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Plant resins, serving various essential ecological functions, have traditionally been associated with conifers
and angiosperms. Previously, the oldest known resin was identified in the late Carboniferous. Here we reveal
that substantial amounts of diterpenoid resins were already present on the surfaces of Middle Devonian land
plants. These surface resins, preserved alongside plant cuticles, are rich in nonvolatile tetracyclic
diterpenoids and likely played a crucial role in facilitating terrestrial colonization by forming an antitranspirant
barrier on the surfaces of early herbaceous plants. These findings not only markedly push back the timeline
for the emergence of the earliest resin-producing plants, but also provide valuable insights into the adaptive
strategies of early terrestrial flora. Moreover, our results suggest an evolutionary transition from surface to
internal resins, revealing a more complex history of resin biosynthesis than previously recognized.

Plant resin is primarily a lipid-soluble mixture of volatile and nonvolatile
terpenoid and/or phenolic secondary compounds, typically secreted in spe-
cialized structures either internally or on plant surfaces'. Historically, these
resins have been associated primarily with conifers and angiosperms, playing
important ecological roles, including sealing wounds, defense against
pathogen infections, and providing resistance to desiccation, ultraviolet
radiation, and high temperatures". Fossil resins, often highly resistant to
common degradation mechanisms, allow them to be preserved in the geo-
logical record. Previously, the earliest known evidence of fossil resin was
reported from the late Carboniferous and is associated with gymnosperms'™.

Plant cuticles cover nearly all aerial non-woody parts of terrestrial
plants. A typical plant cuticle consists primarily of a lipid biopolymer called
cutin and a variety of compounds soluble in organic solvents, collectively
known as cuticular waxes. In contrast to resins, cuticular waxes are primarily
composed of very long-chain fatty lipids, including odd-numbered normal
alkanes and even-numbered fatty acids, aldehydes, primary alcohols, sec-
ondary alcohols, ketones and esters™’.

Here we show that abundant diterpenoid-rich surface resins were
already widespread on Middle Devonian plant cuticles, substantially
extending the geological record of plant resin production. These findings
indicate that surface resin secretion played an important role in protecting
early terrestrial plants from environmental stresses during land colonization.

Results and discussion

Identification of surface resins

The cuticle layers of the Middle Devonian period (Givetian, 382-387 Ma)
were extracted from Chinese cuticle-rich coals’™", notable for their high
content of plant cuticles. These cuticles, collected from various regions, are

marked by distinctive microscopic features and exhibit a wide range in
thickness, from as thin as 1-5 um to over 300 um (Table 1). The observed
variations suggest that these cuticles originate from a diverse array of early
terrestrial plants’.

Surprisingly, microscopic examinations revealed that these fresh
cuticles were commonly covered by thin organic films, which displayed a
distinctive brown fluorescence under UV light, strikingly contrasting with
the yellow fluorescence of the cuticle proper (Fig. 1a-h). Scanning electron
microscope observations indicated that these films either spanned con-
tinuously across the cuticles or broke into fragments (Fig. 1i, j, 1). The
thickness of these films varies widely, ranging from less than 1 micrometer
to several micrometers, and is directly proportional to the thickness of the
underlying cuticles. Films on thicker cuticles were generally thicker and
comprised multiple laminar layers (Fig. 1j), while films on thinner cuticles
were thinner and typically consisted of a single layer or just a few (Fig. 1i).
Energy-dispersive X-ray spectroscopy detected minor clay-mineral inclu-
sions within the films (Fig. 1i, 1), likely introduced during burial. In some
samples, these films notably occluded the pores and guard cells of stomata.
Moreover, the films can dissolve completely or nearly so in a
dichloromethane-methanol mixture (Fig. 1k, m).

