
recognized. According to the factorial component analysis (FCA), the cuticles of the
stomatal apparatus show the highest level of interest, while the epidermal cell cuticles,
the lowest. For the 9 variables, the top 6 as to importance were the most independent,
which could be used as criteria for identification in Bennettitales. A dichotomous key
was built, allowing for a rapid identification of each of the 6 types of cuticles based on
the 9 variables. Showcasing an upper cuticle significantly thi~ke - and more exposed,
and a thinner lower cuticle that is normally more protec’cu, the micropalaeoenvironment
of these leaves is of interest. The taxonomical identitv ¢f the present taxon is also
revealed by the EDS values; S/Ca ratio is homogereu.'s for all layers of both cuticles,
leading to assume, with extreme precaution a tative similar influence of the
palaeoenvironment on these two oppc -ite surfaces of the leaf. As the first detailed
statistical TEM and EDS for the Bei. ettitales, it highlights the great interest of this type
of studies and the strong interest fc - ravealing the characters of each type of cuticle and

layer.

Keywords: TEM, EDS,, L ticle, Bennettitales, Lower Cretaceous, Patagonia, Argentina

1. Introduction

The role of cuticles in systematic and taxonomical studies has become widely
recognized since the work of Brongniart in 1834. This author used the word “cuticule”
(= cuticle) to refer to an extraction of the cuticle in living plants, which he then
illustrated with hand-drawn figures (Brongniart, 1834: plates 2 and 3). The cuticle’s

high resistance to decay makes it a valuable source of palaeobotanical information,



having contributed not only with palaeobiological and palaeoecological considerations,
but also having proved to be crucial for species identification (Thomas, 1949; Florin,
1958; Harris, 1964; Oldham, 1976; Archangelsky and Taylor, 1986; Archangelsky et
al., 1986; Cleal and Zodrow, 1989; Kerp, 1990; Carrizo et al., 2014, Guignard et al.,
2016; Carrizo et al., 2019a; among others).

Nowadays, several insights into plant cuticles have become more frequent
through research papers, updated reviews, and special issues (Gonzalez-Valenzuela et
al., 2023; Molina et al., 2023), e.g. in their biosynthesis (Lii’ =t ! , 2022; Wang and
Chang, 2022) or formation (Berhin et al., 2022; Philippr. e. 11, 2022). Especially
regarding the details of cuticle structure, Raman iman. detailed its different parts
(Bock et al., 2021) whereas the complex architecti're .7as studied through chemical
analyses (Reynoud et al., 2021, 2022). In li*“i1. « r'ants, few studies used transmission
electron microscopy (TEM). Neverthe ess, TEM was used quite recently in living
Coniferales (Pinus uncinata Ram.) (2ueno et al., 2022), and in several angiosperms
such as for trichomes of Metrorare = fiigra A. St.-Hil. Rutaceae (Machado et al., 2023);
for leaves domatia of the thi~e Rubiaceae Gardenia thunbergia Thunb., Rothmannia
capensis Thunb., and Rnti,m7.nnia globosa (Hochst.) Keay (Situngu and Barker, 2022);
or for the adhesive sc~reuon in Schizolobium parahyba (Vell.) Blake Leguminosae,

Caesalpinioideae (Paiva et al., 2022).

The remains of plants’ cuticles, along with woods and spores-pollen, are the
most available in the fossil record (Guignard et al., 2021). The cuticles are of great
interest, especially given that TEM provides very fruitful data concerning to taxonomy
and palaeoenvironment (Guignard, 2019). As it was revealed by Carrizo et al. (2019a),

the cuticular studies are of great importance in groups where the leaves are quite similar



among species and, therefore, difficult to differentiate using only their general

morphological aspect, as is the case of the Bennettitales.

Characterized by its leaflets attached to the upper surface of the rachis and their
asymmetrical base composed of a decurrent lower margin, Ptilophyllum Morris is one
of the most common bennettitalean leaves found in the Lower Cretaceous Springhill
Formation in the province of Santa Cruz, Argentina, with numerous species already
described (Archangelsky, 1976; Archangelsky and Baldoni, 1972; Baldoni, 1979;
Baldoni and Taylor, 1983; Carrizo and Del Fueyo, 2015; Carni. o et al., 2019a; Lafuente

Diaz et al., 2019).

Taking the opportunity of the recent erecticn ot Ptilophyllum eminelidarum
Carrizo, Lafuente Diaz et Del Fueyo 2019 wi’'n . first brief TEM results, the objective
of this contribution is to conduct furthe i."ve_*igations on the leaves of this
bennettitalean fossil species based on stauctical details of cuticle ultrastructure using
TEM and element analysis by En :rr;y Dispersive Spectroscopy (EDS). Our purpose is
to fully characterize this taxoi,, to compare it with other bennettitalean species, and to

reveal some taxonomical anu nalaeoenvironment aspects.

Finally, this >rtio!2 is included in a special issue dedicated to Sergio
Archangelsky, following his famous remark -with collaborators- pronounced in one of
his pioneering first papers on fossil cuticles in 1986 against critics, about “...the
assumption that cuticle fine structure could offer no additional information that could
not be determined with either transmitted light or scanning electron microscopy.” This
article is, once more, proof of the great potential that these research topics still hold for

improving our understanding of fossil cuticles.



2. Geological and palaeobotanical background

The Springhill Formation (Thomas, 1949) occurs in the NNW sector of the
Austral Basin, covering the south of Argentina and Chile. Due to the transgressive
characteristics of its deposits and its significant areal distribution, the age of this
formation varies from location to location, being late early Hauterivian/early Barremian
at the proximities of the Estancia El Salitral locality, and Valanginian/Hauterivian and
Berriasian?/Valanginian-early Hauterivian at the subsurface of Chile, Tierra del Fuego
province, and the Continental Platform of Argentina (Riccari. .276; Cortifias and
Artabe, 1981; Ottone and Aguirre-Urreta, 2000; Giacos a1 +ranchi, 2001;
Archangelsky and Archangelsky, 2004; Spalleti et a! . 2009).

The palaeobotanical composition of the Springhill Formation includes
representatives of five important divisions (™ <idophyta, Pteridospermophyta,
Cycadophyta, Gingkgophyta, and Pin:nh: @) of which the Cycadophyta is dominant,
with more than 50% of the total dive:sity. Within this latter group, the Order
Bennettitales is the most abund=nt, f2; over the Cycadales, with a record that includes
several bracts of Cycadolep." Saporta and leaves of Otozamites Braun and Ptilophyllum
Morris (Carrizo and Del r.ev 0, 2015).

The genus Pu'apnyllum has a strong dominance in the fossil record of the
Springhill Formation, its leaves being one of the most common fossils, with variable
sizes and morphologies. Some of its representatives are P. ghiense Baldoni from the Rio
Correntoso locality; P. valvatum Villar de Seoane and P. angustus Baldoni et Taylor
from the Estancia El Salitral locality; and P. antarcticum Archangelsky et Baldoni from
core samples of Argentina and Chile (Archangelsky, 1976; Archangelsky and Baldoni,

1972; Baldoni, 1979; Baldoni and Taylor, 1983).



In recent years, numerous prospections have been carried out at the proximities
of the Estancia El Salitral and to the north of the Ghio Lake, in the Santa Cruz province
of Argentina (Plate I, 1), substantially increasing the number of species studied and the
diversity composition of the megaflora of the Springhill Formation (Carrizo and Del
Fueyo, 2015). These studies comprised the erection of two Bennettitalean species:
Ptilophyllum micropapillosum (Lafuente Diaz et al., 2019) and P. eminelidarum

(Carrizo et al., 2019a). The latter is the objective of this contribution.

3. Material and methods

The fossils were recovered from pelitic Ic ‘els of the Springhill Formation that
outcrops at the Rio Correntoso locality, Sant C.uz province, Argentina (Plate I, 1). The
specimens studied herein comprise nev. itic'e extractions from leaves of Ptilophyllum
eminelidarum Carrizo, Lafuente Diaz et L >l Fueyo (MPM-PB 15347-15348).

For the extraction and prcce.. ing of the cuticles, the same methodology detailed
in Carrizo et al. (2019a) was “nllowed. The cuticles are very well preserved. Some of
them were gently removed . 2rn the sediment, oxidized in 40% nitric acid followed by
5% ammonium hwvdrcxide, stained with safranin and mounted in glycerin jelly to be
observed with LM. F~* SEM observation, the cleaned cuticles were mounted on exposed
film, glued to stubs, and coated with gold-palladium. LM observations were made with a
Leica DM 2500 microscope and the micrographs were taken with a Leica DFC 280 and
a Leica ICC50 cameras. SEM observations were made under a Philips XL30 TMP SEM
at 15.1 kV equipment at the Museo Argentino de Ciencias Naturales “Bernardino
Rivadavia”.

