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Premise of research. Geochemical fingerprinting of fossil plants is a relatively new research field complementing
morphological analyses and providing information for paleoenvironmental interpretations. Ginkgoales contains a
single extant species but was diverse through the Mesozoic and is an excellent target for biochemical analyses.

Methodology. Cuticles derived from fresh and fallen autumn leaves of extant Ginkgo biloba and seven fossil gink-
goalean leaf taxa, one seed fern taxon, and two taxa with bennettitalean affinity were analyzed by infrared (IR) microspec-
troscopy at the D7 beamline in the MAX IV synchrotron laboratory, Sweden. The fossil material derives from Triassic
and Jurassic successions of Greenland. Spectral data sets were compared and evaluated by hierarchical cluster analysis
(HCA) and principal component analysis performed on vector-normalized, first-derivative IR absorption spectra.

Pivotal results.

The IR absorption spectra of the fossil leaves all reveal signatures that clearly indicate the pres-

ence of organic compounds. Spectra of the extant G. biloba leaves reveal the presence of aliphatic chains, aromatic
and ester carbonyl functional groups from polymer cutin and other waxy compounds, and polysaccharides. Inter-
estingly, both the extant autumn leaves and the fossil specimens reveal the presence of carboxyl/ketone molecules,
suggesting that chemical alterations during the initial stages of decomposition are preserved through fossilization.
Two major subclusters were identified through HCA of the fossil spectra.

Conclusions.

Consistent chemical IR signatures, specific for each fossil taxon are present in cuticles, and suf-

ficient molecular content is preserved in key regions to reflect the plants’ original chemical signatures. The alter-
ations of the organic compounds are initiated as soon as the leaves are shed, with loss of proteins and increased
ester and carboxyl/ketone compound production in the fallen leaves. We further show that the groupings of taxa
reflect a combination of phylogeny and environmental conditions related to the end-Triassic event.
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Introduction

Fossil plant phylogenies are typically based on morphological
characters, especially those of the reproductive structures. How-
ever, these are unavailable for many taxa, and in many cases,
only fragmentary foliage is available for study. In addition to
morphological characters, studies of remnant organic constituents
within fossils have shown to be important for supporting tax-
onomic and phylogenetic assignations (D’Angelo 2010, 2015;
Vajda et al. 2017) and even reconstructing overall architecture
of fragmented fronds (D’Angelo et al. 2018; Zodrow et al. 2019).
Infrared (IR) microspectroscopy has proven to be a particularly
useful technique for this purpose because of its nondestructive
nature, chemical specificity, and ability to analyze minute sam-
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ple areas, which enables analysis of, for instance, fossil pollen
and spores (e.g., Steemans et al. 2010; Fraser et al. 2012; Jardine
et al. 2016, 2019; Dupont-Nivet 2021), minute leaf fragments
(Vajda et al. 2017), fossil resin (Seyfullah et al. 2015), and even
fossilized cellular organelles (Qu et al. 2019). IR microspectro-
scopy has been employed for the identification of organic com-
pounds in various fossils, such as pre-Cambrian stromatolites
and fungi (Qu et al. 2015), but also for advanced multicellular
organisms. For example, this technique has demonstrated the
presence of original organic compounds in the skin and bones of
Mesozoic dinosaurs (Boatman et al. 2019) and marine reptiles
(Lindgren et al. 2014, 2018).

Fossil leaf cuticles are widely used in paleobotany because of
their high preservation potential (van Bergen et al. 1978; Barclay
et al. 2007; Guignard et al. 2019). As early as the 1920s, Harris
(1926) stated that “the composition of the cuticle seems to vary
and be of some phylogenetic importance.” Through acid mac-
eration of fossil leaves, he noticed that fossil fern cuticles dissolved
more readily when treated with HNO; followed by KCIO,, whereas
seed plant cuticles withstood the maceration process.
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When analyzing the organic compounds of fossil cuticles, how-
ever, an important aspect to consider is their diagenetic history
(D’Angelo et al. 2011; D’Angelo and Zodrow 2020). On the
other hand, given similar preservation states, chemical differ-
ences between the fossil cuticles of various plants may reflect orig-
inal compositional differences of the cuticle and even aid in re-
solving taxonomic relationships between plant groups (D’Angelo
and Zodrow 2015). Furthermore, IR microspectroscopy has been
applied to assess cuticular chemical variations in extant plants
upon exposure to environmental triggers, such as increased levels
of UV at high altitudes (Lomax et al. 2012), heat stress (Liu et al.
2019), and contrasting levels of atmospheric carbon dioxide con-
centration (pCO,) under changing climates (Jardine et al. 2019).
Fraser et al. (2011) conducted a study on the relationship between
the UVB regime and aromatic pigment content in modern pol-
len and could show that birch pollen biochemically adapt to their
local UV environment. In another interesting study, Jardine et al.
(2020) reconstructed surface UVB irradiance over a time span of
the past 650 yr by means of a UVB proxy based on the chemical
signature of Pinus pollen. They could substantiate a positive rela-
tionship between the abundance of UVB-absorbing compounds
in the pollen and modeled solar UVB irradiance.