To determine the composition of the films, purified cuticles were
extracted using a dichloromethane-methanol mixture. The resulting
extracts were then analyzed using Gas Chromatography-Mass Spectro-
metry (GC-MS). Remarkably, substantial amounts of diterpenoids, along-
side conventional wax compounds, were identified in the cuticle extracts
(Fig. 2), characterized by a key ion or base peak at m/z 123 in their mass
spectra’’. The concentrations of these diterpenoids in the maltene fractions
are notably high, reaching 180 mg/g, far surpassing those of aliphatic wax
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Table 1 | Basic data for the cuticles purified from Middle Devonian cuticle-rich coals in China

Source area Cuticle thickness (um)

Resin film thickness (um)

Concentration in Concentration in

saturated fractions maltene fractions
(mg/g) (mg/g)
Tetracyclic Normal Diter- Wax-
diterpanes alkane- penoids es
s
Xinjiang province BLG 49-188 0.64-2.56 402-496 11-17 89-124 4-6
Yunnan province WJ 43-289 0.87-3.14 474-570 41-67 139-183 12-14
BSP 15-145 0.50-2.37 410-456 14-25 101-122 5-8
DM 11-84 0.20-0.82 184-216 36-37 57-70 10-15
BT 1-8 0.24-0.69 101-108 57-88 40-47 27-33
Sichuan province DMD 1-8 0.14-0.52 89-116 20-37 24-56 3-5

resin film

{

cuticle

Fig. 1 | Resin films coating cuticle surfaces. a-h Optical microscope images under
fluorescence illumination showing resin films exhibiting brown or dark brown
fluorescence on the outer surfaces of cuticles, which fluoresce bright yellow. i SEM
back-scattered image of a simpler resin film structure with fewer layers coating a thin
cuticle (Inset: EDS spectrum of the resin film). j SEM image of a complex, multi-
layered resin film coating a thick cuticle (Inset: EDS spectrum of the cuticle). k SEM

cuticle

image of resin film after substantial dissolution in a dichloromethane-methanol
mixture, compared to its initial state in (j) (Inset: EDS spectrum of the cuticle). SEM
images comparing a resin film before (1) and after (m) partial dissolution in the same
solvent (Insets: corresponding EDS spectra highlighting distinct elemental com-
positions of the resin film (1) and underlying cuticle (m)).

lipids and other compounds (Table 1). Diterpenoids are rarely found in
cuticles, and the clear positive correlation between the diterpenoid content
and the film thickness (Table 1 and Fig. 3) indicates that these compounds
originated from the cuticle surface films and are their primary soluble
components. Because diterpenoids are signature constituents of plant resins,
their presence demonstrates that the films are fossilized diterpenoid resins
preserved alongside Middle Devonian cuticles (Fig. 1). Moreover, some

micrographs capture these films apparently forming by the coalescence of
discrete, micron-scale droplets—very like plant resin exudation—providing
further confirmation of their resinous origin (Fig. 1g).

Resins in plants can be broadly classified into two main types:
internal and surface resins’ Internal resin, synthesized within endo-
genous secretory structures or ducts, is commonly found in conifers and
angiosperm trees. Surface resin, in contrast, is secreted externally from
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Fig. 2 | Representative total ion chromatograms
(TIC) of the saturate hydrocarbon fraction of
Middle Devonian cuticle extracts. n normal
alkanes, C; carbon number, TD tetracyclic diter-
panes, IS internal standard.
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Fig. 3 | Positive relationship between resin film
thickness and diterpenoid concentration across
regions. Each data point represents the average
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diterpenoid concentration in the maltene frac-
tions and the median resin film thickness for a given
region. Horizontal and vertical bars indicate the
interquartile (middle 50%) range of resin film
thickness and the full range of diterpenoid con-
centration, respectively. The strong positive corre-
lation indicates that regions with thicker resin films
generally exhibit higher diterpenoid concentrations.
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glandular trichomes or epidermal cells, often forming continuous pro-
tective varnishes that coat stipules, leaves, stems, or floral calyxesl‘z. The
resin films examined in our studies clearly represent this surface resin
type. Under favorable geological conditions, these surface resins can be
preserved alongside fossilized plant cuticles. Numerous glandular tri-
chomes directly observed on cuticle surfaces, serving as the primary
secretory structures of surface resin, further support the presence and
classification as surface type (Fig. 4a-d). Exceptionally preserved tri-
chomes, closely associated with resin films, directly confirm that resin
secretion occurred externally via these trichome structures (Fig. 4d).
However, trichomes commonly detach during fossilization, leaving
behind characteristic circular or subcircular perforations and fragmented
trichome remains on the cuticles (Fig. 4e-g). These perforations generally
range from 10 to 30 um in diameter, notably smaller than the stomata
observed in the same specimens. Moreover, numerous trichome imprints
preserved within the resin films clearly originate from these perforations
(Fig. 4f, g), providing compelling visual evidence that glandular trichomes
were responsible for external resin secretion in these early terrestrial
plants. Additionally, various larger structures termed tubercles—con-
oidal, spiniform, dome-shaped, or flattened—are present on some cuticle
surfaces, often encircled by concentric folds of the cuticle (Fig. 4h, 1). These
tubercles, markedly larger than the trichomes, typically measure
approximately 50-100 um in diameter and 200-400 um in length. Fea-
turing central canals, they are suggested to have a secretory function and
potentially served as additional resin secretion channels'.

