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“Wax On, Wax Off”: In Vivo Imaging of Plant Physiology and
Disease with Fourier Transform Infrared Reflectance
Microspectroscopy

Karina Khambatta, Ashley Hollings, Georgina Sauzier, Lilian M. V. P. Sanglard,
Annaleise R. Klein, Mark J. Tobin, Jitraporn Vongsvivut, Mark R. Gibberd, Alan D. Payne,
Fatima Naim, and Mark J. Hackett*

Analysis of the epicuticular wax layer on the surface of plant leaves can
provide a unique window into plant physiology and responses to
environmental stimuli. Well-established analytical methodologies can quantify
epicuticular wax composition, yet few methods are capable of imaging wax
distribution in situ or in vivo. Here, the first report of Fourier transform
infrared (FTIR) reflectance spectroscopic imaging as a non-destructive, in situ,
method to investigate variation in epicuticular wax distribution at 25 μm
spatial resolution is presented. The authors demonstrate in vivo imaging of
alterations in epicuticular waxes during leaf development and in situ imaging
during plant disease or exposure to environmental stressors. It is envisaged
that this new analytical capability will enable in vivo studies of plants to
provide insights into how the physiology of plants and crops respond to
environmental stresses such as disease, soil contamination, drought, soil
acidity, and climate change.

1. Introduction

Epicuticular waxes are located on the surface of many aerial plant
parts and provide a vital range of protective functions to sustain
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plant health. Specifically, the wax coat-
ing serves to minimize water loss, pro-
tects against UV damage, provides a me-
chanical barrier to disease, and acts as
an antifeedant, amongst others.[1–3] Lipid
synthesis and production of the epicu-
ticular wax coating are therefore vital to
plant health.[1–3] Epicuticular waxes are
chemically diverse, and numerous chem-
ical species have been identified. In gen-
eral, epicuticular waxes are a mix of long
chain hydrocarbons of esters, alcohols, and
ketones.[2,4] Wax synthesis is intrinsically
linked to metabolism within the plant,
hence unique differences in metabolism
manifest in species-specific epicuticular
wax composition on the leaf surface.[2,4,5]

The composition of epicuticular waxes
are influenced by seasonal variation, leaf
age, and plant health.[2,3,6] Therefore, these

alterations in wax composition and distribution may serve as a
marker of plant health and response to environmental stimuli.

High performance liquid chromatography (HPLC) and gas
chromatography–mass spectrometry (GC–MS) techniques have
been the standard analytical methods for characterizing the epi-
cuticular wax composition of plant leaves. To obtain spatial in-
formation, using HPLC or GC–MS, requires incorporation of
a spatial component into the sampling method, such as ex-
traction of epicuticular waxes from the abaxial or adaxial leaf
surface.[2–4] HPLC and GC–MS approaches provide excellent
chemical specificity and sensitivity (sub-nM detection limits),
however with some limitations. First, sample preparation is la-
borious and destructive and involves the use of organic solvent
for wax extraction. Second, the spatially resolved information
provided is limited to large, physically separable tissue struc-
tures rather than anatomical components such as leaf veins and
stem.

To study leaf surfaces at the cellular or subcellular level, mi-
croscopic methods, are required. Techniques such as electron
microscopy provide capability to image wax distribution on leaf
surfaces, often at nanometer spatial resolution.[7–9] However, the
electron microscopy technique is destructive, incompatible with
in vivo longitudinal studies, and provides only minimal informa-
tion regarding chemical composition of the waxes.
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More recently, vibrational microspectroscopy including
Fourier transform infrared (FTIR) spectroscopy and Raman
spectroscopy techniques have gained widespread use in plant
research.[7,10–14] These methods do not offer the same level of
spatial resolution as electron microscopy, nor the same chemical
specificity and sensitivity as HPLC and GC–MS techniques.
Nonetheless, FTIR and Raman microspectroscopy have been
widely used as molecular characterization tools for mapping
chemical functional groups at intermediate spatial resolution,
typically 0.5–25 μm depending on instrument type, optics, and
light source. In particular, FTIR and Raman techniques possess
a distinct advantage allowing for direct and in situ measurement
with minimal sample preparation, negating the need for solvent
extraction of waxes from the leaf surface. Whilst FTIR and
Raman microspectroscopy are often performed on thin sections,
attenuated total reflectance (ATR)-FTIR technique can be used to
analyze the surface of the sample regardless of its thickness.[15]