Given that the environment-specific chemical composition is
reflected in the organic molecules preserved in pollen grains and
cuticles, IR spectroscopic analyses of fossils can provide crucial
information about climates of the past, as demonstrated via analy-
sis of pollen (Jardine 2016, 2017, 2020; Dupont-Nivet 2021).
Such environmental signals in the plant tissue might complicate
the use of IR microspectroscopy for accurate taxonomic or phy-
logenetic analysis but in turn add another available proxy.

The gymnosperm order Ginkgoales contains a single living spe-
cies (Ginkgo biloba), yet it is represented by a diverse range of
fossil leaf taxa through the entire Mesozoic, generally with well-
preserved cuticles. Ginkgoales is most commonly regarded as the
sister group to Coniferales (Pinales) and Cordaitales (Florin 1949;
Taylor et al. 2009; McLoughlin 2017, 2021), but there is also
evidence favoring a closer relationship with seed ferns, such as
Peltaspermales (Meyen 1984; Anderson and Anderson 2003) and
Umkomasiales (corystosperms; Gordenko and Broushkin 2015
and references therein). Ginkgoales originated in the Paleozoic
and was a major and diverse component of the global flora through-
out the Mesozoic (Taylor and Taylor 1993; Royer et al. 2003;
Zhou 2009; Bauer et al. 2013; Kustatscher et al. 2018; McLoughlin
2021). The oldest record of Ginkgo is from the Triassic, making
it the oldest extant seed plant genus (Zhou and Wu 2006). The
abundance and diversity of the most common morphogenera Gink-
goites, Baiera, and Sphaenobaiera increased dramatically from the
Late Triassic into the Jurassic and Early Cretaceous, after which
the Ginkgoales declined (Taylor and Taylor 1993; Royer et al.
2003; Zhou and Wu 2006; McElwain et al. 2007; Crane 2019).
The few Ginkgo species identified from Cenozoic strata are very
similar to the only extant species, and it is possible that these are
in fact conspecific with G. biloba (Tralau 1968; Mustoe 2002;
Royer etal. 2003).

Molecular analyses of Ginkgo plants from China have shown
over the past two decades that genetic diversity is higher among
Ginkgo populations than previously considered and that two
separated refugia existed following the Pleistocene glaciations
in China (Ge et al. 2003; Fan et al. 2004; Shen et al. 2005; Gong
et al. 2008). Today, G. biloba is all but extinct in the wild, prob-

ably forced by the Pleistocene glaciations combined with increased
competition from angiosperms, and it propagates naturally in
the wild only in restricted geographic areas in eastern and cen-
tral China (Gong et al. 2008; Crane 2019). Although G. biloba
thrives best in temperate and mesic climates, just like its Meso-
zoic ancestors, it has become a very popular ornamental plant in
parks and along city streets and is planted and cultivated all over
the world in many climate zones.

Extant and fossil members of Ginkgoales and the sister group,
Czekanowskiales (Leptostrobales), have dimorphic shoots, with
leaves attached to long and short shoots (Harris 1937; Lundblad
1959a, 1959b; Taylor et al. 2006). Ginkgo biloba is dioecious,
with male plants preferentially grown in cities, and the plant yields
one of the most popular herbal medicines, generally derived from
leaf extracts, which purportedly has positive effects on neuro-
degenerative and cardiovascular diseases (Zhou et al. 2019). Stan-
dardized G. biloba extract (EGb 761) from leaves typically con-
tains “24% flavonoid glycosides, 6% terpene lactones and less
than § ppm ginkgolic acid” (Smith and Luo 2004, p. 446).

Leaves of Ginkgo and other ginkgoaleans bear the vast ma-
jority of their stomata on the thinner abaxial (lower) epidermis
(hypostomatous; e.g., Beerling et al. 1998; Chen and Li 2004).
Stomatal densities of plant leaves have an empirically and exper-
imentally demonstrated inverse relationship with atmospheric
pCO,, and this relationship can be applied to reconstruct pCO,
from the past using fossil leaves (Woodward 1987; Richard et al.
2007). Gingkoalean leaves are arguably the most important
and common fossils for pCO, reconstruction and to infer past
climates because of the group’s relatively consistent leaf morphol-
ogy through time and its long and abundant fossil record (Beerling
et al. 1998; McElwain et al. 1999; Chen et al. 2001; Retallack
2001; Royer et al. 2003; Sun et al. 2007; Quan et al. 2009; Smith
et al. 2010; Barbacka 2011; Steinthorsdottir et al. 20115; Mays
et al. 2015; Meller et al. 2015; Barclay and Wing 2016; Sun et al.
2016, 2018; Wu et al. 2016; Zhang et al. 2019; Retallack and
Conde 2020; Zhou et al. 2020).