It was previously believed that the earliest known resin was associated
with ggmnosperms from the late Carboniferous', and that the oldest known
amber, a visually distinct form of fossilized resin, originated around 320
million years ago during the Carboniferous period"*. Moreover, surface resin
secretion was thought to be exclusive to angiosperms in modern plants.
Therefore, the identification of surface resin in Middle Devonian plants is
both remarkable and unexpected. This discovery not only pushes back the
timeline for the emergence of the earliest resin-producing plants but also
overturns the longstanding view that surface resins were produced exclu-
sively by angiosperms'. Consequently, this finding challenges existing
paradigms about resin production in plant lineages, suggesting a more
complex evolutionary history of resin biosynthesis than previously
understood.

Interestingly, spine-like projections with darkened tips have been
reported in Lower Devonian cuticles*”". These structures, which resemble
resin canals or resinous materials, were identified based on morphological
observations, but no conclusive anatomical or chemical evidence for resin
secretion was provided. Further studies are needed to confirm the functional
role of these structures and determine whether the darkened tips are indeed
resinous materials.

Molecular composition of the surface resin

Diterpenoids identified in resin films primarily consist of tetracyclic diter-
panes, accompanied by low abundances of monoaromatic and oxygenated
derivatives. The tetracyclic diterpanes eluted between the C;3 and Cyy
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Fig. 4 | Microscopic characteristics of trichomes and tubercles on Middle
Devonian plant cuticles. SEM images of trichomes on cuticle surfaces: a intact,
long-stalk trichome (base diameter 15-20 pum, length approximately 200-300 um);
b distinct star-like trichome; ¢ compressed branching trichome; d detached long-
stalk trichome partially covered by resin film; e fragmented hollow trichomes and
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associated basal perforations. f, g Optical microscope images in transmitted light,
highlighting numerous trichome imprints and associated perforations. h SEM image
of a tubercle remnant surrounded by small trichome perforations. i SEM image
showing tubercles and their distinct basal perforations.

normal alkanes on the total ion chromatograms (TIC) of saturated fractions
(Fig. 2 and Supplementary Fig. 1) and have a general formula of C,H,,, 6.
The carbon number of these compounds typically ranges from C;g to C,,,
with the Cy, tetracyclic diterpanes and their C;3—C;9 homologues being the
most abundant constituents. Particularly in Middle Devonian cuticle
extracts, Cy tetracyclic diterpanes (molecular weight 274) have an unu-
sually large number of isomers and homologues (Fig. 2)***, far surpassing
those reported previously. The identified compounds mainly include
beyeranes and atisanes, with most of the other unknown compounds
interpreted based on their mass spectra and the more stable atisane skeleton
(Fig. 5 and Supplementary Fig. 2)*. The presence of 163(H)-kaurane, which
typically co-elutes with 16B(H)-atisane, is inferred from the occurrence of its
homologues. Despite past variations in nomenclature by different
scholars™*, the composition of these tetracyclic diterpanes is consistent in
all samples. In addition to the primary tetracyclic diterpanes, their mono-
aromatic derivatives are also detected in resin films characterized by higher
thermal maturity. Conversely, oxygenated derivatives, predominantly
consisting of C;g and C,g tetracyclic diterpenoid ketones, are found in high
abundance in resin films with lower thermal maturity (Supplemen-
tary Fig. 3).