The ATR-FTIR method has become the most widely adopted
mode of spectroscopic analysis of epicuticular waxes on leaf
surfaces due to its simple sample preparation and the quick
measurement approach.[7,10,16,17] However, the physical contact
made between the ATR crystal and the leaf surface prevents the
measurements to be repeated on the same location of the leaf,
which therefore, renders ATR-FTIR approach unsuitable for
time-course studies of living plants. More recent applications
of vibrational spectroscopy to study epicuticular waxes include
the use of atomic force microscopy infrared spectroscopy,[13,14]

however although these techniques offered highly valuable
chemical characterization at very high spatial resolution, phys-
ical or chemical extraction of the waxes from the plant was
first required (i.e., the methods weren’t compatible with in vivo
imaging).

In this study, we have developed FTIR reflectance microspec-
troscopy to spatially resolve epicuticular waxes on the surfaces
of plant leaves. The imaging protocol primarily takes advantage
of specular reflection that occurs from the surface of thin films
of ordered molecules at an interface. This has been previously
established in the literature as infrared-reflectance absorption
spectroscopy (IRRAS) to obtain reflectance spectra from thin
molecular films. The IRRAS effect is most pronounced when
the film thickness is less than the wavelength of the light.[18,19]

The percentage of reflected IR light in IRRAS is low (≈6%) re-
sulting in a weak signal and low signal to noise (S/N) spectra,
but although weak, the signal is sufficient for meaningful spec-
troscopic interpretations.[18,20] IRRAS spectra are typically pre-
sented as −log R/R0, where R is the reflectivity of the sample
surface, and R0 is the reflectivity of the substrate.[18,20,21] The re-
flectivity is depending on the angle of the incidence light source,
the polarization of the light, and the molecular orientation at
the surface, and this results in the possibility for both nega-
tive and positive “absorbance” bands to be observed in IRRAS
spectra.[18–21] A range of substrates have been chosen, suitable for
the background reflectivity measurements, ranging from reflec-
tive metal surfaces to H2O or D2O.[18–21] IRRAS is a well-studied
and characterized technique, previously used to study orienta-
tion of bio-molecular films such as lipids and peptides at air–
water interfaces.[18,20] Nevertheless, to our knowledge, the tech-
nique has not been demonstrated for in situ analysis of ordered
molecules within biological tissues. This may be due to the phys-

ical nature of biological samples lacking thin, orientated molecu-
lar films capable of producing a sufficiently strong IRRAS effect.

Here, we report the use of FTIR microscopy and a linear ar-
ray imaging detector configured in reflectance geometry to im-
age epicuticular waxes at 25 μm spatial resolution across large
areas of the leaf surface within a reasonable time frame (1–
2 h). This capability enabled differentiation between major leaf
anatomical structures (including stomata, veins, and stem), and
has identified differences in epicuticular wax composition be-
tween young and mature leaves, and across seasons. Last, we
demonstrate the capability of this method to monitor changes of
epicuticular waxes on wheat leaves infected with a necrotrophic
fungal pathogen, Pyrenophora tritici-repentis (Ptr). The pathogen
causes yellow spot disease, which has devastating impact on crop
yields.[22,23] The plant–pathogen interactions induce detectable
spectroscopic alterations to the wax layer. We also report for the
first time non-destructive longitudinal monitoring of epicuticu-
lar waxes on the leaf from a living plant using FTIR reflectance
microspectroscopy. The study presented here demonstrates the
unprecedented capability of the technique for studying plant epi-
cuticular waxes in situ and in vivo, to gain a better understanding
of plant physiological responses to environmental stressors.