For TEM, pieces of cuticles were prepared using an efficient technique (Lugardon,

1971), as described in detail with photos (Guignard, 2021), also used for living plant



cuticles (Bartiromo et al., 2012, 2013). In total, 3 untreated pieces of leaflet cuticles from
the same frond were embedded in Epon resin. From those, 100 ultrathin 60-70 nm
sections were collected on uncoated and Formvar (half and half) 200 Mesh hexagonal
copper grids. Ultrathin sections were stained with uranyl acetate (15 nm) and lead citrate
(20 mn.), and selected, observed, and photographed with a Philips CM 120 at 80 kV
equipment, at the Centre de Technologie des Microstructures (CTu) of Lyon-1 University,

France.

Sections of 1 um for LM were performed, and then ,tan =d following the classical
method (Richardson et al., 1960) with methylene blue «¢nd £ zur II solution (}2-'%), at the
Centre de Technologie des Microstructures (CT1.) ¢ Lyon-1 University France. The
equipment used was a Zeiss Axioskop 2 Optical Ivlicroscope with a Zeiss Axiocam ERC

5s Camera. The image acquisition software ‘wvas ZEN.

For EDS, 5 osmium (Os) pre-stainc 1 ultrathin 60-70 nm sections devoid of uranyl
acetate and lead citrate staining v/e'c ~ut. An EDS analysis was performed on the TEM
using three unstained grids. 7. microscope was a TEM JEOL 2100F, operated at 200
kV in STEM-HAADF imagy.~g mode (spot size 1 nm), and coupled with EDS analysis.
The spectrometer was an Oxford X-Max 80 mm? and the analysis software was AZTEC.
Among the elements 7 _tected, Cu and Al were eliminated in the results as they belonged
to the grids, Os was eliminated as part of the embedding technique, Si was eliminated as
part of the oils used in the TEM, as well as C and O, also eliminated as major parts of the

EPON embedding resin.

Measurements were evaluated with the Student’s t-test and the Mann-Withney
test, and multidimensional analyses (factorial and hierarchical component analyses FCA

and HCA) were all performed using XLSTAT software version 2023, statistical and



analysis solution, Paris France, https://www.xlstatt.com. All diagrams included in this

paper were provided by the same software.

The terminology used for TEM follows the international description of cuticles
and their layers (Archangelsky and Taylor, 1986; Holloway, 1982), updated in Figure 1
of a recent review (Guignard, 2019), and takes into account new precise TEM
observations on various fossil taxa.

All the materials of Ptilophyllum eminelidarum are c'zposited in the Paleobotany
Collection of the Regional Museum Padre MJ Moline, k9 Gallegos, Santa Cruz

Province, under the acronym MPM-PB.

4. Results

4.1 Brief description of leaf morpholo,y

The specimens of Ptilophyllui,: eminelidarum consist of compressions of pinnate
leaves up to 15 cm long and 7 ~..> w.de (Plate I, 2) with leaflets alternate to sub-opposite
arranged, in angles that vary from 45° to 80° in the proximal part of the leaf, decreasing
distally. The size of thz 'ea.ets varies along the leaf, from 4 cm long and 0.44 cm wide
(the largest) at the bas>, to 3 cm long and 0.25 cm wide (the smallest) at the apex. Most
of the leaflets are linear with the distal portion slightly falcate. They have an entire upper
margin and a decurrent lower margin, as is common for the genus.

The diagnostic characteristics of this species lie on its cuticular features. With
hypostomatic leaves, the lower epidermis bears two distinct, uniformly distributed
papillae morphologies: the compound papillae (30-50 um wide), on the epidermal cell
above the veins, and the small simple papillae (12-15 pum wide) on the epidermal cells

between the veins (Plate I, 3-5 and IlI, 1-4). The compound papillae have an oval-



rectangular base cell, and each papilla shows 5 to 10 irregular lobulated segments that, in
some cases, can be fused with other segments of neighboring papillae (Plate I, 5 and 11,
4). The simple papillae are mostly dome-shaped and are always located near the stomatal
rows (Plate I, 3,4 and I1, 1,3). The stomata are distributed between the veins in 2 or 3 rows
of a mean of ~168 um wide. They are mostly aligned, perpendicularly oriented to the
venation. The stomatal apparatus is paracytic, subrectangular, 30-45 um wide and 40-60
pum long, with two isodiametric subsidiary cells, and sunken guard cells (Plate I, 3 and II,
6).

Conversely to the lower epidermis, the upper caud'e 1s smooth and consists of
quadrangular to polygonal ordinary cells of vanving sizes, with markedly sinuous

anticlinal walls (Plate I, 6 and Il, 5).

4.2 TEM results

Due to the high number of Zria. observed, all cuticles were characterized by a
complex combination of layer: o.~erved in majority of cases, which represent their
identities, allied with other ~o,~binations observed in minority, showing the complexity

of this taxon.

The cuticular membranes CM of both upper (1.95 um in mean, minimum 0.71
and maximum 2.73; table 1) and lower (1.43 um in mean, 0.71-2.47) epidermis are
largely made with an A2 granular layer of the cuticle proper (14.72 and 14.42% of the
total CM, respectively), a B1 fibrillar layer (68.87 and 61.53% of the total CM,
respectively) with fibrils oriented mostly parallelly to the surface of the cuticle, and a
B2 granular layer (16.41 and 24.05% of the total CM, respectively) of the cuticular

layer (Plate 111 1,2, Plate V 1-5).



Other combinations occur in a minority of cases, as the upper cuticle may also
have only B1 and B2 layers (Plate 11l 3-5), or A2 and B1 layers (Plate 111 6-8); while the
lower cuticle may have B1 and B2 layers (Plate V 6,7), only B1 (Plate V 8,9), or only

A2 (Plate V 10,11) layers.

The edges of leaves (Plate IV 1-13) show the connection between upper and
lower cuticles, with A2 and B1 layers fairly heterogeneous in their distribution,
probably related to the very curved cuticles in these areas. B™. fibrils may even be

oriented quite at random (Plate IV 8,9).

In their majority, the cuticles of simple (1.23 1.m .~ inean, 1.15-1.40; table 1,
Plate VI) and compound (5.34 um in mean, 4.06-C 50; °late VII) papillae of the lower
cuticle are made with an A2 granular layer of h: ruticle proper (8.96 and 19.86% of the
total CM, respectively), a B1 fibrillar 7y~ o1 the cuticular layer (91.04 and 80.14% of
the total CM, respectively) with fibrils onicnted mostly parallelly to the surface of the
cuticle. However, in the edges (P’at: * /1, 6) B1 fibrils may even be oriented quite at
random. As shown in these pl.ctos especially plate V1), the concentration of fibrils

may be quite low and faintly ~ontrasted, especially in the middle parts of the cuticles.

Other comi~au2ns occur in a minority of cases, as simple papillae cuticles may
have an added B2 layer (Plate VI, 9,10), while compound papillae cuticles may present
only a B1 layer (Plate V11, 10-12) with very low concentration of fibrils in the upper
part, only faintly stained but much more visible using artificial coloration, increasing

the contrast of the fibrils compared with the black and white colours.

In their majority, the cuticles of stomatal apparatuses are made with a B1
fibrillar layer of the cuticular layer, oriented mostly parallelly to the surface of the

cuticle (table 1, Plates V111 and 1X). The subsidiary cell cuticle (2.10 um in mean, 0.11-



9.86) shows various concentrations of fibrils. The guard cell cuticle was 0.34 pm in

mean (0.09-1.19) and looks more homogeneous in the number of fibrils.

In a minority of cases, as in ordinary epidermal cell cuticles, the three A2, B1,
and B2 layers occur for the two types of cell cuticles (Plate VIII 5,6, Plate 1X 5), which
correspond to an increasing number of granules making an outer A2 and an inner B2

layers, with an absence of fibrils in these zones.

4.3 EDS results

Among the elements analyzed (Appendix A 7 u e upper and lower ordinary
epidermal cell cuticles sections embedded in resir, a c.mparison-check of “only” resin
part of the section, beside the cuticle sectiot, wcs realized. Chlorine (Cl) appears in both
resin and cuticles, CL and calcium (Ce, r.us sulfur (S) in the cuticles. As the data of the
cuticle elements obtained (mixed wit. vesin due to the technical procedure) may include
those from the embedding resi*,, *he value of CI from the resin alone should be lower
than cuticle + resin values C. was homogeneous in lower and B2 layers (= unsignificant
differences, Fig. 1-A). v, it was significantly different from the other four layers (A2
and B1 of both upper cnd lower layers, p values between 0.012 and 0.021). However, as
these four latter potentially significant values of cuticles they were lower than “only”
resin value, none of these Cl values can be considered for the comparisons, just Ca and

S were taken into account for the cuticles.