The Triassic-Jurassic Paleoenvironment

The Triassic and Jurassic periods were typical greenhouse inter-
vals characterized by warm climates and high pCO, resulting in
an absence of polar ice caps and highly diverse ecosystems with
lush mid- and high-latitude vegetation (e.g., McElwain et al. 2007,
2009; Jansson et al. 2008; Kustatscher et al. 2018). The stud-
ied specimens grew in moist environments, such as waterlogged
floodplains, riverbanks, and swamps, and ginkgoaleans were an
important, but far from dominant, component of the vegetation
(Harris 1937; Lundblad 1949; McElwain et al. 2007; Vajda and
Wigforss-Lange 2009). The end of the Triassic was marked by a
mass extinction (Sepkoski 1996) with a major vegetation turn-
over (Harris 1937; McElwain et al. 2007; Pott and McLoughlin
2011; Vajda et al. 2013; Lindstrom et al. 2017; Kustatscher et al.
2018). The prevailing consensus is that massive volcanic activity
in the Central Atlantic Magmatic Province, linked to the open-
ing of the Atlantic Ocean, was the primary trigger for the ex-
tinctions via the release over a relatively short time interval of vast
amounts of greenhouse gases, including CO,, causing abrupt
global warming of ~3°-4°C (Yapp and Poths 1996; McElwain
etal. 1999; Lindstrom et al. 2017). Stomatal densities reveal that
pCO, at least doubled, increasing from ~1000 ppm in the Late
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Triassic to 2000-2500 ppm at the Triassic-Jurassic boundary
and in the earliest Jurassic (fig. 1; McElwain et al. 1999; Bonis
et al. 2010; Barbacka 2011; Steinthorsdottir et al. 20115; Mander
et al. 2013; Steinthorsdottir and Vajda 2015; Wu et al. 2016;
Slodownik et al. 2021). This was accompanied by disruptions to
the hydrological (Steinthorsdottir et al. 2012) and carbon cycles,
supported by 6'*C records (Olsen 1999; Hesselbo et al. 2002; Aki-
kuni et al. 2010; Bacon et al. 2011; Pélfy and Kocsis 2014; Marzoli
et al. 2018; Schobben et al. 2019; Kovacs et al. 2020). The earliest
Jurassic saw extremely elevated pCO, (>2000 ppm), and locally,
the hydrological cycle was disrupted because of the suppression
of plant transpiration, leading to increased surface water avail-
ability and a more open landscape (Steinthorsdottir et al. 2011b,
2012). Following the end-Triassic floral turnover, Ginkgoales be-
came a dominant component of the vegetation in high-latitude
Northern Hemisphere ecosystems, whereas other taxa that had

previously dominated, such as the bennettites Anomozamites and
Pterophyllum, became minor components (e.g., McElwain et al.
2007; Steinthorsdottir et al. 2011a; Barbacka et al. 2014; Soh
et al. 2017; Kustatscher et al. 2018).

Here, we use IR microspectroscopy to analyze fossil gingkoalean
cuticles from the Astartekloft succession of eastern Greenland
spanning the Triassic-Jurassic boundary (figs. 1-3) and modern
G. biloba leaves, both fresh leaves and fallen autumn leaves.
Additionally, we analyzed peltaspermalean and bennettitealean
leaves from the same succession at Astartekloft to test them as
an out-group. The aims of this study are to assess whether the
IR absorption spectra of the fresh and fallen G. biloba leaves are
differentiable and how they compare with the spectra of the fos-
sil leaves; whether the biochemical signatures of the fossil leaves
demarcate distinct groupings within the order, aiding systematic
placement of the ginkgoalean taxa; and whether environmental
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Fig. 1 Fossil specimens analyzed by infrared microspectroscopy in this study, organized stratigraphically across the section at Astartekloft

spanning the Triassic (Rhaetian)-Jurassic (Hettangian) boundary, modified after McElwain et al. (2007). Plotted against the log: organic carbon
isotopic signal from cuticles and a paleoatmospheric CO, record based on cuticles from McElwain et al. (1999). A color version of this figure is
available online.
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conditions, such as temperature or atmospheric pCO,, may have
influenced the geochemical fingerprints of the fossil leaves.