A high abundance of tetracyclic diterpenoids is typically associated
with internal resins produced by conifers, though trace amounts occur
universally in plants due to gibberellin biosynthesis. These diterpenoid
compounds, characterized by beyerane, atisane, and kaurane skeletons, are

especially prevalent in the resins of modern conifer families such as
Cupressaceae, Podocarpaceae, and Araucariaceae”. Historically, their pre-
sence in Carboniferous coals has been attributed to early conifers, particu-
larly the Voltziales™”. However, exceptionally high concentrations of
tetracyclic diterpenoids have also been reported in several Middle Devonian
sediments and cuticle-rich coals, including the famous Barzas coal in
Russia®. The origin and precursors of these abundant compounds have
puzzled researchers”, as conifers had not yet evolved during the Middle
Devonian period, and there is no evidence of resinite individuals—fossilized
forms of internal resin—in these deposits. Previous research by Sheng et al.
suggested a microbial, fungal, or lower plant origin for these tetracyclic
diterpenoids in Devonian coals™, while Thomas and Peters et al. suggested
that a complex gibberellin synthesis pathway may explain their high
abundance during the Middle Devonian™’'. Recently, high abundances of
these tetracyclic diterpenoids have also been identified in Upper Devonian
coals”. Similarly, the precise origins and sources of these compounds
remain unresolved.

Our research provides further insights into this long-standing puzzle,
confirming that the high abundances of tetracyclic diterpenoids in the
Middle Devonian originated from surface resins, which were already pre-
sent in early terrestrial flora before the emergence of conifers. This finding
suggests that tetracyclic diterpenoid resin secretion evolved much earlier
than previously recognized. Consequently, the notable abundances of these
compounds in Upper Devonian coals likely originated from similar resins,
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Fig. 5 | General structures of tetracyclic diterpenes identified in Middle Devonian cuticles.
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indicating that resin secretion was also present in Late Devonian, either
surface resins or newly evolved internal resins. Collectively, these findings
outline an evolutionary diversification of tetracyclic diterpenoid resin bio-
synthesis, beginning with surface resins in Middle Devonian plants, con-
tinuing through Late Devonian, and ultimately transitioning to the
distinctly defined internal resin systems characteristic of later Carboniferous
gymnosperms, particularly early conifers such as the Voltziales. This evo-
lutionary trajectory provides valuable insights into the timing and early
evolution of surface resin production, greatly enhancing our understanding
of plant evolutionary biology and biochemical adaptations. Additionally, the
widespread occurrence of abundant tetracyclic diterpenoids during the

Middle Devonian suggests that early terrestrial plants had already evolved
effective biochemical mechanisms for synthesizing and secreting surface
resins by that early stage of terrestrial colonization.

In addition to diterpenoids, expected components of cuticular wax
were also identified in the extracts of cuticles, including normal alkanes,
long-chain fatty acids, alcohols, and esters. In most samples, long-chain
normal alkanes displayed a noticeable odd chain-length predominance
(Fig. 2). These long-chain normal alkanes typically originated from cuticular
waxes and were either synthesized directly by higher plants or derived from
defunctionalized acids, alcohols, or esters due to diagenetic alteration®".
Other wax compounds with oxygen-containing functional groups were
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Fig. 7 | Reconstruction of Middle Devonian plants
(Givetian, 382-387 Ma) illustrating surface resin
secretion by glandular trichomes and the formation
of protective resin sheet on cuticle surfaces.
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present in low amounts, likely due to extensive defunctionalization over a
long geological timeline (Supplementary Fig. 3). The total concentrations of
wax lipids in the maltene fractions range from 3 to 33 mg/g (Table 1). These
cuticular wax may either be deposited on the surface of the cuticle and mixed
with the resin films, or embedded in the cutin matrix as intracuticular waxes.