As the absolute values of the elements analyzed by each spot were not entirely
comparable, only ratios between elements were taken into account. Therefore, only the
S/Ca ratio is considered for the cuticles (Fig. 1-B). As Mann-Whitney test shows only

insignificant differences between the ratios of each of the six layers, this ratio proves



homogeneous and has a mean of 0-0.56 (minimum of 0 and maximum of 0.62),

summarizing all layers of the two types of upper and lower cuticles.

5. Discussion

5.1 LM and SEM observations

The LM and SEM observations of the new cuticle samples show all the
characteristics expected for Ptilophyllum eminelidarum. Al’ v .= .ew measurements,
from the size of the leaves and leaflets to the size of cel's a1 papillae, as well as the
form, distribution, and number of lobules of the par..'ae, are in concordance with the

previous study of this species (Carrizo et al., 20194).

5.2 TEM considerations

Although cuticles were ~=fi.=d by their layers after taking 30 measurements for
each of them, in the study h. ein we analyze separately cuticles and layers
considerations, and then n.ol2 a synthesis between them. All measurements concern the
cuticle details observ2q 1 the majority of cases provide the most accurate synthesis.
These considerations include the 6 types of cuticles (namely upper and lower ordinary
epidermal cell cuticles U-OEC and L-OEC, subsidiary and guard cell cuticles of the
stomatal apparatus SC and GC, and simple and compound papillae cuticles simp-pp and
comp-pp), along with the 9 variables of the layers’ thickness values and thickness
percentages (namely A2 mean and A2%, B1 mean and B1%, and B2 mean and B2%),

comprising the total layers = cuticular membrane CM mean (composed of cuticle proper



CP = A2 layer mean and %, and cuticular layer CL mean and % = B1 + B2, all

possibilities depending on the types of cuticles).

5.2.1 Types of cuticles

The result of the factorial component analysis (FCA) with chi-square of the 6
types of cuticles (Appendix B) has an observed value of 2266.7, largely higher than the
critical value (55.8), demonstrating a very significant link beww2en cuticles and layers.
The outstanding quality of the analysis was also supportzZ by 99.4% of the information
on the three first axes retained in the study. Axis 1 has almost 2/3 of the information
(64.73%) while axis 2 has about 1/4 (25.75%); axis C -.ontains some residual but
interesting information separating some cutic.<s, vvith a little bit less than 1/10 of
information (8.94%). The three-dimerior al representation of the 6 types of cuticles
(Fig. 2, Appendix C) brings new in.~rmation, compared with the former study of this
species (Carrizo et al., 2019a), wtie re ordinary epidermal cell and papillae cuticles were
described. In the present stuety, ue utmost importance of the stomatal apparatus cuticles
compared with ordinary cidermal cell and papillae cuticles is revealed. This FCA
provides the follo'v.nq i<rarchy with two sets of cuticles: firstly, subsidiary and guard
cells, and a lower oradinary epidermal cell with a cumulative contribution to the three
axes of 0.44-0.48 (SC and GC being at the first and second rank); then, an upper
ordinary epidermal cell, and compound and simple papillae with 0.20-0.32 (papillae
cuticles being at the two last ranks). The order of importance of the cuticle types is as
follows: SC GC (of the stomatal apparatus), L-OEC, U-OEC (both epidermal cell
cuticles), comp-pp and simp-pp (both papillae cuticles). FCA shows that ordinary
epidermal cell cuticles are intermediate in their contribution to the axes, and that both

types of papillae contribute the least to the axes.



The Student’s t-tests (Fig. 4, Appendices D,E) allow us to present, for the first
time in TEM cuticle studies, a synthesis for each type of cuticle, taking into account
both thickness values and percentages of each layer. Each type of cuticle is represented
by the mean of all of its layers (Figs. 5,6). For each cuticle, each layer has the ratio of
the total significant differences between said cuticle and all the other same layers of the
other cuticles/all possible combinations (significantly or not significantly different) for
each layer. The most significant differences presume a higher independence of each
cuticle compared with all others, whereas the less significart diiferences represent a
lower independence of each cuticle. Firstly, the summarize 3 Tigures reveal, for all
cuticles, high independence compared between one anc*her. Their independence level
for thickness values was 60-87%, while for thickn~ssc< percentages it was higher, about
57.5-100%. Although it is the first time that t1."< imidependence is highlighted thanks to
Student’s t-tests, these first statistical ‘ete.Is in Bennettitales seem to show quite a
higher individuality of the cuticles u.~n the other taxa already studied through statistics
(Guignard, 2019). Secondly, the cc marison between the two sets of cuticles of FCA
indicates the following resu:s. It is worth noting that the 3 most important cuticles (SC,
GC, L-OEC) are the least .7 2pendent (a mean 75.7% of independence), i.e., they are
the most dependeiit «muiig themselves. This seems rather congruent, as they all belong
to the lower cuticle. Conversely, the 3 less important cuticles (U-OEC, comp-pp, simp-
pp) are the most independent (a mean 86%), i.e., they are the least dependent among
themselves, which is also congruent, as they belong to both upper and lower cuticles.
This could lead to the idea of the individualization of each upper and lower cuticle,

roughly variable in other taxa (Guignard, 2019).

5.2.2. Layers’ details



As a result of the 30 measurements obtained for each layer, and the thickness
means and percentages calculated (table 1), a three-dimensional reconstruction was
provided (Fig. 7). The reconstruction includes details of the 6 types of cuticles and their
A2 (or lack of A2), B1 and B2 (or lack of B1 and B2) layers. The upper and lower
ordinary epidermal cell cuticles comprised A2, B1 and B2 layers. Such a cuticle
formula, as previously defined (Guignard, 2019), corresponds with the former study of
this taxon (Carrizo et al., 2019a). Moreover, the TEM thicknesses provided are included
within the range of the present study, except the maximum vluc~ of CM and B1. As in
the former TEM observation, no Al layer was observed i *he present study; although
in many cases the outermost part of the cuticle was nou - ‘ery straight, which could be
explained by some degree of damage on the cuticl~. 1> the (minor) cases where it was
straight, the Al layer was absent. This cutic'e “arraula for U-OEC and L-OEC (A2-B1-
B2) corresponds to none of the other t +xa fossil families or orders already studied in
detail, such as, in Coniferales: Arauc-riaceae (Carrizo et al., 2019b), Cheirolepidiaceae
(Guignard et al., 1998; Yang et =l., ?r,09; Guignard et al., 2017; Yang et al., 2018),
Miroviaceae (Nosova et al., *01b), and in living Pinaceae (Bartiromo et al., 2012); in
the Ginkgoales Baiera-Su,:2robaiera cuticle group (Guignard et al., 2019; Wang et al.,
2005), and the Giiky M-Ginkgoites-Pseudotorellia group (Guignard and Zhou, 2005; Del
Fueyo et al., 2006; Del Fueyo et al., 2013; Guignard et al., 2016; Nosova et al., 2019);
in Pteridospermales [(Guignard et al., 2001; Thevenard et al., 2005);
Corystospermaceae (Guignard et al., 2004; Martinez et al., 2020)] and cycadalean
cuticles (Artabe et al., 1991; Archangelsky et al., 1995; Passalia et al., 2010). The only
taxa with the abovementioned three layers showed different taxonomical affinities: one

species of Caytoniales (Carrizo et al., 2014), and two of Czekanowskiales (Zhou and



Guignard, 1998), but that was only true for their upper cuticle, their lower cuticles being

different.

Inasmuch as this is the first detailed statistical analysis made in Ptilophyllum
eminelidarum cuticles, it will be used as the basis for further studies in Bennettitales.
Specifically, studies might deal with a so-called homogeneous (order or family) group
(Guignard, 2019) with only one cuticle formula, or with a heterogeneous group with

various types of cuticles in one family or order (5 and 3, resrectively).

Unfortunately, other taxa of Bennettitales already s. 'died with TEM failed to
provide enough statistical measurements (Villar de Seoai.>, 1995, 1999, 2001). These
taxa are Ptilophyllum longipinnatum Menéndez, F. his opi (Oldham) Seward
(Menéndez, 1966; Villar de Seoane, 2003), ar.d .2 antarcticum (Barale and Baldoni,
1993), which show heterogeneity in the owe~ and descriptions, and therefore, the
second hypothesis would seem more concoivable. This is also at least congruent with
the remarks that, in Bennettitales “ .. the complexities of the group are now only

becoming apparent.” (Taylor ¢* al., 2009).