Material and Methods

The fossil leaves studied herein derive from the sedimentary
succession at Scoresby Sound, East Greenland (fig. 1), deposited
during the Triassic-Jurassic transition (fig. 1). IR absorption spec-
tra of cuticles from the seven fossil Ginkgoites leaf species—
Ginkgoites obovata Nathorst (Seward), Ginkgoites minuta Nathorst
(Lundblad), Ginkgoites hermelinii Nathorst (Hartz), and Gink-
goites taeniata (Geinitz) Frenguelli and the related sister taxa Baeira
amalloidea Harris, Baeira spectabilis Nathorst, and Czekanowskia
nathorstii Harris—were compared with each other and with the
only extant Ginkgo species—Ginkgo biloba (figs. 1-5). For addi-
tional comparisons, cuticles of nonginkgophyte seed plants from
the same succession were analyzed, including Lepidopteris ottonis
(Goppert) Schimper, Prerophyllum schenkii Zeiller, Ptilozamites
nilssonii Nathorst, and Anomozamites minor (Brongniart) Nathorst
emend. Pott et McLoughlin.

The fossil leaves were collected by Thomas Harris in 1926 and
1927 as part of the Danish state expeditions to East Greenland,
and the macroplants collected during these expeditions are de-
scribed in the iconic volumes on the Scoresby Sound flora (Harris
1931, 19324, 1932b, 1935, 1937). The paleobotanical collection

is held in the Natural History Museum of Denmark, Copenhagen.
For consistency, we have followed the original taxonomy, spell-
ing, and ID numbering of specimens outlined by Harris (19324,
1932b, 1935, 1937). We consistently used fossil cuticle free from
any mesophyll or coal for our analyses, as previous results have
shown that different functional groups may be present depend-
ing on whether the leaf fossils are represented by cuticle alone
(typified by highly aliphatic compounds) or whether the compres-
sions incorporate portions of coalified mesophyll (D’Angelo et al.
2011). Cuticle was carefully peeled from the rock and analyzed with-
out any further treatment. There is one exception, however, and
that is A. minor, which was treated with HCl and HF followed
by HNO; and KCIO,. Importantly, the lithologies of the plant-
bearing beds sensu Harris (1931) hosting the fossils of “large and
even undamaged leaves” are similar through the Scoresby Sound
succession and are represented by laminated mudstones set be-
tween otherwise thick packages of cross-bedded sandstones bar-
ren of fossils (Harris 1937).

The cuticles of extant G. biloba derive from the leaves of an
old, large G. biloba tree growing in the Lund botanical gardens,
Lund, Sweden. The tree, which is the oldest Ginkgo in Sweden,
was brought as a seedling from China around 1870 by Jacob
Georg Agardh, professor of botany in 1853-1879. In addition
to fresh leaves from the tree, we collected fallen yellow autumn
leaves to assess chemical changes within the cuticles during the
initial stages of desiccation and decomposition. Cuticle of the

Fig. 2 Illustrated reconstructions of selected ginkgoalean taxa with corresponding micrograph of leaf cuticles; these are not the analyzed frag-
ments but representative specimens from Harris (1935). a, Ginkgoites obovata, ID 2420. b, Ginkgoites minuta, ID 2495. ¢, Czekanowskia
nathorstii, ID 2967. Illustrations are based on photographs of Harris’s original specimens.
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Fig. 3  Illustrated reconstructions of selected ginkgoalean taxa with corresponding micrograph of leaf cuticles; these are not the analyzed frag-
ments but representative specimens from Harris (1935). a, Baeira spectabilis, ID 2675. b, Ginkgoites taeniata, ID 2352. ¢, Ginkgoites hermelinii,
ID 2554. Illustrations are based on photographs of Harris’s original specimens.

extant G. biloba was peeled directly from the surface of the fresh
leaf with no chemical processing and was then dried in a vacuum
chamber. Subsequently, IR microspectroscopic analysis was car-
ried out.

The reconstructions in figures 2 and 3 are original illustra-
tions, never previously published, and prepared by the depart-
ment’s illustrator, Pollyanna von Knorring, under the instruction
of the authors. We used fossil specimens from the collections com-
bined with line drawings by Nathorst, Harris, and Lundblad to
produce the most accurate reconstruction.

Experimental methods. The experimental and data analysis
procedure was outlined by Vajda et al. (2017). Briefly, IR micro-
spectroscopy measurements were performed at the currently de-
commissioned D7 beamline at the MAX IV synchrotron facility,
Lund University, Lund, Sweden. A Hyperion 3000 IR micro-
scope combined with a Fourier transform IR spectrometer IFS
66v/S (Bruker Optik, Ettlingen, Germany) with globar light source
and KBr beam splitter was used for the measurements. The micro-
scope is equipped with a single-element liquid-nitrogen-cooled
mercury cadmium telluride detector. A x15/0.4 objective was
used. A knife-edge aperture that limits the size of the beam on
the sample was adjusted according to the size of the cuticles
when collecting the spectra to prevent stray light (radiation that
propagates through areas without sample) from reaching the de-
tector. Spectra in the range of 4000-850 cm ' were recorded us-
ing a spectral resolution of 4 cm™'. The lower wave number limit
is determined by the use of the CaF, optical window as a sample

