
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/301638598

Cuticle and Subsurface Ornamentation of Intact Plant Leaf Epidermis Under

Confocal and Superresolution Microscopy

Article  in  Microscopy Research and Technique · April 2016

DOI: 10.1002/jemt.22667

CITATIONS

11
READS

1,244

4 authors:

Some of the authors of this publication are also working on these related projects:

Loyola University View project

Cretaceous Paleoclimate View project

Michael Urban

University of Illinois, Urbana-Champaign

36 PUBLICATIONS   414 CITATIONS   

SEE PROFILE

Richard S. Barclay

Smithsonian Institution

77 PUBLICATIONS   800 CITATIONS   

SEE PROFILE

Mayandi SIVAGURU

University of Illinois, Urbana-Champaign

158 PUBLICATIONS   4,994 CITATIONS   

SEE PROFILE

Surangi W. Punyasena

University of Illinois, Urbana-Champaign

81 PUBLICATIONS   1,534 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Richard S. Barclay on 23 June 2016.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/301638598_Cuticle_and_Subsurface_Ornamentation_of_Intact_Plant_Leaf_Epidermis_Under_Confocal_and_Superresolution_Microscopy?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/301638598_Cuticle_and_Subsurface_Ornamentation_of_Intact_Plant_Leaf_Epidermis_Under_Confocal_and_Superresolution_Microscopy?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Loyola-University?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Cretaceous-Paleoclimate?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael-Urban-13?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael-Urban-13?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-Illinois-Urbana-Champaign?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael-Urban-13?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Richard-Barclay-2?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Richard-Barclay-2?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Smithsonian_Institution?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Richard-Barclay-2?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mayandi-Sivaguru?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mayandi-Sivaguru?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-Illinois-Urbana-Champaign?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mayandi-Sivaguru?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Surangi-Punyasena?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Surangi-Punyasena?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-Illinois-Urbana-Champaign?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Surangi-Punyasena?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Richard-Barclay-2?enrichId=rgreq-34aec50b3f85cd491280a84cec9cd3f7-XXX&enrichSource=Y292ZXJQYWdlOzMwMTYzODU5ODtBUzozNzYxMzgzMzQ1MjMzOTNAMTQ2NjY4OTc3NTQyMw%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Cuticle and Subsurface Ornamentation of Intact Plant Leaf
Epidermis Under Confocal and Superresolution Microscopy
MICHAEL A. URBAN,1 RICHARD S. BARCLAY,2 MAYANDI SIVAGURU,3 AND SURANGI W. PUNYASENA1*
1Department of Plant Biology, University of Illinois, 505 South Goodwin Avenue, Urbana, Illinois 61801
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Washington, DC 20560
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ABSTRACT Plant cuticle micromorphology is an invaluable tool in modern ecology and pale-
oecology. It has expanded our knowledge of systematic relationships among diverse plant groups
and can be used to identify fossil plants. Furthermore, fossil plant leaf micromorphology is used
for reconstructing past environments, most notably for estimating atmospheric CO2 concentra-
tion. Here we outline a new protocol for imaging plant cuticle for archival and paleoecological
applications. Traditionally, both modern reference and fossil samples undergo maceration with
subsequent imaging via environmental SEM, widefield fluorescence, or light microscopy. In this
paper, we demonstrate the capabilities of alternative preparation and imaging methods using
confocal and superresolution microscopy with intact leaf samples. This method produces detailed
three-dimensional images of surficial and subsurface structures of the intact leaf. Multiple
layers are captured simultaneously, which previously required independent maceration and
microtome steps. We compared clearing agents (chloral hydrate, KOH, and Visikol); mounting
media (Eukitt and Hoyer’s); fluorescent stains (periodic acid Schiff, propidium iodide); and confo-
cal vs. superresolution microscopes. We conclude that Eukitt is the best medium for long-term
preservation and imaging. Because of nontoxicity and ease of procurement, Visikol made for the
best clearing agent. Staining improves contrast and under most circumstances PAS provided the
clearest images. Supperresolution produced higher clarity images than traditional confocal, but
the information gained was minimal. This new protocol provides the botanical and paleobotani-
cal community an alternative to traditional techniques. Our proposed workflow has the net bene-
fit of being more efficient than traditional methods, which only capture the surface of the plant
epidermis. Microsc. Res. Tech. 00:000–000, 2016. VC 2016 Wiley Periodicals, Inc.

INTRODUCTION

The study of plant leaf micromorphology has
expanded our understanding of the ecology, physiology
and evolutionary relationships of plants. Micromor-
phological features can help to identify traits inherited
as a result of shared ancestry among species, such as
the t-shaped trichomes that help to define the genus
Cornus (Dilcher, 1974). These morphological charac-
ters are integral to phylogenetic systematics, the study
of the evolutionary relationships among species, but
also have pharmacological applications where proper
identification of the source-plant material is needed to
assess the quality, and therefore the efficacy, of herbal
medicines (Da Silva et al., 2015). Additionally, there
are industrial uses of the study of plant cuticle mor-
phology. A prime example is the discovery of the “lotus
effect” (Barthlott, 1977), where densely packed micro-
scale papillae protruding from the leaf create a super-
hydrophobic surface (Johnson and Dettre, 1964) and
helps to remove particulate matter (Barthlott, 1977).
The lotus effect has been co-opted for industrial appli-
cations where maintaining clean surfaces is para-
mount (Solga et al., 2007).

Studying the leaf epidermis has also helped us to
better understand environments in deep-time
(Haworth and McElwain, 2008), and as is the case for
modern material, has been used in the classification
and identification of fossil plants (Dilcher, 1974;
Kovar-Eder et al., 2001). Multiple proxies have been
developed that depend upon the interpretation of the
micromorphology of leaves, including the stomatal
index proxy for atmospheric CO2 reconstruction (Beer-
ling and Royer, 2011; Woodward, 1987), the timing of
the evolution of grasses and subsequent grassland
development (Str€omberg, 2011), and a proxy for can-
opy structure that uses the correlation of epidermal
cell wall shape with the widely used ecological metric,
leaf area index (Dunn et al., 2015). Leaf compressions
are a common component of the fossil record as far
back as the Carboniferous (350 million years ago)
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(Willis and McElwain, 2013). The details of the leaf
surface are fundamental to the identification and clas-
sification of these extinct plant forms (Cleal and
Zodrow, 1989).