A significant issu. concerns the guard cell cuticle, which is of interest among
various taxa, as it .s a7 often different from the ordinary epidermal cell and
subsidiary cell cuticles, but which allows for a quite precise identification of orders
(Guignard, 2019). In the present study, the guard cell cuticle, just made with a B1 layer,
is also different from OEC cuticles. These cuticles are included within the Coniferales
group (Guignard, 2019; fig. 4), with Brachyphyllum garciarum Carrizo, Del Fueyo,
Lafuente Diaz et Guignard of the Araucariaceae (Carrizo et al., 2019b). They also have
a single B1 layer, however the measurements are different, and the two cuticles show
their own identities: thickness of a mean 1.34 pum (0.70-1.94) versus a mean 0.34 um

(0.09-1.19) in the present Ptilophyllum study (table 1).



The FCA (Fig. 3, Appendix D) provides the following hierarchy with three sets
of variables: B2 and A2 means contribute the most to the axes (0.416-0.549); followed
by B1 %, CL % and B1 mean (0.264-0.326); and finally, B2 %, A2 %, CL mean and
CM mean (0.075-0.145). From this arrangement, it is clear that the thinner granular
layers (B2 and A2) are the most important, while the B1 thicker fibrillar layer is not so
important- in fact, the least important variable is the total thickness of the cuticular
membrane CM. This last point is congruent with the FCA developed for these 41
cuticles and 23 variables (Guignard, 2019) with diverse tax~ ‘ex>ept Bennettitales),
enhancing the great interest of detailed TEM studies anr. u.~ potential interest of each
layer, instead of just providing the total thickness of thc cuticular membrane. However,
some new elements seem to arise in Bennettitales *viu> other combination(s) of
variables, demonstrating their potential indi/11a'ity. The B1 fibrillar layer is not so
important in the present study (it was wit~ important in the other FCA without
Bennettitales), even though A2 was cresent in the first set of variables in the two FCA.
Finally, in the present FCA, the thicliess percentage values are overall less contributing
to the axes than the thickne. The case was very different for the former FCA

(Guignard, 2019) where b ind B1% were in the first set of variables.

The Student’s 1 tests also allowed us to present, for the first time in TEM cuticle
studies, a synthesis for each of the 9 variables (Fig. 4, Appendices D,E). Firstly, the
summarized figures (Figs. 5,6) reveal, for all variables, an independence that proves
different than the independence for types of cuticles; it is less variable for their
thickness values (73-87 %), while for their thickness percentages it is 0-87%. If a
comparison is made with other taxa already studied through statistics, despite this being
the first time that independence was enhanced thanks to Student’s t-tests, all parts seem

to be in the same range (Guignard, 2019). Secondly, if a comparison is drawn among



the three sets of variables of FCA, it must be noted that the 6 most important variables
(B2 and A2 means, B1 and CL %, B1 mean) are, conversely to the most important
cuticles, the most independent (a mean of 83.5%). For example, the less dependent
among them demonstrate their higher contribution to the FCA axes; conversely, the 4
less important cuticle variables (B2 and A2 %, CL and CM means) are the less
independent (a mean of 57.25%). Also, the most dependent among them explain their
smaller contribution to the FCA axes. This could lead to the idea of giving a preference
to the first variables for identification in Bennettitales, as alr~aa, discussed by Guignard

(2019).

5.2.3 Synthesis between variables and layers

The complementarity among tr.e 9 variables, their hierarchy established by FCA
with chi-square, their independence found with Student’s t-tests, together with a
hierarchical component analysis (+'C/\) with chi-square, enable us to build a
dichotomous key (Fig. 8), in wh.~h the identification of each of the 6 types of cuticles is
based on very few varial,:~s. 1wo groups of cuticles (OEC cuticles, or stomatal
apparatus and pap..ne ciicles) are separated selecting, at first, only the presence or
absence of the B2 layer (the most important in FCA). Secondly, two sub-groups are
distinguished (stomatal apparatus or papillae cuticles, all from the lower cuticle) taking
into account only the presence or absence of an A2 layer. Finally, within each of these
three entities (OEC, stomatal apparatus, and papillae cuticles) with the remaining
variables (thickness values and percentages, intermediate in importance through FCA,
or the least important), each group is divided in two and each type of cuticle is
identified. The HCA drawn in the lower part of the key reinforces these identifications,

with some differences in the variables. The presence or absence of B2 separates the two



groups at the scale 1; then, GC is separated at the scale 0.7 (because of small values of
mean B1 = CL = CM, as GC is only made with a B1 layer). Subsequently one papilla
was separated at the scale of 0.6, finally SC and the other papilla were separated at the
scale of 0.2. In the FCA tree we can just notice some overlap between SC and papillae,
which is not the case for the above-described hierarchy. In this key, the two OEC are the
less independent (= the most dependent), whereas the most independent are the two
papillae cuticles (= the less dependent). This independence-dependence may also be
used as a criterion to identify each of the three entities (OEC sw.matal apparatus, and

papillae cuticles).

5.3 TEM and the palaeoenvironment

In a TEM study on the cuticle ".tra structure of a fossil bennettitalean (Barale and
Baldoni, 1993) a possible relation L>tween cuticle details and the palaeoenvironment
was reported; however, it was linked 'with a zone between the polylamellate layer of the
cuticle and the outermost w=x. Some years later, Villar de Seoane (2001) noted that the
TEM cuticle details of su.me )sennettitales could be related to the palaeoenvironment
(volcanic activity). > 'oi.2tieless, since then, the lack of detailed TEM comparisons
between taxa and localities for Bennettitales renders the palaeoenvironmental

relationship with the details of the layers still poorly documented.

More recently, Guignard (2019) defined two kinds of palaeoenvironments for
the cuticles: macro and micropalaeoenvironments. The macropalaeoenvironment refers
to the “palaeoenvironments of the localities sensu lato”. According to Carrizo et al
(2019a), Ptilophyllum eminelidarum was living in “...a wet, fluctuating climate

produced by the gradual transition from a fluvial to an estuarine and marine setting that



characterizes the Springhill Formation,” which seemed “not so stressing” for plants.
Following these considerations, and taking into account the details of the layers
examined herein, this suggestion seems to be in agreement with an adaptation to a “not

so stressing” environment for the following reasons:

1. The absence of a polylamellate Al layer, considered very protective and even

related with xeric environments (Guignard et al., 2017; Yang et al., 2018).

2. A small proportion of granular layers (A2 and B2). ‘ne A2 layer was 8.96% -
19.86% of the total CM, and it was observed in 4 of the 6 t "nes of cuticles. The B2
layer was 16.41% - 24.05% of the total CM, and it was o.22crved in 2 of the 6 types of

cuticles.

3. A high proportion of fibrillar B1 lay<, (1,1.53% - 100% of the total CM, and it

was observed in all of the 6 cuticles).

The two latter remarks -a sma.! nroportion of granular layers (A2 and B2) and a
much higher proportion of B1 'a,1- could be, according to a very cautious
interpretation, an indication ¥ at least, a “not so stressing” palaeoenvironment. This
conclusion is in accorcaae with other previous papers with the former comparisons
between two localities with the same taxon of fossil Cheirolepidiaceae (Yang et al.,
2018), and two fossil taxa of Ginkgolaes in different localities (Del Fueyo et al., 2013;
Guignard et al., 2016). In living plants, like the conifer Pinus halepensis (Aleppo pine)
from Italy (Bartiromo et al. 2012), the leaf cuticles of the same taxon growing under
volcanic gas fumigation (= very stressing environment) or not (= not stressing
environment) were analyzed. Although unsignificant thickness variations of the cell
wall plus cuticle of both fumigated and non-fumigated leaves have been found, a

significant variation in the proportions of the cell wall and total cuticle thickness



between the two environments were observed, especially in the proportions between the
three zones of B1 fibrillar layer. This ultrastructure study in P. halepensis demonstrated
the very intimate influence of the environment versus taxonomy characters. Conversely,
concerning EDS elements and taking into consideration that sulfur is extremely present
in the volcanic atmosphere, no sulfur was found in both types of cuticles, demonstrating
(at least for this element) an absence of environmental influence. However, we have to
be cautious as 1/ it was the only element analyzed and 2/ it is the only comparison in

living gymnosperm which is actually a very large group.