substrate. We averaged 128 interferograms, and the result was
Fourier transformed into a spectrum applying the Blackmann-
Harris 3 apodization function and zero-filling factor 2. At least
three separate cuticles of each taxon were analyzed, and several
spectra were recorded in multiple locations on each cuticle sam-
ple. Algorithms of atmospheric compensation and baseline cor-
rection (rubber band method) were applied to three selected
spectra of high quality (no saturated absorptions, high signal-
to-noise ratio, no significant baseline oscillations due to scatter-
ing) in accordance with spectral preprocessing as previously de-
scribed (Baker et al. 2014). The algorithms are default functions
of the OPUS software (Bruker Optik, Ettlingen, Germany). Sub-
sequently, the spectra were analyzed using a script written in the
MATLAB package (ver. 7.14; MathWorks), as it allows for bet-
ter control of the processing.

Data analysis.  Spectral data sets obtained by IR microspec-
troscopy were evaluated by multivariate approaches—hierar-
chical cluster analysis (HCA) and principal component analysis
(PCA)—performed on vector-normalized, first-derivative (cal-
culated by the Savitzky-Golay algorithm using a polynomial of
degree two and window size of nine points) spectra (Ami et al.
2013; Gautam et al. 2015). We have experimentally found that
these preprocessing parameters best emphasize overlapping spec-
tral features without significant loss in signal-to-noise ratio (Mark
and Workman 2003). The fingerprint spectral region within lim-
its of 1850-1300 cm ™! was selected and used for both HCA and
PCA. It contains the most information on the molecular content
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of the samples (Domenighini and Giordano 2009). In addition, in
our previous work we tested the effects of using expanded and
different spectral ranges and found that the fingerprint region
yields the most stabile results (Vajda et al. 2017). The region be-
low 1300 cm ™! was excluded to avoid the influence of kaolinite
spectral bands (e.g., at 1115, 1034, 1008, and 913 cm™' with
shoulder at 939 cm™') on the analysis results (Cruz and Duro
1999). We chose to use all data points within the selected spec-
tral range in the analysis instead of individual bands in order to
include all possibly important spectral signatures. For the HCA,
Euclidean distances between the spectra were calculated, then
Ward’s algorithm was used to group the data. The fingerprint
region contains the most information on the molecular content
of the samples (Domenighini and Giordano 2009). The hierarchi-
cal clustering results were displayed in the form of dendrograms
in which the heterogeneity factor—FEuclidean distance—represents
proximity between the clusters. An algorithm of optimal leaf or-
dering (Bar-Joseph et al. 2001) was applied for the adjacent clus-
ters to have the highest similarity.

A heat map was plotted using the clustergram function
(MATLAB) with no clustering applied on the wave numbers. PCA
was performed using the PCA function (MATLAB).

Code availability. The data and MATLAB code used for HCA
and PCA are available on GitHub (https:/github.com/mildapu
[fossil-cuticle-spectral-analysis).

Results and Interpretation

Spectral Results

In accordance with previous studies (Vajda et al. 2017), IR ab-
sorption spectra of the modern Ginkgo biloba cuticles (figs. 4, 5a)
contain characteristic spectral bands of lipidic polyester cutin and
waxes corresponding to CH,, CH, stretching and bending vi-
brations of long aliphatic chains (at 2958, 2919, 2872, 2850,
1469, 1442, 1414, and 1373 cm™'), and C=0 stretching vibra-
tions of ester carbonyl (at 1734 cm ™). Broad spectral features in
the wave number region between 1700 and 1480 cm™! are due
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Fig. 4 Morphology and infrared absorption spectra of fossil and modern Ginkgo leaves. Top, examples of fossil Gingko hermelinii (S087404)
from the Early Jurassic of Skdne, Domping, and extant Ginkgo biloba from an author’s garden in Lund, Sweden. Botfom, infrared absorption
spectra of G. hermelinii and G. biloba (extant) recorded at three points on each cuticle sample showing correspondence of some absorption peaks.
Gray areas denote the mineral kaolinite spectral peaks in the spectra of the fossil cuticles.
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Fig. 5
modern Ginkgo biloba. b, Spectra of fossil ginkgoalean cuticles.

predominantly to C-C vibrations in aromatic rings of phenolic
compounds, but the presence of proteins is also confirmed by am-
ideI(C=0) and amide Il (N-H) bands at 1658 cm ' and 1549 cm ™!,
respectively. Bands below 1300 cm ™ '—at 1240 and 1145 cm ™!
(shoulder at 1164 cm™') and at 1106, 1066, and 1035 cm™' (shoul-
der at 1016 cm ™ ')—are due to C-O-C and C-O vibrations, mostly
in polysaccharides (e.g., cellulose; Mosle et al. 1998).