Despite the unique information that the leaf epider-
mis provides about modern and paleoenvironments,
morphological studies of the leaf epidermis have
lagged other botanical pursuits. This is primarily
because preparing and analyzing leaf material is time
consuming. Plant specimens must be macerated,
cleared, stained, and mounted on permanent glass
slides in order to study the details and capture them as
images (Dilcher, 1974). This process takes many
months and despite large efforts produces only small
datasets. Also, storing physical slide collections in per-
petuity can be costly and arguably not worthwhile. In
just a few decades, some mounting media can recrys-
tallize and develop autofluorescence not present when
originally prepared (e.g., in <10 years for Coverbond
mounting medium; Feldman and Dapson, 1981).

It is sometimes possible to unmount specimens, the
preferred option when leaf material is irreplaceable, as
is the case for historical collections from herbaria and
fossil material in natural history collections. However,
in many cases, it is more effective to start over with
fresh material. Thus, many prepared leaf collections
intentionally developed as long-term comparative
databases are now of limited use. The efforts of each
scientific generation must be redone by subsequent
generations. Photographing these archives of glass-
slide mounted leaf specimens has been a stop-gap mea-
sure to preserve the collections in their present state
(Barclay et al., 2007), and the creation of online data-
bases of these images, (e.g., the cuticle database; Bar-
clay et al., 2012) have served to broaden the reach of
these collections. However, the original preparation
technique often eliminates fluorescence properties,
limiting subsequent investigation to transmitted light
microscopy.

In this paper, we outline a methodology that
addresses many of the current limitations of cuticle
preparation and imaging. We prepare the leaves
intact, imaging them with superresolution and confo-
cal microscopy. Our preparation methods build upon
existing technologies and practices, but are a unique
combination of approaches that increase the rate of
data collection and create physically more robust
specimens that are easier to manipulate. Also, the use
of confocal microscopy with Airyscan technology

described in this study allows for high-resolution digi-
tal preservation of leaf material, by producing 3D
point-cloud datasets that can subsequently be rein-
vestigated and reinterpreted by later generations of
scientists. With these Airyscan images, the surface fea-
tures of the epidermis can be studied in great detail,
and simultaneously, the internal anatomy of the leaf
can be studied at multiple planes, previously only pos-
sible through tedious and difficult microtome proce-
dures. An additional benefit is that our techniques are
applicable to both modern and fossil material. This
allows for a direct comparison and avoids artifacts that
may arise from the need to prepare modern and fossil
material differently.

MATERIALS AND METHODS
Origin and Preparation of Modern and Fossil

Plant Specimens

Modern plant specimens were collected from herbar-
ium sheets at the United States National Herbarium
(US—Smithsonian Institution) and the University of
Illinois Herbarium (ILL, Table 1). Leaf material was
removed from the herbarium sheets, and 2 3 2 mm
subsamples were cut using a basic scalpel. Whip
grasses like Poa sieberiana and conifer needles (e.g.,
Taxodium distichum) were cut at 2–3 mm lengths.

Small sheets of fossil cuticle were extracted from the
rock sample surface using tweezers, and cleaned with
paint brushes to remove any adhering sediment. The
fossil specimens of Ginkgo adiantoides studied here
came from two different geologic formations. The Late
Cretaceous material (66 Ma) was collected from the
“Skunk Hunt” fossil plant locality in the Hell Creek
Formation of Southwestern North Dakota (Loc.
KJ1305; USNM617419, US National Museum). The
Hell Creek material was removed from rock specimens
with tweezers, and because it was already dry and the
surface was clean of sediment, it was mounted without
further treatment. The early Eocene-aged specimens
(56 Ma) came from the “Ants Steal Cuticle” locality in
the Willwood Formation of Wyoming (Loc. SLW0907;
USNM617420). These were more firmly adhered to the
rock, and thus were “peeled” off the rock using the
polyester overlay technique adhering the upper leaf
surface to the overlay, leaving the lower surface
exposed (Kouwenberg et al., 2007). Silicate minerals
were removed by immersing the fossil 1 overlay in con-
centrated hydrofluoric acid overnight. The fossil-
1 overlay was neutralized by dilution in DI water, and

TABLE 1. List of specimens utilized in this study

Age Species Specimen # Collection

Modern Ginkgo biloba RSB1340A Barclay Collection
Modern Laurus nobilis US2727279 US National Herbarium
Modern Salix herbacea US1119783 US National Herbarium
Modern Poa sieberiana ILLS173962 UIUC Herbarium
Modern Sparattanthelium amazonum US1799645 US National Herbarium
Modern Eragrostis mexicana US1698021 US National Herbarium
Modern Oplismenus hirtellus ILLS191872 UIUC Herbarium
Modern Taxodium distichum US3662427 US National Herbarium
Modern Picea sitchensis US3520419 US National Herbarium
Early Eocenea Ginkgo adiantoides USNM617420 US National Museum
Late Cretaceousb Ginkgo adiantoides USNM617419 US National Museum

a56 million years old—Willwood Formation, Nebraska.
b66 million years old—Hells Creek Formation, Wyoming.

2 M.A. URBAN ET AL.
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air-dried before mounting. Ginkgo biloba was selected
as our primary study organism for comparison, given
its prominence as a paleoenvironmental proxy. The
epidermal morphology of the genus has remained rela-
tively unchanged since the Late Cretaceous, and G.
biloba has often been used as a modern analog species
to reconstruct atmospheric CO2 (pCO2) in deep time
(e.g., Barclay and Wing, 2016; Beerling et al., 1998;
K€urschner et al., 2008).