The micropalaeoenvironment (Guignard, 2019) may also be enhanced to a
certain point, which may be summarized as the eny irc.ment differences just adjacent to
a plant or a leaf (between the upper part and th= lower part of leaf; including upper and
lower cuticles). Although it was properly a:monistrated in detail for two types of
cuticles of Komlopteris nordenskioeldn ¢ \athorst) Barbacka of Pteridospermales
(Guignard et al., 2001), it seems tr Ye \~uch less evident for the present Ptilophyllum
study. Thanks to statistical me ssu.2ments (table 1), it was found that the cuticular
membranes’ thicknesses of the two upper and lower ordinary epidermal cell cuticles are
different; the first one is _*gnificantly thicker, having been more exposed to the sun, rain
and wind; while the se.ond one, which is thinner, lies more protected. However, the
details of the cuticles do not follow the equilibrium of granules and fibrils evocated
above for the macropalaeoenvironment; other factors were probably involved in these

cuticles.

5.4.1 EDS and Taxonomy



Firstly, the only S/Ca ratio considered for statistical purposes reveals a very
special identity for Ptilophyllum eminelidarum. In former studies, the selected ratios
were 3-5, and the elements 4-5 (Guignard et al., 2016, 2017, 2019; Yang et al., 2018);
exceptionally, they amounted to 10 ratios and 6 elements for one study (Carrizo et al.,

2019D).

Chemical elements are of great interest for the insights about cuticles, e.g., in
chemotaxonomy (D'Angelo and Zodrow, 2018; D’ Angelo ard Zodrow, 2022). In most
of the few studies conducted on cuticle elements, S and/or Ca . tere present. In fact, they
were present in the following cases: in Coniferales, in Cheirlepidiaceae, Ca in
Suturovagina intermedia Chow et Tsao (Yangeta'., 2113), S in Pseudofrenelopsis
dalatzensis (Chow et Tsao) Cao ex Zhou and in F. gansuensis Deng, Yang et Lu
(Guignard et al., 2017); in Araucariaceae. C ana Ca in Brachyphyllum garciarum
(Carrizo et al., 2019b); in Ginkgoales, < nd Ca in Ginkgoites ticoensis Archangelsky,
in G. skottsbergii Lundblad (Guigr~ra ot al., 2016); and in Baiera furcata (Lindley et

Hutton) Braun (Guignard et al , 201Y).

Specifically, only G “goites ticoensis and G. skotttsbergii (Guignard et al.,
2016), and Brachynhy 'lum garciarum (Carrizo et al., 2019b), present the S/Ca
significant ratio, faci'i*ating a distinction between layers of cuticles- “only” for the A2
and B1 layers of the upper cuticle in B. garciarum (their table 3). Moreover, the lowest
reliable ratio among 10 ratios in total “only” occurs between the two Al layers of the
Ginkgoites species (their table 3), the A2 and B1 layers being homogeneous (= with
unsignificant differences) in these two species, for a total of 5 ratios in this study.
Besides enhancing the identity of this taxon by the insignificant values of S and Ca
within the two types of upper and lower cuticles, the present study of Ptilophyllum, with

homogeneous values of S/Ca among all layers (Fig. 1, Appendix G), emphasizes



nonetheless, once more, the little significance of this ratio among the layers of cuticles.
As this is the first elements EDS study so far in Bennettitales, it is still questionable
whether this ratio is of species, genus, family or order taxonomical signature; however,
it must be noticed that the S/Ca ratios values of other previously studied taxa, which
belong to other families/orders, are different. Ptilophyllum eminelidarum has the lowest
ratio (0-0.56), B. garciarum (Araucariaceae) being 5.38-22.98, Ginkgoites species
(Ginkgoales) with G. skottsbergii being 6.53-17.45 and G. ticoensis having values of
2.95-56.45. Certainly, EDS parameters should be checked withi,> the same species
collected from different localities to test the putative infiue.>ce of the environment on

EDS elements.

As the Al layer is absent in the PtilopmAlum eniinelidarum cuticle, the
homogeneity of the ratios among A2, B1. &:\d bz layers may be a little excessive, but
potentially reveals the identity of the ta,.”.n. Moreover, it is at least in agreement with
the previous remark highlighted ir *he >tudy of Brachyphyllum garciarum (Carrizo et
al., 2019b). In this taxon, the A . 7er was proved to be an element of distinction
between genera or species, as .n other taxa, for instance, gymnosperms, seed ferns,
conifers and cycad-re! ae!! Tossils, and pteridophyll cuticles (Zodrow and Mastalerz,
2007; D'Angelo et al., 2010; Zodrow et al., 2010; D'Angelo et al., 2011; D'Angelo and

Zodrow, 2011; D'Angelo et al., 2012).

5.4.2 EDS and the Palaeoenvironment

The characterization of the chemical elements of the environment of a plant
sensu lato of the cuticle has gradually became of interest (He et al., 2018; Hu et al.,

2023), especially in agronomy (Sarkar et al., 2023). S was studied in cuticles, though



much less than Ca. In living angiosperms, such as Robinia pseudoacacia L., Rashidi et
al. (2012) found that SO, among other atmospheric pollutants, made the upper cuticle
of the leaf thicker. In a study of acid rain in Liquidambar styraciflua L. and in Fraxinus
uhdei (Wenz.), Lingelsh Rodriguez-Sanchez et al. (2020) revealed that an experimental
pH 2.5 by sulfuric acid causes “cuticle alterations...”. On the other hand, the importance
for S in fossil cuticles was indicated in Ginkgoales and Bennettitales (Steinthorsdottir et

al., 2018).

In contrast, the content of Ca in cuticles has been fer nmiore studied. Smalley et al.
(1993), demonstrated that the use of solutions with botl S aiid Ca, among other
chemicals, changes the permeability of the cuticles in 'tving Pyrus communis L. and in
Citrus limon (L.) Burm. Fils cv Ponderosa. The uimost importance of calcium oxalate
(CaOx) in fossil and living plant leaves wa: inaicated by Melekhosseini et al. (2022).
However, it should be noticed that thes. :rystals represent very concentrated amounts of
Ca that are not homogeneously diszarscd throughout the cuticle layers, as is the case in
the fossil Ptilophyllum emineliga.'m. The same occurs in the living Picea abies (L.) H.
Karst, where these crystalc o1 T"a were detected in a “layer-like” fashion through
Confocal Raman micrusupy (Sasani et al., 2021). Ca was also largely studied in
horticulture, e.g., in liv'ng fruits of Prunus cerasus L. and cultivars (Winkler et al.,
2020; Winkler and Knoche, 2019; Winkler and Knoche, 2021), in fruits of Vitis vinifera
L. and cultivars (Martins et al., 2020), and in fruits of Citrus sinensis (L.) Osbeck and
cultivars (Bonomelli et al., 2022). The latter study provided some TEM sections of the

fruit cuticles but failed to show any details of the cuticle layers.

Unfortunately, none of these articles relate the details of the element contents.
However, the content of Ca was thoroughly studied in cuticles in relation to xerothermy

and stress (Guzman-Delgado et al., 2016). In a study of living Arabidopsis thaliana (L.)



Heynh. leaves, Benikhlef et al (2013) experimented what they called “a soft mechanical
stimulation”, inducing artificial “stress” accomplished by means of a higher Ca content.
Following these remarks regarding the sensitivity to the environment, in recent studies
of detailed layers of fossil cuticles and at different levels of comparisons, Ca was
putatively related with xerothermy. For example, in Cheirolepidiaceae (Yang et al.,
2018), two localities where the same taxon had been collected were compared. Also, Ca
was related with xerothermy in a comparison between two species in Ginkgoales
(Guignard et al., 2019). Additionally, Ca was putatively rela*ea . ith stress in a
comparison between upper and lower cuticles of one ta>.oi, 71 Araucariaceae (Carrizo et

al., 2019b).

As the results of the present study are the {irst aetailed EDS data obtained in
cuticles among Bennettitales, we must be €: tremely cautious when making
palaeoenvironmental comparisons with =.her taxa, given that, at this stage, the
relationship between S/Ca and the ;alacoenvironment seems fairly weak. For
Brachyphyllum garciarum, the S, Ca was significant (Carrizo et al., 2019b), in contrast
with that obtained for Ptilcnhy'lum eminelidarum, which was collected in the same
fossiliferous locality (5.02-22.98 versus 0-0.56, respectively). The S/Ca ratio for
Ginkgoites skottsbergi (Guignard et al., 2016) was in the same range as that of B.
garciarum (6.53-17.45), although both taxa belong to different palaeoenvironments.
Nevertheless, 1. the only putative relationship found with S could be with G. ticoensis
(Del Fueyo et al., 2013) from a volcanic area, and with the highest S/Ca ratio (S/Ca
ratio was 2.95-56.45); while the present Ptilophyllum eminelidarum with the lowest
S/Ca ratio was not from a volcanic area; 2. compared with B. garciarum (Carrizo et al.,

2019b), as the S/Ca ratios values were not significantly different between upper and



lower cuticles in Ptilophyllum eminelidarum, a putative similar influence of the

palaeoenvironment on these two opposite parts of the leaf can be assumed.