The most significant chemical changes caused by initial de-
composition processes within cuticles of autumn leaves of mod-
ern G. biloba, compared with the cuticles of fresh leaves, are the
disappearance of proteins (fig. 5a). This is indicated by a signif-
icant decrease in relative intensities of amide I (1658 cm™') and
amide II (1549 cm™') bands in the corresponding IR absorption
spectra (fig. 5a). Another interesting feature is an increase in rel-
ative intensity of an ester carbonyl-related band at 1734 cm™" and
appearance of an additional shoulder at 1707 cm ™! assigned to
C =0 stretching vibrations in carboxyl/ketone functional groups.
This assignment is supported by the appearance of a band at
1440 cm ! related to OH bending vibrations in carboxyl com-
pounds. As will be discussed later in this article, a carboxyl/ketone-
related spectral band peaking at approximately 1710 cm™ is evi-
dent in the spectra of all the fossil leaves. Intensity increase of the
ester carbonyl band is followed by an increase in intensity of re-
lated bands at 1245 and 1164 cm " assigned to C-OH vibrations
in the group.

The spectra of the fossil leaves are dominated by spectral bands
at 2926, 2855, and 1458 cm™" of CH__ groups and between 1700
and 1520 cm ™! of aromatic compounds (figs. 4, 5b, 6-8). Collec-
tively, they can be assigned to kerogen—a group of organic carbon
materials formed during fossilization processes of organic com-
pounds (Ujiié 1978; Bobroff et al. 2016). As mentioned above, the
ester carbonyl band in the fresh cuticles is replaced by a band at
1702-1711 cm™" (the peak position varies slightly among sam-
ples) assigned to C=0 stretching vibration of carboxylic acids/
ketones. Among the fossil cuticles, the most significant difference
in the IR absorption spectra of the various taxa is in the absorp-
tion intensity ratio of carboxyl/ketone and aromatic carbon bands.
For instance, in the spectra of Ginkgoites obovata, Ginkgoites
minuta, Czekanowskia nathorstii, and the nonginkgoalean seed
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Infrared absorption spectra of modern and fossil ginkgoalean cuticles. a, Spectra of cuticles from fresh and yellow autumn leaves of

plants Lepidopteris ottonis and Anomozamites minor, this ratio
is much higher than in the spectra of other taxa, meaning that
Pterophyllum, Ptilozamites, and Baeira have the most intensive
aromatic peaks (relatively, the most aromatic), while Ginkgoites
hermelinii and Ginkgoites taeniata are somewhere in between.

Cluster analysis. HCA was performed to test whether it is
possible to consistently distinguish the various species of Gink-
goales using the IR absorption spectra and to assess the relative
similarities between the chemospectral signatures of these taxa
(fig. 6a). The IR absorption spectra of modern G. biloba cuticles,
including those obtained from autumn leaves, are clearly distinct
from those of all fossil species, representing the significantly dif-
ferent chemistry of the modern leaf cuticle compared with that
of all the fossil examples. This difference is considerably greater
than the variation between the collective fossil taxa. This is a con-
sequence of diagenetic changes affecting the fossil leaves com-
pared with the unaltered extant G. biloba.

Two major subclusters were identified among the fossil gink-
goalean cuticles, one comprising G. obovata (Rhaetian, ca. 203 Ma),
G. minuta (Rhaetian, ca. 202 Ma), and C. nathorstii (Hettangian,
ca. 199 Ma). The second subcluster incorporates the fossil species
G. hermelinii (Hettangian, ca. 200 Ma), G. taeniata (Hettangian,
ca. 200 Ma), Baiera spectabilis (Hettangian, ca. 199 Ma), and
Baiera amalloidea (Rhaetian, ca. 202 Ma). Both major subclusters
incorporate taxa from different stratigraphic levels.