Clearing Procedure

Cuticles specimens were wetted with a 5% solution
of Triton X-100 (Fisher Scientific, Pittsburgh) in a
5 mL plastic centrifuge tube for 24 h in order to
hydrate the dried plant material. Triton X acts as a
surfactant increasing the efficiency of wetting. In this
study, we compared three different clearing agents to
assess which would be most effective in producing
quality images: chloral hydrate, Visikol, and potas-
sium hydroxide. Chloral hydrate (2.5 g chloral
hydrate: 1 mL 30% glycerol) is a classic tool for clear-
ing plant tissues (Berleth, 1993). However, it is a class
IV controlled substance in the United States, making
procurement difficult for labs that do not have the
proper license to purchase and store the chemical
(access for this study was provided by the DEA License
maintained by Mayandi Sivaguru). Visikol (Phytosys,
Somerville) is a relatively new alternative to chloral
hydrate that uses a proprietary formula that promises
to be equivalent to chloral hydrate, yet is readily avail-
able without the need for special permits (Villani et al.,
2013). A 10% solution of potassium hydroxide (KOH)
was also tested because it is a quick-acting clearing
agent often used on bryophytes and other plants
(Glime and Wagner, 2013), and is also inexpensive and
easy to obtain. For chloral hydrate and Visikol prepa-
rations, the leaf samples were incubated in the clear-
ing agents for 3–24 h until they started to appear
transparent. Thicker leaves and needles tended to
require additional clearing time. Visikol immersed
samples were also placed on a hotplate at 408C to
decrease clearing time. For KOH, samples were
immersed in the 10% solution and placed in a hot bath
for 15–20 min set at �908C.

Staining Procedure

After clearing, cuticle samples were washed with dis-
tilled water several times before being stained with per-
iodic acid and Schiff ’s reagent (PAS; Sigma-Aldrich,
Allentown, PA), propidium iodide (PI; Life Technologies,
Eugene, OR), or a mixture of PAS 1 PI. For PAS, we fol-
lowed the kit manufacturer’s protocol. PAS is known to
label aldehydes and glycogen in animal tissues (Siva-
guru et al., 2015). Cuticle samples were immersed in
periodic acid for 30–45 min followed by three washes in
distilled water. The samples were then stained with
Schiff ’s reagent for a minimum of 15 min or until the
center of the samples turned a faint purple in color. The
Schiff ’s reagent tended to form noticeable crystals in
the bottle, so was filtered through a 10 mm cell strainer
to remove the crystals before being applied to the leaf.
The samples were then washed several times in DI
water until the color fully developed via oxidation, and
all excess stain in the solution was removed. For PI, the

samples were immersed in a 1 mL/mL solution for 30
min. They were then washed in distilled water to
remove excess dye. The dual stained samples were
stained with PAS first and then PI. Staining order had
no effect on the final results.

Mounting Procedures

The stained cuticle was mounted in either Hoyer’s
medium or Eukitt quick mounting medium (O. Kindler
GmbH, Freiburg, Germany). Hoyer’s medium (refrac-
tive index 5 1.531) is a glycerin/chloral hydrate based
medium and was created using 50 mL water, 30 g gum
arabic, 200 g chloral hydrate and 20 mL glycerin as
originally formulated (Anderson, 1954). Eukitt is a
proprietary resin-based medium dissolved in xylene
(refractive index 5 1.533). Before mounting, samples
were dehydrated in a graded ethanol series for Hoyer’s
(70, 80, and 100% ethanol) or a graded isopropanol/
xylene series for Eukitt (70, 80, and 100% isopropanol
followed by 2:1, 1:1, and 1:2 isopropanol/xylene before
finally 100% xylene). Mounting medium was applied to
a 24 3 40 mm coverslip (0.17 mm thick) with a dispos-
able pipette, and the samples were placed on top. Two
to three drops of the medium were then applied over
the sample and a high performance 22 3 22 mm cover
glass (0.17 mm thick). Mounting with two coverslips
allowed us to image both sides of the leaf. The samples
mounted in Hoyer’s solution were left to harden for 2
weeks in a ventilation hood. Samples mounted in
Eukitt were dried overnight.

Imaging Cuticle Using eSEM

For our electron micrographs, dried leaves were
macerated using a three step chemical process to sepa-
rate them into upper and lower cuticles (Barclay and
Wing, 2016). Samples were soaked in DI water for
24 h, replaced with dilute HCl (5% v/v) for at least 1
day (ideally 2 days) to prevent fungal and algal growth
on the leaf surface and to increase the efficiency of
maceration. Samples were rinsed three times to neu-
tralize the HCl, and placed into 20 mL of a 25% solu-
tion (w/v) of chromium trioxide [Cr(VI)O3].

Cuticle specimens were mounted onto 12 mm scanning
electron microscope (SEM) stubs, adhered to carbon-
conductive double-sided adhesive discs (SPI#05077-BA),
under an Olympus SZX12 binocular microscope at 1603
magnification, placed with the internal side facing
upwards, and then air-dried. Uncoated specimens were
imaged under low vacuum (32 Pa) in a Carl Zeiss EVO-
MA15 environmental SEM (eSEM) in the SEM lab of the
Smithsonian National Museum of Natural History in
Washington D.C. The voltage target was 15 kV, with an
ion probe set at 900 pA, and a working distance of 8–
10 mm. Images were created using only the top two back-
scatter detectors to create shadows and highlight
microtopography.