6. Conclusion

In Ptilophyllum eminelidarum, the TEM ultrathin 60 to 70-nanometer sections
facilitate the identification of 6 types of cuticles, i.e., upper and lower ordinary
epidermal cell cuticles, subsidiary and guard cell cuticles of tne stomatal apparatus, and
simple and compound papilla cuticles. The two first typrc ~1e inade with an A2 granular
layer of the cuticle proper, a B1 fibrillar layer, and a £ granular layer of the cuticular
layer. This corresponds to the former brief TEM stuw: - where this taxon was erected
(Carrizo et al., 2019a). Such a characterizatio.n cei 1forces the uniqueness of this case
compared with all other taxa formerly stuc ied; it could be the basis for erecting
Bennettitales as a heterogeneous gicip of cuticles (Guignard, 2019). The stomatal
apparatus cuticles are made with a 37 layer, while the papillae are made with A2 and
B1 layers. All said details wi:re chserved in the majority of cases and allow us to obtain
the most accurate synthe.’s with statistical measurements; however, this material is
characterized by & vortain degree of complexity, and other combinations also occur in

all of the six types of cuticles.

According to a factorial component analysis, the hierarchy of the types of
cuticles is as follows: subsidiary and guard cell cuticles of the stomatal apparatus, then
both epidermal cell cuticles, and finally, both papillae cuticles. The above described
hierarchy enhances the great interest evoked by the stomatal apparatus versus the little
interest raised by epidermal cell cuticles. Student’s t-tests reveal, for all cuticles, a high

level of independence when compared between one another: 60-87% for their thickness



values, and 57.5-100% for their thickness percentages, indicating the individuality and

interest of each cuticle.

For the 9 variables studied in the factorial component analysis, the hierarchy is
as follows: means B2 and A2 for the first set of layers, then B1%, CL%, and mean B1
for the second set; finally, B2%, A2%, mean CL, and mean CM for the third set. For
their thickness values, their independence was less variable (73-87%), while for their
thickness percentages it was more variable: 0-87%. The 5 mnast important variables
(means B2 and A2, B1 and CL %, and mean B1) are, at the sai.ne time, the most
independent (mean of 83.5%), versus the 4 less important v: riables cuticles (B2 and
A2%, means CL and CM), which are the less inde.en'ent (mean of 57.25%). Such
reasoning could be used as a criterion for the preference of the first variables for

identification in Bennettitales.

Based on the complementarity amcng the 9 variables and the 6 types of cuticles,
the results obtained in multidimersiu. =1 analyses (factorial and hierarchical component
analyses), and Student’s t-tesi.. a cnchotomous key was built, which proved very useful
in a laboratory identificatior *vork, where the identification of each of the 6 types of

cuticles was possihle ~asei| on very few variables.

Considering the details of layers and the palaeoenvironment, the present detailed
TEM results seem to show, in a very cautious assumption (as comparisons with other
taxa from other macropalaeoenvironments were lacking) that the present Ptilophyllum
eminelidarum was living in a “not so stressing” locality. Such an assumption was built
on account of the absence of an Al polylamellate layer, a small proportion of granular
layers (A2 and B2 layers), and a high proportion of fibrils (B1 layer). The
micropalaeoenvironment can be evocated too; the cuticular membranes’ thicknesses of

the two upper and lower ordinary epidermal cell cuticles are different: the first one,



significantly thicker, appears to have been typically more exposed to the sun, rain and

wind while the second one, which is thinner, was more protected.

The elements EDS values reveal an homogeneous S/Ca ratio for all layers of
upper and lower cuticles. The taxonomical discussion reveals the identity of
Ptilophyllum eminelidarum. Palaeoenvironmental considerations lead to making
assumptions with extreme precaution; at least S/Ca ratios values were found not to be
significantly different between upper and lower cuticles; a pritative similar influence of
the palaeoenvironment on these two opposite parts of the I.ar can be presumed, at least

for these elements.

As these are the first detailed statistical TE: 1 ar d EDS studies in Bennettitales,
they may be useful in the future as a basis for rv.ther comparisons in the same group,
and will reinforce or modulate the abov. .nei.*ioned characteristics, at the species, genus
or higher taxonomical level, highliahting e great interest of detailed TEM studies and
the potential interest of each type of . **icle and layer, instead of just providing the total

thickness of the cuticular men."rane.

Special dedication

As the present special issue is devoted to Prof. Archangelsky who was one of
the pioneers of TEM ultrastructure studies in fossil plants, here is the copy of the
electronic message (very slightly corrected for writing mistakes) to G. Guignard
received from Prof. Archangelsky on 15th november 2019, as a reply to the online
appearance of his review article in the special issue “Plant cuticles, fine details”

(Guignard et al., 2021).



Dear Dr. Guignard,

Thank you for sending me a copy of your RPP article. It shows how useful TEM

microscopy with fossils may be.

Originally, | was encouraged in the eighties while visiting Tom Taylor at Ohio State
University with a British Council Scholarship. | had at my disposal a nice TEM
microscope and made useful my time by sectioning excellert cuinized material that was
studied earlier with the guidance of Tom Harris at Read’ny 'Jniversity. At that time |

also visited R. Florin and E. Boureau.

Back in Argentina | had the chance to share n. ‘ e\periences in Tucuman University

(and also La Plata Nat. Hist. Museum xtur'ents). | am glad to see the progress in these

studies in different countries: it is a1.»w world for paleobotanical research.

At present, | have retired ar.' donig some writing at home, mainly personal aspects of

my researches, a sort of \v,>moires.

Thank you for the letter and the copy of your article.

Yours sincerely

Sergio Archangelsky
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Captions of plates and appJondices

Plate I. Light mic uoao.y, gross morphology and detail of epidermal cells and stomatal
apparatus cuticles. Cp: compound papilla; Sp: simple papilla; Sc: subsidiary cell; St:

stomatal apparatus. MPM-PB 15347-15348.

Fig. 1. Location map showing the Rio Correntoso locality (red dot), Santa Cruz Province,
Argentina.

Fig. 2. General aspect of the leaves and the leaflets.

Fig. 3. General aspect of lower epidermis showing the distribution of the compound and

simple papillae.



Fig. 4-5. Details of stomatal apparatuses, simple papillae and compound papillae.
Fig. 6. Detail of ordinary cells of the upper epidermis, arrow shows detail of sinuous

anticlinal walls.

Plate 1I. Scanning electron microscopy, external and internal views of the epidermis.

MPM-PB 15347-15348.

Fig. 1. General aspect of external lower epidermis showine rov.~ of compound papillae
(arrows) between the rows of simple papillae.

Fig. 2. General aspect of internal lower and upper ¢, idermis showing the base cells
cuticles of the compound papillae (arrows) betwezn *he stomatal apparatuses. Dot line
marks the margin of both epidermises.

Fig. 3-4. Details of simple and compo: ‘nd sapillae. Note the fusion of some of the papilla
segments between neighbor’s papilia >

Fig. 5. Detail of the inner view of ~rinary cells cuticles of the upper epidermis. Arrow
points to the sinuous anticli;>al walls.

Fig. 6. Detail of the inner ey of a stomatal apparatus showing the guard and subsidiary

cells cuticles. Arrow. marks the base cell of a simple papilla.

Plate I11. Transmission electron microscopy, ordinary epidermal cell cuticle of upper

cuticle

Fig. 1 General view with A2 granular layer of the cuticle proper, B1 fibrillar layer and
B2 granular layer of the cuticular layer, as observed in the majority. Number 2 indicates

the location of enlarged part in fig. 2, with artificial colors.



Fig. 2 Enlargement of fig. 1, with artificial colors enhancing granules of the A2 and B2
layers (dark blue), B1 fibrils (arrow) appearing in light blue color at the middle part of

the cuticle.

Figs. 3-8, combinations of layers also observed, in minor proportions.

Fig. 3 General view, with only B1 fibrillar layer and B2 granular layer of the cuticular

layer. Numbers 4 and 5 indicate the location of adjacent figs. 4 and 5.

Fig. 4 Enlargement of fig. 3, with artificial colors enhancing o1 fibrils (arrows), in light
blue color up to the outermost part of the cuticle, some c:2nu.cs (dark blue) being

however present.

Fig. 5 Enlargement of fig. 3, with artificial colors :nha.xcing B2 granules (dark blue) in

the innermost part of the cuticle.

Fig. 6 General view, with A2 granular la,=r of the cuticle proper and B1 fibrillar layer

of the cuticular layer. Numbers 7 ' 8 indicate the location of adjacent figs. 7 and 8.

Fig. 7 Enlargement of fig. 6, wich artificial colors enhancing A2 granules (dark blue) in

the outermost part of the ~uti.le.