Facilitating early plant colonization

Various types of resins serve different ecological roles. Internal resin is
typically released by a plant when injured, playing a crucial role in sealing
wounds and protecting the plant from pathogen infections. In contrast,
surface resin, which covers stems, leaves, and sometimes reproductive
organs, is commonly found in angiosperm shrubs and herbs, particularly in
arid habitats. This type of resin provides additional protection against water
loss, ultraviolet radiation, and high temperatures™. Our research highlights
that surface resins from Middle Devonian plants were notably rich in
nonvolatile tetracyclic diterpenoids, which would harden to form a pro-
tective barrier upon exposure to air. Deposited primarily along the stems,
these resinous layers likely served as an antidesiccant™, playing a crucial role
in facilitating early plant colonization of terrestrial environments.

Supporting this interpretation, our quantitative data reveal a strong
positive correlation between cuticle thickness and both the thickness and
abundance of surface resin, with thicker cuticles consistently exhibiting
thicker resin films and higher concentrations of diterpenoids (Fig. 6 and
Table 1). Notably, this positive relationship is evident not only across the
entire dataset but also within each individual geographic region studied
(Fig. 6). Detailed microscopic observations further confirm this pattern at the
scale of individual plant organs: sun-exposed surfaces, which naturally have
thicker cuticles, display proportionally thicker resin films compared to shaded
surfaces, which possess thinner cuticles and correspondingly thinner resin
coatings (Fig. 1h). Cuticle thickness itself is strongly influenced by environ-
mental factors such as sunlight exposure, water availability, and temperature,
and plants in arid habitats typically evolve thicker cuticles as an adaptation to
minimize water loss*>”. Thus, the consistent positive relationship observed
between cuticle thickness and resin abundance in Devonian plants strongly
suggests that the increased secretion of surface resin was a critical adaptive
strategy for these early plants, supplementing enhanced cuticle thickness to
effectively counteract environmental stresses and facilitate their successful
colonization of terrestrial habitats. Figure 7 presents a detailed reconstruction
of the external secretion of surface resins and the formation of protective resin
sheet on the cuticle surfaces of early terrestrial plants.

The Middle Devonian cuticles analyzed primarily originate from
herbaceous plants”'’. The early plant Orestovia, identified as the coal-
forming plant of the Barzas coal, where abundant diterpenoids were found,
was also recognized as herbaceous™”. Interestingly, similar to modern
angiosperm shrubs and herbs that mainly secrete surface resin, these ancient
herbaceous plants also secreted abundant surface resin, a trait less frequently
observed in trees'. This notable similarity indicates that the ability to

produce surface resin has been a critical evolutionary adaptation for her-
baceous plants across geological epochs, providing a survival advantage in
dry and arid conditions.

Outlook

The evolutionary transition from aquatic to terrestrial environments was a
key step in the evolutionary history of early land plants. Overcoming
challenges such as minimizing water loss and mitigating ultraviolet radia-
tion exposure was vital. Surface resins, serving as effective antitranspirants,
likely played an important role in terrestrial adaptation in early land plants.
Given that plant colonization of land dates back to the Ordovician period, it
is plausible that these critical adaptations may have begun even earlier than
the Middle Devonian period. This work provides a framework for investi-
gating the presence of surface resins in even earlier geological periods,
potentially offering groundbreaking insights into the evolution and adap-
tation mechanisms of early land plants. Moreover, these findings encourage
further research into the evolutionary diversification from surface to
internal resin systems, potentially offering profound insights into the origins
and development of internal resins in plants.