Imaging Cuticle Using Confocal and Airyscan
Superresolution Microscopes

We used the LSM 880 with Airyscan (Carl Zeiss,
Jena, Germany) system with GaAsP detectors (Galliu-
m:Arsenide:Phosphide) for both confocal and Airyscan
imaging (Table 2). The Airyscan represents a new con-
focal imaging technique that provides a twofold
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improvement in the signal:noise ratio (SNR) over con-
ventional detectors (Weisshart, 2014). In both modes, a
253 Plan Apochromat (1.4NA) long working distance
oil objective was used. In the confocal mode, the mas-
ter pinhole was set to 1.0 airy unit (AU), a measure of
pinhole size, and in the Airyscan mode it is set at 1.25
AU. We used the same GaAsP detectors in both Airy-
scan and confocal modes. In the Airyscan superresolu-
tion mode, emission light from every pixel is projected
onto 32 honeycomb-shaped hexagonal GaAsP detectors
(each representing 0.2AU; Weisshart, 2014), arranged
in three rings with a central detector. In the standard
confocal approach, only one detector is used. With Air-
yscan, there is a maximum of six detectors at any
given position. This results in more light collected
than by a standard confocal. The collected photons for
each pixel are re-assigned to the center pixel after
averaging the intensity in each ring of detectors. This
produces an image that is �1.43 higher resolution
(170 nm) than the diffraction limit of light (220 nm).
Since the point spread function is known for each of
the 32 detectors used, the signal to noise is improved
by performing an additional 3D deconvolution step
together with a Wiener filter (Weisshart, 2014). The
final result is a 1.73 improvement in resolution over
the diffraction limit. The confocal and Airyscan image
acquisition settings are provided in Table 2.

A series of images were taken at 1.0 lm steps in the
Z direction to produce a “Z stack”. The raw and proc-
essed (confocal and Airyscan) images were saved in
the CZI format utilized by the Zeiss Zen software.
Maximum intensity projections and orthogonal sec-
tions were produced for each image within the Zen
software package.

RESULTS

In Figure 1, we present a comparison of G. biloba
imaged with both the eSEM (Figs. 1A and 1B) and
LSM 880 Airyscan (superresolution) (Figs. 1C and 1D).
The leaf surfaces presented in Figures 1A–1D were
macerated in the same manner to separate the adaxial
(upper) from the abaxial (lower) layer of the plant leaf.
The inside and outside of the abaxial cuticle were then
imaged. In the Airyscan images of the macerated G.
biloba leaf (Figs. 1C and 1D), the leaf has only been
mounted in Hoyer’s medium without any further treat-
ment. The three-dimensional structure of papillae and
the shape and size of the guard cells are readily appa-
rent in these images; however, the low contrast leads
to difficulty in identifying the epidermal cell walls or
their arrangement.

With sufficient clearing and the introduction of fluo-
rescent staining for increased contrast, it is possible to
use intact leaves to produce eSEM quality images of
multiple planes with Airyscan. An example of this can
be seen in Figure 1E. In Figure 1E, G. biloba is cleared
with chloral hydrate and stained with PAS (a cellulose
stain), and mounted in Hoyer’s medium. The combina-
tion of clearing and staining produces an image on par
with that of the eSEM (Figs. 1A and 1B), with the high
contrast that is missing from the unstained sample
(Figs. 1C and 1D). The depth of penetration of the
orthogonal cross section (top of Fig. 1E) reveals not
only structure of the epidermal and deeper paren-
chyma cells, but also the thickness of the waxy coating
of the epidermis and size and depth of stomatal open-
ings. The depth of the stomatal pore is an important
variable when using models to reconstruct pCO2

(Roth-Nebelsick et al., 2014), and is impossible to mea-
sure using SEM and transmitted light without first
creating microtome thin sections after embedding the
specimen in wax.

Though we present an optimal example of Airyscan
imaging in Figure 1E, it was first important to identify
the preparation techniques that produced the best
images while still providing a potential long term
physical archive that could be produced in a reasona-
ble amount of time. In Figures 2 and 3, we try a num-
ber of combinations of clearing agents (chloral
hydrate, Visikol, and potassium hydroxide), several
common stains (PAS, PI, PAS 1 PI), and two mounting
media (Eukitt, Hoyer’s).

The mounting medium (Fig. 2) proved to be the first
challenge. Hoyer’s belongs to a group of “gum-chloral”
mounting media that have been traditionally used to
mount arthropod, bryophyte, and other plant speci-
mens (e.g., Brown, 1997). It has the benefit of contin-
ued clearing after mounting (from the chloral hydrate)
but this could be problematic for stained specimens.
Hoyer’s medium tended to “leach” the stain from the
samples over time, producing a purple/red halo around
the specimen. The effect tended to worsen as the slides
aged. The effect results in a slight autofluorescence of
the medium when imaged with Airyscan and confocal.
This is apparent in the orthogonal cross sections in
Figures 2A, 2C, and 2E. The area above the leaf tends
to be brighter than the complete black of the samples
mounted in Eukitt (Figs. 2B, 2D, and 2F). A more
extreme example can be found in Figure 4A (Laurus
nobilis). However, the fluorescence of the stain within
the medium is only an issue if the intensity becomes
greater than that of the cuticle itself. Furthermore,

TABLE 2. Description of optical techniques and methods used to produce images of intact plant leaf cuticle

Confocal (GaAsP) Airyscan

Systems LSM 880, Carl Zeiss, Jena, Germany LSM 880, Carl Zeiss, Jena, Germany
Objectives 253 Plan Apochromat/0.8 lmm Korr DIC M27,

40x C-Apochromat/1.2 W Korr FCS M27
253 Plan Apochromat/0.8 lmm Korr DIC M27,

403 C-Apochromat/1.2 W Korr FCS M27
Dimensions (X, Y, Z in lm) 1024 3 1024 (0.04 3 0.04 3 0.1) 1024 3 1024 (0.04 3 0.04 3 0.1)
Emission wavelengths Ex488 2 Em495-550 1 LP 570;

Ex561 2 Em 570-620 1 LP 750
Ex488 2 Em495-550 1 LP 570;

Ex561 2 Em 570-620 1 LP 750
Excitation wavelengths 488 nm, 561 nm 488 nm, 561 nm
Detectors Airyscan detector (Confocal Mode) Airyscan detector (Airyscan Mode)
Digital postprocessing

and software
Subset of processed data planes, Max intensity

projection, 3 3 3 median filter-Zen
Airyscan module, Subset of processed

data planes, Max intensity projection,
3 3 3 median filter—Zen
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Hoyer’s can take weeks to fully harden for thicker cuti-
cle mounts (because more medium is required), mak-
ing the manipulation of the double-sided slides
difficult in the short term. Hoyer’s also can recrystal-
lize when exposed to humid conditions, which makes
its long-term stability uncertain. Chloral hydrate, a
primary component of Hoyer’s, is also difficult to pro-
cure in the United States due to its classification as a
controlled substance. Finally, the medium itself can be
difficult to consistently mix in the lab.