Fig. 8 Enlargemerit u< tiy. 6, with artificial colors enhancing B1 fibrils (arrows), in light

blue color at the innermost part of the cuticle.

Plate V. Light and transmission electron microscopies, edges of leaves.

Figs. 1-3, Light microscopy. Different sections, at the edge (arrows) of leaves cuticles,

showing the connection between thicker upper cuticle and thinner lower cuticle. Note



that the edge presents various curves and long anticlinal walls in this well-preserved

region.

Figs. 4-13, transmission electron microscopy.

Figs. 4-7, one part of edge with very heterogeneous in thickness cuticle, long anticlinal
wall (AW) and even cell location (CL), revealing with artificial colors (Fig. 5) a dark
blue outer zone with a maximum of granules (belonging to A2 of the cuticle proper,
enlarged in fig. 6) mixed with some rare long fibrils zone (ai.“ws), and light-blue inner
zone with condensed fibrils quite distributed parallel [belo) qint; to B1 of the cuticular
layer, enlarged in fig. 7 (arrows)]. Numbers 6 and 7 curre2zond to the location of the
enlargements provided in figs. 6,7; photo 7 is divic=d i 1 two interesting fragments of
this part of the cuticle. In photo 5, some diagr.nz. Jines may be due to an artefact of the

diamond knife but do not affect the inte. . eta:ions of the structures.

Figs. 8-10, a detail of edge outer zu.>e, apparently homogeneous (fig. 8) but revealing
with artificial colors (figs. 9,10) an ot termost granular zone (A2) and fibrillar zone (B1)
just below. For fig. 9, number 1C corresponds to the location of the enlargement

provided in fig. 10, with _hor: fibrils interconnected and randomly distributed.

Figs. 11,12, another a.*ail of edge with fibrils in an outer zone, showing in this case
more clearly contrasted long fibrils (belonging to B1 layer, arrows) orientated in various
directions and mixed with granules (belonging to A2). For Fig. 11, number 12

represents the location of the enlargement provided in fig. 12

Fig. 13, one detail of a zone in the middle part of an edge cuticle, with concentrated
long fibrils (belonging to B1, arrow) arranged more or less parallel, mixed with granules

(belonging to A2).



Plate V. Transmission electron microscopy, ordinary epidermal cell cuticle of lower

cuticle

Figs. 1-5, general view (Fig. 1) and details of the different parts of the cuticle, as
observed in the majority. It is made with A2 granular layer of the cuticle proper in the
outer part, fibrillar B1 layer in the middle part and granular B2 layer in the lower part of
the cuticular layer. Numbers in fig. 1 refer to the location of the enlargements provided

in figs 2-5.

Figs. 6-11, other combinations of layers observed in a minc* proportion.

Figs. 6,7, B1 and B2 layers of the cuticular layer (fig. 7 being with artificial colors with

B1 fibrils in light blue and B2 granules in dark blue,.

Figs. 8,9, A2-B1 layers or just B1 layer (fin 9 w2ing with artificial colors, A2 granules
being in dark blue and B1 fibrils in lig.'t L.1ue); in the middle part of the cuticle fibrils
are visible (arrows), slightly contrasted and not so concentrated as in the outer or inner

parts.

Figs. 10,11, just A2 layer. \."ig. 11 being with artificial colors, A2 granules being in this
case light and dark blre). Some very parallel lines may appear in some places, actually

due to an artefact of thr diamond knife and different from the fibrils as in figs; 8,9.

Plate VI. Light and transmission electron microscopy, simple papillae cuticle of lower

cuticle.

Figs. 1-3, Light microscopy. Different sections of simple papillae cuticles with very few

(Figs. 1 and 3) or even no lobulated segments (Fig. 2).

Figs 4-10, transmission electron microscope.



Figs 4,5, General views of two simple papillae cuticles, small (Fig. 4) and big (Fig. 5).

Numbers in fig. 5 refer to the location of the enlargements provided in figs 6-10.

Figs 6-8, details of the different parts of the cuticle, as observed in the majority (fig. 8 is
similar to fig. 7 but with artificial colors). The cuticle is made with A2 granular layer
(dark blue) of the cuticle proper in the outer part, fibrillar (arrows) B1 layer (light blue)
in the middle and lower parts of the cuticular layer. In an edge (fig. 6), fibrils are

orientated quite at random.

Figs 9,10, details of the different parts of the cuticle, as obc~rved in a minor proportion
(fig. 10 is similar to fig. 9 but with artificial colors). Tne o:ucle is made with A2
granular layer (dark blue) of the cuticle proper in i>e o1 ter part, fibrillar B1 layer (light
blue) in the middle part and granular B2 layer (r.ark blue) of the cuticular layer in the
lowermost part. Some very parallel lines , yay appear in some places, actually due to an

artefact of the diamond knife and differen. from the fibrils as in figs. 7,8.

Plate VII. Light and transmiscion electron microscopy, compound papillae cuticle of

lower cuticle.

Figs. 1-6, Light micros copy. Different sections of compound papillae cuticle making
very various schemes of lobules, some being very complex (Figs. 1, 4). IP = inner part,

OP = outer part of cuticle.

Figs 7-15, transmission electron microscope.

Figs 7-10, General view of one compound papilla cuticle (for fig. 7, numbers 8-10
represent the photos numbers of enlarged parts). For fig. 8, number 9 represents the

photo number of enlarged detail in the adjacent photo).



Figs. 9, 13-15 represent the details of the majority of cuticles observed, with A2
granular layer of the cuticle proper in the outer part, fibrillar (arrows) B1 layer in the
middle and lower parts of the cuticular layer. For photo 13, numbers 14-15 represent the

photos numbers of enlargements of this cuticle.

Figs 10-12, details of the different parts of the cuticle, as observed in the minority (fig.
12 is similar to fig. 11 but with artificial colors). Arrows indicate fibrils. The cuticle is
made with only fibrillar (arrows) B1 layer of the cuticular la'/er, with very various
concentrations of fibrils, (even very) sparsely present (and no. » or less randomly
orientated) in the middle and upper parts of the cuticle ¢ nd r :vealed with artificial
colours, or very concentrated, especially in the low er par¢ (and orientated parallel to the

inner surface of the cuticle.

Plate VIII. Transmission electron micrcoupy, stomatal apparatus and subsidiary cell

cuticles details.

Figs. 1,2. Sections of stomatal abpi ra:us, just below one compound papilla CP for fig.
1, where the outer OC and iv.ner 'C chambers are visible, also the two subsidiary cell
cuticles SC, and one gua: 7 celr cuticle GC for this longitudinal section. Fig. 2 is a

transversal sectior. \ ‘iti, *:vo guard cell cuticles apparently not entire.
Figs. 3-13, details of subsidiary cell cuticle.

Figs. 3,4, 7-13 represent the details of the majority of cuticles observed, with only
fibrillar (arrows) B1 layer of the cuticular layer. Figs. 7-9 are outermost parts of the
cuticle, fig. 8 being similar to fig. 7 but with artificial colors. Figs. 12,13 are the middle
part. Figs. 10,11 are the innermost part, fig. 11 being similar to fig. 10 but with artificial

colours.



Figs. 5,6 represent the details of the minority of cuticles observed from another part of
cuticle, with A2 granular layer of the cuticle proper in the outer part, fibrillar (arrows)
B1 layer in the middle and lower parts of the cuticular layer. Fig. 6 is similar to fig. 5

but with artificial colors.

Plate IX. Transmission electron microscopy, guard cell cuticles details.

Figs. 1-4 represent the details of the majority of cuticles obst~ved, with only fibrillar
(arrows) B1 layer of the cuticular layer. For fig. 2, number 1 re'sresents the photo

number of enlarged detail in photo 4.

Fig. 5 represents the details of the minority of cuticic~ observed, with A2 granular layer
of the cuticle proper in the outer part, fibrillar F,1 ayer in the middle part and B2
granular layer of the cuticle proper in *ne 1 inermost part, with artificial colors. Some
very parallel lines may appear in su.me places, actually due to an artefact of the diamond

knife and different from the B1 fio ils.

Figure 1. EDS statisti :s

Note- The Mann-Whiwey test is used for evaluating the significant differences (or not)
between chlorine Cl in the resin and the layers of upper and lower epidermal cell
cuticles (A), then the differences between Sulfur S/ Calcium Ca ratios for these two

remaining elements (B.).

Figure 2. Factorial component analysis with the six types of cuticles.



Figure 3. Factorial component analysis with layers thickness values and percentages.
Note- The membrane cuticle thickness CM can be made with CP (cuticle proper = A2)

and CI (cuticular layer = B1 (and B2), depending on each of the 6 types of cuticles.