Methods

Materials

Middle Devonian cuticle-rich coals, characterized by their notably high
cuticle content, are restricted to a few selected global locations. These
include the Barzas coals in Russia, with a cuticle content of 70% to 80%°,
and several sites across China. Within China, major deposits are pre-
dominantly located in the Bulonggoer (BLG) region of Xinjiang Province,
the Wujing (WJ), Batang (BT), Damo (DM), and Baishaping (BSP) areas
of Yunnan Province, and the Damaidi (DMD) area of Sichuan Province
(Supplementary Fig. 4). The coal deposits from the W], BT, DM, BSP, and
DMD areas are found in the Haikou Formation, while those in the BLG
area occur in the Hujiersite Formation. All these coals and their respective
formations have been definitively dated to the Givetian period of the late
Middle Devonian”">*"",

In this study, fresh coal samples were collected from all the afore-
mentioned Chinese locations by excavating trenches perpendicular to the
strike of the coal seams. Bulk representative samples of these Devonian coals
were carefully extracted and immediately sealed in paper bags to minimize
contamination. These samples are characterized by their exceptionally high
cuticle contents, typically exceeding 60%, with specimens from the DM and
BSP areas commonly exceeding 90%. This high concentration of cuticles
imparts a distinct papery texture, allowing them to be easily separated into
flexible, leaf-like layers. These coals are colloquially referred to as “paper
coal” or “leaf coal”. The maturity levels of these coal samples are generally
low, as indicated by vitrinite reflectance (Ro) values ranging from 0.35% to
0.69%. Detailed characteristics of these samples have been extensively
documented in previous literature’™".
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Cuticles from these coals exhibit notable regional variation in thickness
and microscopic features (Supplementary Fig. 5)"'"". Specifically, cuticles
from the WJ and BLG coals typically exceed 50 um in thickness, whereas
those from the BSP and DM coals predominantly range between 20-150 um
and 10-50 pm, respectively. In contrast, cuticles from the BT and DMD coals
consistently measure less than 10 pm in thickness. Beyond thickness, these
cuticles also differ in microstructures (Supplementary Fig. 6). For example,
thick cuticles from WJ coals are marked by the presence of numerous tiny
pores (<1 um) that are randomly distributed within the cuticles. In com-
parison, only a select few cuticles from BLG, BSP, and DM coals exhibit these
small pores. Thin cuticles, across the board, tend to display a more uniform
and homogeneous structure. Additionally, the unique shapes of stomatal
apparatuses observed on the surface of these cuticles further emphasize the
distinctive features of each type. This variation in thickness, surface mor-
phology, and microstructure highlights the diversity of early terrestrial plants
that contributed to the formation of these coals.

Substantial evidence regarding the botanical origins of these cuticles
comes from studies of megafossils and palynology within Devonian cuticle-
rich coals. The Middle Devonian coals from the Luquan region of Yunnan
(WJ, DM, and BT areas) are primarily derived from Rhyniophytes, Proto-
lepidodendron, Drepanophycus, Psilophyton, and Protopteridium, which are
considered the main sources of the cuticles”""". In the DMD coal, Taenio-
crada and Barrandeina are the dominant coal-forming plants, while Proto-
lepidodendron and Lepidodendropsis predominate in the BSP coal'.
Furthermore, studies on the BLG cuticle-rich coal have shown that herbac-
eous lycopods were the predominant plants***’. These coal-forming plants
are considered the primary sources of the cuticles analyzed in this study, and
as such, their cuticles are expected to be preserved within the coals.