For these reasons, Eukitt, though a proprietary
medium, is likely the superior mounting medium for
both imaging and long-term stability. Specimens
embedded in Eukitt produce high resolution images
(Figs. 1B, 1D, and 1F) and it can be easily purchased
ready-made, an advantage because this results in a
more uniform and standard composition than Hoyer’s,
which is mixed as needed and will vary slightly
between batches. Eukitt typically takes only a few
hours to dry to a glass-like resin, which the manufac-
turer claims will remain stable for decades. However,
like most resin-based media the samples must be dehy-
drated into 100% xylene, which is a highly volatile car-
cinogen. Mounting in Eukitt requires a well-ventilated
hood.

In our comparison of clearing agents, the differences
between chloral hydrate and Visikol were difficult to
discern, but this was expected given that Visikol was
expressly developed as a replacement for chloral
hydrate (Villani et al., 2013). Visikol took 2–3 times
longer to clear tissue, but otherwise the preparation
was the same. Potassium hydroxide (KOH), however,
provided inconsistent results during preparation.
KOH and similar oxidizing agents used in clearing
(e.g., sodium hypochlorite or Schultz’s solution) are
caustic and potentially damage the leaf during clear-
ing. The sensitivity of a sample was somewhat depend-
ent upon the thickness of the cuticle. It took the least
amount of time to clear (�15–20 min), but it made the
leaf fragile and difficult to manipulate while mounting.
In our experiments, longer incubation times in KOH
damaged the more delicate specimens. As shown in the
orthogonal images in Figures 2E and 2F, KOH appears
to remove intracellular material. Only the cell walls
remain, which may make it the optimal choice if the
isolation of cell walls is the scientific objective.

In Figure 3, we compared two common stains (PAS,
PI) along with their dual application to discern which
would produce the best images of G. biloba cuticle
using the superresolution Airyscan and confocal modes
of the LSM 880. The visible difference between Airy-
scan and confocal images was minimal for the size of
structures we examined (magnification of 2503). The
two modalities could potentially be used interchange-
ably. However, Airyscan still has 1.73 higher resolu-
tion than confocal and would be preferable if available,
especially at higher magnification. The confocal
images also appear to be slightly brighter on average,
but this relates little to clarity in differentiating struc-
tures, and images from a traditional confocal could be
further improved during postprocessing with most
microscope software.

Overall, the benefit of staining can be ascertained by
comparing the unstained cuticle in Figures 3G and 3H
with the stained images in Figures 3A–3F. It is

Fig. 1. Comparison of intact imaging of plant leaves versus tradi-
tional maceration and imaging with a scanning electron microscope.
All images are of Ginkgo biloba, but are not from the same sample.
(A, B) Uncoated and unstained environmental SEM images of G.
biloba macerated with Cr(VI)O3 to separate the upper and lower cuti-
cle. (C, D) Maximum intensity projections of unstained and uncleared
images of G. biloba macerated with Cr(VI)O3 imaged using the Zeiss
LSM 880 in Airyscan mode. (E) Maximum intensity projection image
of intact leaf (upper and lower cuticles kept together). Leaf was
cleared with chloral hydrate, stained with periodic acid-Schiff,
mounted using Hoyer’s solution, and then imaged with the Zeiss
LSM 880 in Airyscan mode. The intact leaf simultaneously reveals
both the external epidermal morphology and the subsurface cell wall
outlines. Scale bar in D applies to A–D. White tick marks on the sides
of (E) represent the location of the orthogonal projection presented at
the top. All scale bars 10 lm.
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possible to produce a high-quality image without stain-
ing (if the material is naturally autofluorescent), but
the contrast in the images makes it more difficult to
identify cell wall structure and the position, number,
and size of papillae. The guard cells of the stomata are
still very clear regardless of staining. Propidium iodide
(PI) is often used to stain nuclear material and cyto-
plasm and can be used to assess cell viability (Jones
et al., 1985). In cells with intact plasma membranes PI
is excluded. Our herbarium samples were dried years
ago, thus the PI stain is able to enter the cells produc-
ing a red label. In Figures 3A and 3B, the PI produces
images emphasizing the cells while leaving the cell
walls unstained and black. For G. biloba this appears
to make it difficult to see the papillae around the sto-
mata. PAS is a cellulose stain that is useful for looking
at cell walls (Ruzin, 1999). Polysaccharides in cellulose
react with the stain producing a deep magenta color.
In Figures 3C and 3D, this produces a much clearer
three-dimensional image than with PI alone. The pap-
illae and other structures are easy to discern, although
these may obscure the underlying epidermal cell
arrangement visible in the PI images. The combination
of stains produce images very similar to that of PAS
alone making it usually unnecessary to stain with both
PAS and PI. However, a combination of both PAS and
PI does appear to slightly increase the contrast in
some samples where they been applied. In Figures 3E

and 3F, the edges of the papillae appear to be slightly
better defined than in Figures 3C and 3D, but the ben-
efit of using both stains is minimal. Although all of
these images were taken using the same leaf, it should
be noted that there is some variability in cuticle struc-
ture within a single leaf. However, the actual diagnos-
tic features such as veinal areas or stomatal structure
remain unchanged despite minor visual differences.