Figure 4. Summary of Student’s t-tests, ratios of the significant differences between
thickness and percentage values of the layers of all types of cuticles.

Note- It is calculated, with the Student’s t-test, with the ratio of the number of
significant differences /total number of combinations betwesn 1.~ layers for each type
of cuticle, on a scale of 10 %. For instance, for upper O"-C “"nd CM, there are 4
significant differences with GC, simp and comp-pp 1.-OEC) /5 possibilities (one is
unsignificant difference: SC with p value of 0.76). m.“ing a ratio of 0.8 (see
Appendices D-E). 0.0 (white color) means 4. nf significant differences, 1 (1.0, dark
green) means 100 % of significant dif ere’.ces. White blanks with no ratio correspond to
an absence of layers in these types 0. cuticles. The ratios with values of layers (a) are
followed by the ratios with thictne.< % of layers (b). The membrane cuticle thickness
CM can be made with CP (¢ ticle proper = A2 layer) and Cl (cuticular layer = Bllayer
(and B2 layer), depending ~r each of the 6 types of cuticles Six types of cuticles are
evaluated: for upper . na 1ower ordinary epidermal cells OEC, compound and simple

papillae, subsidiary and guard cells of the stomatal apparatus.

Figure 5. Percentages of independency between the layers of all six types of cuticles,
based on thickness values of layers.

Note- It is a 3D summary representing the six types of cuticles, where the percentages
correspond directly to the ratiosX100 of significantly different thickness values between

all layers of appendix D, from 40% (lower independency between the thickness values



of the same layers of all types of cuticles = stronger common thickness values between
them) to 100% (total independency = no common thickness values between them). In
order to simplify the figure, as original percentages values contain decimas, for each
type of cuticles the percentages are summarized on a scale of 10, while the means are
indicated in their real values. The membrane cuticle thickness CM can be made with CP
(cuticle proper = A2) and Cl (cuticular layer = B1 (and B2)), depending on each of the 6

types of cuticles.

Figure 6. Percentages of independency between the layecs « t all six types of cuticles,
based on thickness percentages of layers.

Note- It is a 3D summary representing the six types o: cuticles, where the percentages
correspond directly to the ratios X100 of sign. c~atly different thickness percentages of
all types of cuticles of appendix E, frc m (/6 (no independency between the thickness %
of the same layers of all types of cuu ~les = strongest common thickness % between
them) to 100% (total independe~cy = no common values between them). In order to
simplify the figure, for each ~vpe of cuticles the percentages are indicated on a scale of
10, while the means are inJicated in their real values. The membrane cuticle thickness
CM can be made w1 Cr (cuticle proper = A2) and CI (cuticular layer = B1 (and B2),

depending on each of the 6 types of cuticles.

Figure 7. Three-dimensional reconstruction of lower and upper cuticles of Ptilophyllum
eminelidarum.

Note- It is constructed with all SEM and TEM details, for each of the six types of
cuticles, percentages of each layer and the total cuticular membrane thickness are

provided. OC= Outer chamber; IC= Inner chamber.



Figure 8. Dichotomous key and Hierarchical component analysis for the six types of
cuticles.

Note- This dichotomous key enables to distinguish, from the top to the bottom of the
key, each of the six types of cuticles, using the order and summarized thickness values
or percentages of variables obtained by factorial component analysis (see Fig. 3). At the
bottom of the figure is represented the Hierarchical component analysis of the six types
of cuticles. The percentage of independency, evaluated from Stulent’s t-test, is added
for the three groups of ordinary epidermal cell, stomata’ ap~aratus and papillae cuticles.
The membrane cuticle thickness CM can be made with P (cuticle proper = A2) and Cl

(cuticular layer = B1 (and B2), depending on each o1 .he 6 types of cuticles.

Appendix A. EDS original values.

Appendix B. Some FCA values.

Appendix C. video of FC/. cuiicles.

Appendix D. Stud.~t’_ t-t.st with thickness values of types of cuticles and their layers.

Appendix E. Student’s t-test with thickness % of types of cuticles and their layers.

Appendix F. video of FCA variables.

Appendix G. Mann-Whitney EDS tests.
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Table 1. Statistical values, based on 30 measurements of the thicknesses for the cell
cuticles.

Please note. Min-max = minimum and maximum values of thickness observed % =
percentage of each detailed 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 + B2 layers). All measurements are in nanometers.

upper cuticle of ordinary epidermal cell lower cuticle of ordinary epidermal cell

n  min- max % st-d mean min-  max % st-d
€
a
n
™ 1 712.54- 100  824.75 1°'3.4y  765.88- 100 627.02
¢ 273281 2472.44
5
4
3
g
CP (A) 2 2551-759.52 472 2,588 203.89 96.93- 14.42  91.36
g 376.234
7
8
C
A2 2 25.5. 1472 225.88 203.89 96.93- 14.42  91.36
g 7557 376.234
7
g
C
CL(B) 1 669.76-  85.28  681.22 1209.60 584.40- 85.58 546.14
€  2495.26- 2165.95
€
€
5
g
B1 626.31- 68.87  598.85 869.76 147.06- 61.53 506.36
2284.18 1717.13

n DW=

o -



B2 3 23.02-797.89 16.41 239.64 339.84 22.48-1 24.05 367.70
2 176.01
C
€
8
simple papilla of lower cuticle compound papilla of lower cuticle
mean min-max % st-d mean min-max % st-d
cm 1228.99 1152.03- 100 54.31 534.15 406.12- 100 103.22
1399.12 649.56
CP (A) 110.07 72.56- 8.96 22.46 106.06 _71.31— 143.35 19.86 15.05
158.24
A2 110.07 72.56- 8.96 22.46 10F "4 ~1.31- 143.35 19.86 15.05
158.24
CL(B) 1118.92 1032.59- 91.04 58.16 ~78.09 301.59- 80.14 100.12
1310.35 545.07
B1 1118.92 1032.59- 91.04 58.16 -.28.09 301.59- 80.14 100.12
1310.35 545.07
stomatal appare."l?otTower cuticle
subsidiary cell cuticle guard cell cuticle
n min-max % st-d mean min-max % st-d
€
a
n
cm 2 1104 100  2572.75 333.66 90.09- 100  280.48
1 9&." 87 1193.69
C
5
4
CL (B) 2 110.44- 100 2572.75 333.66 90.09- 100 280.48
1 9861.87 1193.69
C
5

N,



110.44- 100 2572.75 333.66 90.09- 100 280.48
9861.87 1193.69

Bl
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Highlights

e New data for Ptilophyllum eminelidarum Bennettitales, Lowe - Cretaceous of Patagonia
e 6 types of cuticles defined with TEM, with detailed 9 variables ¢ layers

e Cuticles’ and layers’ hierarchy, with multidimensional analy ses < nd Student’s t-tests

e Dichotomous key allowing a rapid identification of each “.y,. = ur cuticle

e Sulfur/Calcium ratio through EDS, homogeneous for a'! I rer s
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A. Mean and confidence interval plus p value
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F3 8.94%

cumulative contribution
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a. ratios of the significant differences between values of layers and types of cuticles

upper |lower | simple | compound | subsidiary| guard

cuticular
membrane CM

cuticle proper
CP =A2

cuticular layer
B=B1+B2

B1

B2

total

b. ratios of the significant differences between proportions (%) of layers and types of
cuticles

cuticle proper
CP =A2

cuticular layer
B=B1+B2

Figure 4



upper ordinary epidermal cell cuticle lower ordinary epidermal cell cuticle

CP=A2

CL=B
=B1+B2

B1

B2

mean57.5 %

CP=A2

CL=B

B1

mean 100 %

subsidiary cell

mean 80 %

CP=A2

CL=B
=B1+B2

B1

B2

CP=A2

CL=B
=B1+B2

B1

B2

mean57.5 %

compound papilla

CP=A2

mean 100 %

guard cell

CL=B
=B1

B1

mean 80 %

for each layer of the
total of cuticles

mean 64 %

Figure 5



upper ordinary epidermal cell cuticle lower ordinary epidermal cell cuticle

CcM cM
CP=A2 CP=A2
CL =B=B1+B2 CL = B=B1+B2
B1 B1
B2 B2
mean 80 % mean 76 %
compound papilla
cm M
CP=A2 CP=A2
o=l CL=B=B1
Bl B1
mean 80 % mean 85 %
subsidiary cell guard cell
CcM
CL=B=B1
B1

mean 60 %

mean 87 %
c™m
CP=A2
for each layer of the
CL = B=B1+B2 total of cuticles
B1
B2 mean 66 %

Figure 6



Outer view of Upper Cuticle Outer view of Lower Cuticle
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Cuticle of Ptilophyllum eminelidarum
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