Cuticle purification

In the laboratory, the outer surface of bulk coal samples was removed to
further minimize contamination. To facilitate the purification of cuticle
layers, the samples were immersed in ultrapure water, which softened and
dispersed the material. This was followed by thorough rinsing with ultra-
pure water to eliminate clay and mineral components, with macerals con-
centrated using a sieve. Once dried, the sieved samples allowed for the
collection of single-layered and sheet-like cuticles through manual selection.
If other minor macerals adhered to the cuticle, they were delicately removed
using a blade. The distinctive sheet-like and elastic nature of the cuticle,
along with its substantial original content enabled the manual section-based
purification process to achieve cuticle purity levels exceeding 93%. The
selected cuticle layers were then subjected to comprehensive ultrasonic
cleaning and carefully cut into 2-4 mm pieces. To further separate the
macerals, the cuticle pieces underwent six cycles of freezing and thawing
with liquid nitrogen. After these treatments, the cuticle pieces were collected
again by manual selection resulting in a final cuticle purity exceeding 98%
(Supplementary Fig. 7). Purity assessment was conducted through a sys-
tematic maceral counting method (at least 500 points per sample) under a
microscope equipped with transmitted light and UV illumination, after
crushing the samples to less than 1 mm and forming them into polished
slices.

Analytical methods

For chemical analysis, the purified cuticles were ground into a powder finer
than 100 mesh and Soxhlet extracted for 48 h using a dichloromethane/
methanol mixture in a 1:1 ratio. The extracts were first separated into
asphaltene and maltene fractions using n-heptane precipitation. Some
maltenes were then fractionated using column chromatography (silica gel
over alumina, 3:1) into saturate, aromatic, and NSO fractions by sequential
elution with n-hexane, toluene, and chloroform. Prior to gas chromato-
graphic analysis, the maltene and NSO fraction were silylated using
BSTFA + TMCS (99/1) for 3 h at 70 °C. Gas chromatography-mass spec-
trometry (GC-MS) analyses of the saturated, aromatic, and NSO fractions
were conducted using an Agilent Model 6890 gas chromatograph coupled to
an Agilent Model 5975i mass selective detector, and fitted with a HP-5MS

capillary column (60 m, 0.25 mm id., 0.25 um film thickness). The GC
operating conditions for the maltene, saturated, and NSO fractions were:
50 °C (1 min) to 120 °C at 20 °C/min, and then to 310 °C at 2 °C/min (hold
for 5 min), and the aromatic fraction: 80 °C (1 min) to 310 °C at 3 °C/min
(hold for 25 min). The MS transfer line temperature was held at 280 °C and
the ion source temperature was 250 °C. The sample was injected in a splitless
mode, with an injector temperature at 300 °C. The ion source was operated
in the electron impact (EI) ionization mode at 70 eV. Helium was used as the
carrier gas (flow rate 1.0 mL/min).

Reference standards of phyllocladanes and kauranes were synthesized
through the catalytic hydrogenation of their natural counterparts, phyllo-
cladene and kaurene, respectively. Reduction of phyllocladene yielded
16a(H)- and 16B(H)-phyllocladane in a 4:1 ratio, and similarly for kaurene,
with the GC elution order of B before a for both sets of standards. These
phyllocladanes and kauranes were analyzed by GC-MS as external stan-
dards. Identification of individual diterpenes in the samples was based on a
comparison of their mass spectra and retention times with the external
standards and those previously reported”>****. For quantitative determina-
tion of diterpenoid and wax lipid compounds, absolute concentrations of
known amounts of standard compounds were added to the maltene frac-
tions prior to the separation steps. The quantification of the compounds was
based on their mass chromatogram peak areas compared to those of the
internal standards (alkanes: #Cy4Dsy, tetracyclic diterpanes: phyllocladane,
tetracyclic diterpenoids: kaurenoic acid or 5a-androstenone, esters: ethyl
nonadecanoate,  alcohols:  heneicosanol,  fatty  acids: = 19-
methyleicosanoic acid).

Data availability

The supplementary datasets supporting the findings of this study are
available in the Figshare repository (https://doi.org/10.6084/m9.figshare.
30870452). The deposited data include (i) quantitative measurements of
cuticle thickness and corresponding surface resin film thickness, and (ii)
quantitative data for organic compounds identified in the saturated and
maltene fractions of purified cuticle extracts. These datasets provide the
source data for the figures and analyses presented in this article.
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