Figure 4 shows that our preparation and imaging
techniques can be applied to a diverse group of plant
species, including dicot and monocot angiosperms, as
well as gymnosperms. We found that the best prepara-
tion technique for each species varied tremendously
(details for the preparation technique and imaging
method used are provided in the figure caption of Fig.
4). When the most appropriate combination is
achieved, the final preparation highlights typical epi-
dermal features such as stomata (gas-exchange pores),
trichomes (hair cells), papillae (epidermis extensions),
and cell wall patterns. KOH was the most effective at
isolating cell walls, but can be a harsh treatment, with
Visikol and chloral hydrate producing workable results
for a number of species (e.g., Sparattanthelium amazo-
nia, Salix herbacea). PAS overall seems to be the best
choice of stain for most species. However, PI can also
at times produce near SEM quality (Palmer and
Tucker, 1981) images for grasses (Figs. 4D–4F). The
mounting media (Hoyer’s and Eukitt) were largely

Fig. 2. Comparison of clearing chemicals and mounting media
using Ginkgo biloba as our model. All samples were stained with
PAS 1 PI. Samples cleared with either chloral hydrate (A, B), Viskol
(C, D), or potassium hydroxide (E, F), and then mounted in either

Hoyer’s solution (A–C) or Eukitt (B–F). Sample number RSB1340A
[Barclay collection on Library or Congress Grounds in Washington,
D.C.]. White tickmarks on edges designate location of orthogonal pro-
jection. Scale bar in (F) is 10 lm and applies to all images.
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interchangeable, affecting image quality only when
“stain bleed” was strong. An almost equal number of
species were imaged as well by traditional confocal as
with Airyscan, but the increased resolution of Airyscan
is more critical at higher magnification.

Ultimately, we want to apply our techniques to fossil
samples. In Figure 5, we present fossilized cuticle of G.
adiantoides from the Late Cretaceous (66 Ma) and
early Eocene (56 Ma). The fossilized cuticle was not
cleared or stained. It was directly mounted in Eukitt
because the material naturally fluoresces. With only a
thin portion of the epidermis remaining, the fossil cuti-

cle has the benefit of not having any extraneous
organic material that could potentially affect imaging
quality. The results highlighted in Figure 5 demon-
strate the importance of the microscopy method used.
The high-resolution Airyscan (Figs. 5A–5F, 5J) pro-
duced superior images to widefield fluorescence, the
standard approach to imaging fossil material (Figs.
5G–5I).

DISCUSSION

Our study explores multiple preparation and imag-
ing techniques that are conducive to the archival pres-
ervation of modern plant cuticle in reference
collections (Barclay et al., 2007, 2012) and for paleoen-
vironmental studies based upon plant cuticle (e.g.,
Lomax and Fraser, 2015; Roth-Nebelsick, 2005; Wool-
ler et al., 2003). A summary of our preparation and
imaging techniques is outlined in a flowchart (Fig. 6).
In the standard approach to cuticle analysis, leaves
are macerated to separate the upper and lower cuticles
using aqueous oxidizing agents (e.g., sodium hypochlo-
rite, Cr(VI)O3, Schultz’s solution; Kouwenberg et al.,
2007), then stained with safranin O, bismuth brown,
or toluidine blue, and then mounted on glass slides for
transmitted light microscopy (Dilcher, 1974). Another
common method is the use of scanning electron micro-
copy (SEM), a destructive approach where the leaves
are similarly macerated, but then permanently
mounted on stubs for imaging (Barclay and Wing,
2016; Stockey and Frevel, 1997; Stockey et al., 1998).
Both techniques are time consuming, making the crea-
tion of the large datasets needed for paleoenvironmen-
tal studies nearly unfeasible. From initial preparation
to imaging, it can take up to 5 days and �2 h of hands-
on time to prepare and image one sample. Further-
more, the maceration of the leaf can lead to unin-
tended damage to the subsurface features of the
leaves.

Superresolution (Airyscan) and confocal microscopy
of intact leaves have the potential to produce images of
microstructures on plant leaves at a resolution compa-
rable to that of SEM, without requiring maceration. In
some cases, the imaging can be superior to an SEM, by
allowing the visualization of morphology below the
surface of the cuticle. Our methods using the intact
leaves reduces the total time for preparation and imag-
ing by at least 2 days and total hands-on time by one
third (�135 min vs. �90 min.). Fossil specimens can be
even less time-intensive (e.g., G. adiantoides in Fig. 5),
ready for imaging in a few hours. Fossil cuticle is
sometimes only loosely adhered to the rock and can be
removed with tweezers. The fossil is often naturally
fluorescent, and if clean of sediment, does not require
further processing (as was the case for our Late Creta-
ceous G. adiantoides material; Figs. 5D–5F). Dehydra-
tion is not required, which eliminates the possibility of
shrinkage effects caused by solvents (Cleal and Shute,
2007). The fossil leaf can be immediately mounted in
Eukitt and can be ready for imaging within 2–4 h of
mounting. Our early Eocene fossil material required
chemical cleaning (see “Methods”), which added more
preparation time, but once cleaned and dried, was
mounted and quickly ready for imaging.

Modern material requires clearing and staining. Vis-
ikol and chloral hydrate penetrated to a similar depth

Fig. 3. Results of intact leaf staining on Ginkgo biloba (RSB1340A).
(A, B) Propidium iodide (PI); (C, D) periodic acid Schiff (PAS); (E, F)
periodic acid-Schiff mixed with propidium iodide (PAS 1 PI); and (G,
H) control specimen imaged without stain. All specimens cleared
with chloral hydrate (CH) and mounted with Eukitt. Scale bar in (H)
is 10 lm and applies to all images.
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within the leaf mesophyll (Figs. 2A–2D). Both were
equally easy to use, which leaves the choice up to the
laboratory. KOH effectively cleared the samples (Figs.
2E and 2F). However, for delicate samples, KOH can
macerate the mesophyll tissues, separating upper and
lower cuticles, or the leaf can become weakened, mak-
ing further handling difficult. The duration of incuba-
tion varied for leaves and needles of different

thicknesses. Long incubation periods could result in
potential deterioration of the leaves. Thus, careful
attention to the process or experimentation is required
in advance of final preps. The longer incubation times
of Visikol and chloral hydrate did not appear to dam-
age the plant tissue. The natural fluorescence of the
intact plant leaf provided an inadequate view of fea-
tures on the surface and subsurface (Figs. 3G and 3H).