To resolve whether taxonomic affinities are reflected in the
HCA dendrograms, as suggested by spectra of the Baiera cuti-
cles from different stratigraphic levels clustering together, we in-
cluded a selection of out-group taxa, represented by fossil cuticles
of L. ottonis, Pterophyllum schenkii, Ptilozamites nilssonii, and
A. minor collected from the same succession, in the HCA (fig. 6b)
and PCA (fig. 8¢). Pterophyllum schenkii and P. nilssonii group
closely within the second branch of the dendrogram, which also in-
cludes G. hermelinii, G. taeniata, B. spectabilis, and B. amalloidea,
whereas L. ottonis and A. minor cluster on the first branch with
G. obovata, G. minuta,and C. nathorstii. Within-species groupings
remain consistent; hence, factors other than taxon affinity influ-
ence the overall clustering. The specimens from both Triassic and
Jurassic strata are mixed within the two branches, which suggests
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Fig. 6 Dendrograms based on hierarchical cluster analysis of infrared (IR) absorption spectra of cuticles from modern and fossil ginkgoaleans.
a, Dendrogram including all fossil taxa and their modern counterpart Ginkgo biloba. b, Dendrogram including an out-group constituted from
cuticles from fossil Pterophyllum schenkii, Ptilozamites nilssonii, Lepidopteris ottonis, and Anamozamites minor. This dendrogram also includes
IR absorption spectra from yellow autumn leaves of modern G. biloba, which cluster on the same subcluster but with significant distance from the
fresh leaves.

that diagenetic history is not the decisive factor for the cluster- bands to the HCA results are summarized. For instance, G. min-
ing result. uta, G. obovata, and C. nathorstii are clearly differentiated not
We also plotted a heat map (fig. 7), where positive (red) and only by the higher ratio of carboxyl/ketone (~1710 cm™!) to aro-

negative (blue) contributions of different first-derivative spectral matic (1500-1650 cm ') carbon bands but also by the relative
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intensity increase at ca. 1460 and 1350 cm~
phatic CH__ groups.

PCA. Thethree principal components shown in figure 8 and
obtained through PCA collectively explain 95% of variance in
the spectra. PC plots including both ginkgoaleans and the out-
group species (fig. 8a, 8b) and the respective PC loadings (fig. 8¢)
corroborate the HCA results. Within the PC1, modern G. biloba
groups separately from all the fossil taxa, with the autumn leaves
clearly distinguished. Within PC2 and PC3, the fossil taxa form
the same clusters evident in the dendrograms. The clusters of fos-
sil taxa appear to form a gradient along the PC axes; however,
removing the highly separated modern species alleviates this plot-
ting effect while not affecting the overall grouping (fig. S1). The
PC loadings (figs. 8¢, S1c) also confirm, as already seen in the heat
map in figure 7, that carboxyl/ketone (~1710 cm™'), aromatic
(1500-1650 cm ™), and CH__(1470-1350 cm ") functional groups
are the most important spectral features influencing the separa-
tion between the two clusters of fossil cuticles.

Discussion and Conclusion

Our IR data show that a range of stable organic compounds
is present in all the analyzed material. The results further show
that the breakdown of proteins and changes in other unstable
organic compounds take place as soon as the leaves are shed, as
evidenced by the presence of carboxyl/ketone molecules in both
the extant autumn leaves and the fossil Ginkgo leaves but not in
the fresh, green Ginkgo leaves.

Several factors complicate the interpretations of the fossil leaves.
For example, age and phylogenetic relationship may be naturally
linked—reflecting a true evolutionary signature, whereas external

factors, such as pCO,, fluctuated across the sampled interval. We
can state with confidence that repeated measurements from dif-
ferent parts of the same leaf provided identical spectra and so did
the results of analyses from different leaves of the same taxon.
We can further confidently state that the biochemical signatures
of fossil cuticles analyzed in this study are not functions of the
diagenetic or lithological characters of the sediments hosting the
fossil because different taxa from the same bed do not necessarily
cluster, and different taxa from separate beds may indeed exhibit
nearly identical spectra.

The major outstanding question is whether the spectral group-
ings are related to the environmental conditions in which the ana-
lyzed gingkoaleans grew or to true phylogenetic relationships or
both. On the basis of studies of extant plant cuticles and fossil
taxa with known phylogenetic relationships, we have previously
shown that phylogenetic groupings at higher taxonomic levels
can indeed be identified (Vajda et al. 2017). However, in this study
we are comparing cuticles at the species level—taxa for which we
do not know the true phylogenetic relationships.

Previous plant physiological studies have shown that external
factors, such as low temperatures, UV levels, drought, light
levels, and salinity, may affect leaf cuticle thickness (Poort
2009; Bacon et al. 2016). On the basis of sedimentological
features combined with carbon isotope data from Astartekloft,
Scoresby Sound, factors such as drought, cooling, and high
salinity were excluded as factors significantly affecting the veg-
etation (Soh et al. 2017). To the contrary, there is evidence for
intense global warming across the Triassic-Jurassic boundary,
and both marine sediments and invertebrates are lacking from
the successions, thus supporting a continental swamp setting with
no influence of salinity (McElwain et al. 2007; Bacon et al. 2016;
Soh et al. 2017).



as well as out-group taxa. ¢, PC loading plot of the first three PCs.