Fig. 4. Maximum intensity projection images from a broad taxo-
nomic range of vascular plant species. White tickmarks on edges des-
ignate location of orthogonal projection. Arrows indicate important
features. Scale bar in (I) is 10 lm and applies to all images. (A) Lau-
rus nobilis L. (US2727279), CH/PAS 1 PI/Hoyer’s/Airyscan, Arrow:
undulating boundaries between epidermal cells, (B) Salix herbacea L.
(US1119783), Visikol/PAS/Eukitt/Airyscan, arrow: straight cell walls;
(C) Sparattanthelium amazonum Mart. (US1799645), KOH/PAS/
Eukitt/Airyscan, Arrows: kidney bean shaped guard-cells (top), tri-
chome base (bottom); (D) Poa sieberiana Spreng. (ILLS173962), Visi-

kol/PAS/Eukitt/confocal, arrows: trichrome (top), rectangular cell
walls (bottom); (E) Eragrostis mexicana (Hornem.) Link
(US1698021), KOH/PI/Eukitt/confocal, arrow: dumbbell shaped sto-
mata ; (F) Oplismenus hirtellus (L.) P.Beauv. (ILLS191872), KOH/PI/
Hoyer’s/Confocal; (G) Taxodium distichum (L.) Rich. (US3662427),
CH/PAS 1 PI/Hoyer’s/confocal; (H) Ginkgo biloba L. (RSB1340A, Bar-
clay collection), Visikol/PAS/Hoyer’s/Airyscan, arrow: papillae; (I)
Picea sitchensis (Bong.) Carrière (US3520419), KOH/PAS/Eukitt/Air-
yscan. 279 3 361 mm (300 3 300 DPI), arrows: kidney bean shaped
guardcells (top), rectangular cell walls (bottom).

8 M.A. URBAN ET AL.

Microscopy Research and Technique



We found that PAS or a combination of PAS 1 PI stains
worked the best at revealing relevant diagnostic fea-
tures of the surface and subsurface anatomy.

Eukitt provided a number of advantages over Hoyer’s
mounting medium beyond the ease of procurement. Ini-
tially, there did not appear to be much difference in the
image quality (Fig. 2). However, the chloral hydrate in
Hoyer’s continued to clear the specimens over time,
often leading to “bleeding” of stain into the mounting
medium. At first, fluorescence in the medium did little
to affect the contrast for the specimens, as seen in the
slight haziness of the orthogonal image in Figure 2A,
but the contrast decreased over time resulting in loss of
depth of penetration and clarity in maximum intensity
projections. Also, Hoyer’s took weeks (or months for sev-

eral samples) to fully dry for thicker specimens, particu-
larly for the conifer needles we studied. The slides then
needed to be ringed with wax to prevent recrystalliza-
tion due to ambient humidity. Eukitt solidified into a
glass-like resin in hours and did not require a ring of
wax sealant around the cover glass. If long-term storage
is not a priority, then the mounting properties of Hoyer’s
medium are more than adequate. However, we recom-
mend mounting samples using Eukitt because it is eas-
ier to use and potentially stable for decades, which
makes it the better choice for archival preservation.

Our results illustrate the taxonomic breadth to
which our imaging and mounting techniques can be
applied: eudicot angiosperms, monocot angiosperms,
and gymnosperms. Each species reacted differently to

Fig. 5. Airyscan images of fossil Ginkgo adiantoides from the Late
Cretaceous and Early Eocene compared with images taken of the
same specimens using traditional widefield fluorescence. (A–C) G.
adiantoides from the Late Cretaceous (66 Ma) Hell Creek formation
(USNM617419) with (A) 253 magnification, (B) three-dimensional
surface image at 253, and (C) a 633 magnification image of individ-

ual stomata. (D–I) G. adiantoides from the Early Eocene (56 Ma)
Willwood Formation (USNM617420). (J) Intact leaf of modern Ginkgo
biloba imaged with Airyscan included to compare with the fossil
material (RSB1273). White tickmarks on edges designate location of
orthogonal projection. All scale bars 100 lm.
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the various preparation treatments, so the images in
Figure 4 represent the combination of preparation and
imaging techniques that produced the best final prod-
uct. The differential response of the leaves to different
treatments was likely due to inherent differences in
leaf structure and anatomy of the diverse groups of
species we studied. No single combination of clearing
agents and stains always created the best preparation,
which required experimenting using multiple combi-
nations in parallel until the best combination was
achieved. We found that by using the full suite of prep-
aration techniques outlined here that it was possible to
obtain high quality images for all taxonomic groups.

Our techniques allowed us to isolate and image
numerous surface and subsurface features of the leaf
epidermis that are used to identify the major taxonomic
groups of terrestrial plants. One diagnostic characteris-
tic is cell shape. We readily imaged the two major types
of guard cell structures. The majority of vascular plants
have stomatal pores bounded by kidney-bean-shaped
guard cells (Figs. 4A–4C), but Eragrostis mexicana has
dumbbell-shaped guard cells (Fig. 4E), a recently
evolved diagnostic feature of grasses. Cell wall bounda-
ries in dicots are most commonly shaped as polygons,
either straight as in S. herbacea (Fig. 4B) or rounded as
in S. amazonia (Fig. 4C). In contrast, monocots like P.
sieberiana (Fig. 4D) and gymnosperms such as Picea
sitchensis (Fig. 4I) have more rectangular cell wall
boundaries. Another diagnostic characteristic is cell
arrangement. The arrangement of stomata aligned into
rows is typical of most gymnosperms (Figs. 4G and 4I),
but it is also common for the grass family, as in P. sie-
beriana and E. mexicana (Figs. 4D and 4E). However, T.
distichum (Fig. 4G) shows that this is not a rigid rule
for all conifers. We also able to image the unique charac-
ters of G. biloba (Fig. 4H). G. biloba has the parallel
veins typical of many gymnosperms in addition to veins
that bifurcate in the same way as ferns. Moreover, G.
biloba is unique in having stomata that are both ran-
domly dispersed and oriented in non-veinal areas, a fea-

ture more common in angiosperms like S. herbacea
(Fig. 4B) and S. amazonia (Fig. 4C).

Other epidermal features, when present, may provide
useful taxonomic information, but some may also be
influenced by environmental factors that modify their
number, position, or aspect (Barclay et al., 2007). The
frequency of stomata on the leaf surface is influenced by
atmospheric CO2 concentration (Woodward, 1987), and
is utilized as a proxy for atmospheric CO2 on the scale of
thousands to millions of years (K€urschner et al., 2008;
Retallack, 2001; Van der Burgh et al., 1993). G. biloba is
often used as a calibration species to quantify changes
to CO2 in deep time (Fig. 1E, Figs. 2 and 3; Barclay and
Wing, 2016). Trichomes, single cell hairs that project
strongly from the leaf surface (e.g., Oplismenus hirtel-
lus; Fig. 4F), increase leaf-boundary layer resistance
and potentially reduce transpiration in more arid envi-
ronments (e.g., Haworth and McElwain, 2008). They
can also provide mechanical protection (saw-teeth)
along the leaf edge as with P. sieberiana (Fig. 4D). In
certain cases when trichome cells are lost (particularly
for fossil specimens), a rosette of cells remains to pin-
point a trichome base, exemplified by S. amazonia (see
arrow in Fig. 4C). Degree of cell wall undulation varies
greatly among species, and can indicate the position of
the leaf in the canopy (K€urschner, 1997). Cells on indi-
vidual leaves growing in shade are larger and can be
more undulated (puzzle-piece shaped) than those in
direct sunlight (K€urschner, 1997), such as those on L.
nobilis (Fig. 4A). Papillae (micro-scale protrusions; Fig.
4H) are also a common micromorphological ornamenta-
tion on the leaf surface, and are particularly abundant
on modern and fossil species of Ginkgo (Figs. 4H and
5C, 5F, 5J). They help to create a superhydrophobic sur-
face (Johnson and Dettre, 1964) that sheds water to
eliminate the growth of epiphyllous species (Barclay
et al., 2013), and which can also help to remove particu-
late matter in the process (Barthlott, 1977). The papil-
lae can also obscure the sunken stomata beneath them
making it difficult to characterize the size and shape of

Fig. 6. Flowchart detailing the summary of steps for preparing and imaging options for various types
of cuticle samples. Access to chloral hydrate refers to its status as a schedule IV controlled substance in
the United States. CH: chloral hydrate, PI: propidium iodide, PAS: periodic acid Schiff, KOH: potassium
hydroxide.
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these stomata. Our techniques allow for imaging of sub-
surface features which can bypass this issue.

We focused on Ginkgo as our archetypical species for
preparation and imaging comparisons because of its
prominence in paleoenvironmental reconstruction.
The leaf morphology of the genus Ginkgo has remained
relatively unchanged since the Late Cretaceous, and is
often used to reconstruct pCO2 based on stomatal
index (Lomax and Fraser, 2015; Roth-Nebelsick, 2005).
The most striking results of this study are the images
procured from the Eocene and Cretaceous cuticles
from G. adiantoides. The use of confocal with Airyscan
capacity (Figs. 5A and 5D) produced images of much
greater quality when compared to images created
using widefield fluorescence (Figs. 5G–5I). Airyscan
also allowed for realistic three-dimensional renderings
of the cuticle surface (Figs. 5B and 5E). The Airyscan
images of the early Eocene specimens show superb
preservation of venation, the arrangement of epider-
mal cells, and the location and size of the stomatal
pore. The quality of the Airyscan imaging (Figs. 5C
and 5F) over widefield fluorescence (Fig. 5I) is even
more evident at the higher levels of magnification. The
images taken at high magnification under widefield
fluorescence become swamped by backscatter, making
features difficult to image. The greater clarity of Airy-
scan allows clear resolution of the papillae protruding
over the stomatal pore, as well as epidermal papillae.
These are both features that help to prevent wetting of
the leaf surface, increasing photosynthetic productiv-
ity, and are features found on modern G. biloba (Fig.
5J). The Cretaceous samples also have clearly defined
epidermal features, with bifurcating veins, defined sto-
matal pores, and clearly visible cell boundaries in
interveinal areas. However, these older fossils of G.
adiantoides have fewer epidermal papillae and papil-
lae that less strongly arch over the stomatal pore,
making them somewhat less similar to the modern
species of G. biloba.

The protocol presented in this study presents a via-
ble option to efficiently produce robust long-term
mounts of intact herbarium and fossil leaf specimens.
The flowchart in Figure 6 provides a good starting
point for researchers interested in utilizing our proto-
col. The specimens can then provide high fidelity
images of plant cuticle surface and subsurface struc-
tures through the use of superresolution or traditional
confocal microscopy. Our proposed methodology has
wide reaching applications. Cuticle image archives
could be an invaluable tool for both plant systematics
and paleobotanists who could use these techniques to
better identify shifts in vegetation across multiple geo-
logical time scales (e.g., Dilcher, 1974; Wooller et al.,
2003). Three-dimensional images of plant cuticle
would even allow for more precise quantification of sto-
matal density and structure, which could result in bet-
ter estimates of fluctuations in pCO2 in deep time.
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