We interpret the groupings to reflect a combination of phy-
logeny and environmental factors: the environment seems to have
the strongest influence when analyzing closely related species. The
two oldest taxa that experienced growth during the relatively low-
pCO, “preevent world,” Ginkgo obovata and Ginkgo minuta,
cluster with Czekanowskia nathorstii, which grew in the low-
pCO, “postevent world” during the recovery interval (figs. 1, 6).
The Early Jurassic Ginkgo hermelinii and Ginkgo taeniata cluster
closely, and these taxa are both known to have similar cuticle
morphology to the extent that they are difficult to distinguish
morphologically (Harris 1935). They also lived in the same hab-
itats at the same time, making it impossible to resolve the most
decisive factor contributing to the differences in functional groups
represented in the cuticles. The Late Triassic Baiera amalloidea
and the Early Jurassic Baiera spectabilis group closely together,
although they existed several million years apart but, importantly,
both under high pCO, levels. Our results suggest that, on a bio-
chemical basis, Baiera plot within the range of variation expressed
by Ginkgo. This implies that the morphological features differ-
entiating Baiera may be only of infrageneric significance within
an expanded concept of Ginkgo. This was already suggested over
80 yr ago by Harris (1937), who questioned Florin’s division of
the Ginkgoales into Ginkgo, Baeira, and Sphenobaiera (Florin
1949). Instead, Harris showed that the venation patterns used
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Fig. 8 4, b, Principal components (PCs) analysis score plots based on infrared absorption spectra of the cuticles of fossil and modern Ginkgoales

for the division of these genera are not consistent but rather
variable.

A very generalized pattern emerging for the seven ginkgoalean
taxa is that the groupings may be linked to the pCO, levels, which
in some cases seem to override the phylogeny (fig. 1). The ques-
tion concerning the influence of pCO, on cuticle chemistry re-
mains unresolved. A recent study by Jardine et al. (2019) addressed
this issue via a meticulous experiment to test for the effects of
pCO, variations on Ginkgo biloba leaf cuticle chemistry. By us-
ing attenuated total reflectance Fourier transform IR spectroscopy
on leaves from plants grown in chambers with enhanced pCO,
conditions, they showed that pCO, had little effect on the cuti-
cle chemistry (Jardine et al. 2019). However, an experiment with
limited short-term elevated pCO, in growth chambers may not
accurately reflect the influence on Ginkgoales cuticle in the past,
such as in the Mesozoic greenhouse world, when plants were both
adapted to and grew naturally over many generations under highly
elevated pCO,. Thus, the possibility remains that pCO, may be
an additional factor influencing the clustering of IR absorption
spectra, and this should be investigated further.

The shift to higher CO, levels across the Triassic-Jurassic bound-
ary has been inferred to have contributed to a global temperature
rise of 3°~4°C (McElwain et al. 1999), and paleoclimatic model-
ing revealed that this could have resulted in summer temperatures



VAJDA ET AL.—GEOCHEMICAL FINGERPRINTS OF GINKGOALES 659

of 36°C at the Greenland locality (Huynh and Poulsen 2005). This
warming would have directly affected the plant physiognomy
and possibly contributed to the contrasting expression of organic
compounds between the taxa.

Adding the spectra of the nonginkgoalean seed plants adds in-
teresting insights but also complicates the interpretations. None
of the nonginkgoalean seed plants segregates as a basal branch
on the dendrogram; instead, they all nest within the Ginkgoales.
Clustering that is particularly problematic to explain is that Asno-
mozamites and Pterophyllum plot on different major branches
of the dendrogram, although both are considered to be typical
bennettites. Pterophyllum clusters with the other possible ben-
netitte, Ptilozamites, and with the Jurassic high-pCO, gingkoalean
taxa (figs. 1, 6, 8). The peltaspermalean seed fern Lepidopteris
ottonis plots close to the older ginkoalean taxa, reflecting their
similar cuticular compositions developed in a low-pCO, world.
One problem is that many of the seed plants present in the Green-
land section are potentially closely related. More remotely related
groups, such as Araucariaceae and Podocarpaceae, do not appear
in this region until later in the Jurassic. Even the extant G. biloba
is possibly closely related to these early seed plants. It has been
suggested that G. biloba is the last survivor of a once highly di-
verse lineage of extinct plants, including Peltaspermales (Herrera
at al. 2017), which includes L. ottonis. The question as to whether
the biochemical fingerprints are the result of a climatic influence
or retention of plesiomorphic cuticular characters or both is im-
portant and yet to be resolved. Future work assessing the influence

of chemical treatment of a range of cuticles would be necessary.
Combining paleobotany, organic chemistry, and phylogeny in-
volving a broader range of ginkgoalean taxa from well-constrained
paleoclimatic intervals will be necessary to conclude whether tax-
onomical grouping and distances between the subclusters as de-
fined by IR absorption spectra agree with the phylogenetic affinity.
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