2. Results

2.1. Non-Destructive Imaging of Leaf Surfaces with Fourier
Transform Infrared Reflectance Microspectroscopy

The process of sectioning enables imaging of interior leaf tissue
structures that are not visible from the outer surface, such as
lignin rich cell walls.[7,10,24–27] Sectioning unfortunately, can dam-
age the exterior surface of the leaf sample and does not adequately
preserve epicuticular wax distribution (Figure S1, Supporting In-
formation). To prevent the damage to the leaf surface during sam-
ple preparation, the ATR-FTIR technique is the most common
approach among several other spectroscopic modes that allows
FTIR spectra to be collected in situ from a sample surface. ATR-
FTIR mapping of Eucalyptus leaves revealed that wax distribution
is heterogeneous relative to anatomical features such as stomata
(Figure 1A,B).[16] The ATR-FTIR spectra also revealed character-
istic spectral features of waxes including intense 𝜈as(CH2) and
𝜈s(CH2) absorbance bands at 2930 and 2848 cm−1, respectively,
without the presence of 𝜈as(CH3) and 𝜈s(CH3) modes (Figure 1C).
Such features indicate that the waxes predominantly contain long
chain aliphatic hydrocarbons. Despite the ability of ATR-FTIR to
directly map epicuticular waxes on leaf surfaces, the requirement
for physical contact between the ATR crystal and leaf surface pre-
vents longitudinal time-course studies of the identical leaf region
in living plants. FTIR reflectance microspectroscopy was there-
fore investigated as an alternative modality that may provide di-
rect in situ analysis of epicuticular waxes compatible with longi-
tudinal studies of plant development or disease progression.

Similar to the synchrotron ATR-FTIR (SR-ATR-FTIR) spec-
tra, FTIR reflectance spectra revealed the characteristic spectro-
scopic markers of waxes (i.e., intense 𝜈as(CH2) and 𝜈s(CH2) ab-
sorbance bands at 2930 and 2848 cm−1, respectively) with min-
imal evidence of 𝜈as(CH3) and 𝜈s(CH3) absorbance bands (Fig-
ure 1D,E). In particular, the 𝜈as(CH2) and 𝜈s(CH2) bands were
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Figure 1. Epicuticular waxes on the leaf surface can be measured in situ by SR-ATR-FTIR spectroscopy (direct contact, destructive method) or by FTIR
reflectance spectroscopy (non-contact, non-destructive). A) Bright field image of stomata on the surface of a Eucalyptus leaf, which was then analyzed
by SR-ATR-FTIR spectroscopy. B) False-color functional group images generated from integrated area under the curve for the 𝜈s(CH2) absorbance band
(2840–2865 cm−1) in SR-ATR-FTIR spectra showing location of wax rich regions. Scale bar = 5 μm. C) Representative SR-ATR FTIR spectra of epicuticular
wax. D) Representative FTIR reflectance spectra from the surface of the Eucalyptus leaf, and E) comparison of FTIR reflectance spectra with SR-ATR
FTIR spectra. F) Representative FTIR reflectance second derivative spectra. G) Different anatomical locations on the leaf surface produce different FTIR
reflectance spectral signatures, which can be observed in the second-derivative spectra. Spectra in (F) and (G) were not vector normalized prior to
calculation of second-derivatives. H) Representative SEM image captured from the surface of the leaf, showing thin wax structures that contribute to
the infrared reflectance properties of the leaf surface. Scale bar = 10 μm. I,J) Bright field optical microscope (white light illumination) image of plant leaf
surface, showing the sample region that was then imaged with FTIR reflectance (10× magnification). These bright field images of the leaf imaged with
FTIR reflectance were collected on a dedicated optical microscope (I) and the optical microscope coupled to the FTIR spectrometer (J). K) False-color
FTIR reflectance functional group images of wax layer generated from second-derivative intensity of the 𝜈s(CH2) absorbance band at 2848 cm−1. Scale
bar = 500 μm.
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Figure 2. FTIR reflectance spectroscopic imaging reveals consistent spectroscopic differences associated with seasonal variation, comparing leaves
analyzed in autumn against leaves analyzed in winter. A,B) False-color functional group images of wax layer, generated from second-derivative intensity
of the 𝜈s(CH2) absorbance band at 2848 cm−1, showing location of wax rich regions in leaves in autumn (A) and leaves in winter (B). Representative
second-derivative spectra (C) and non-derivatized spectra (D) reveal the decreased reflectivity in spectra from leaves in autumn compared to winter,
and show the shift of 𝜈s(CH2) to lower wavenumbers in autumn compared to winter. E,F) Statistical analysis of replicates reveals that the observed
differences in intensity (E) and peak positions (F) are significant. Data in (E) and (F) are presented as a box and whisker plots showing the mean,
upper, and lower quartiles. Error bars show the standard deviation. All statistical testing was undertaken using a two-way ANOVA, followed by post-hoc
testing, as described in the Experimental Section. Each experimental group consists of five replicates (n = 5). Post-hoc testing was performed with t-tests,
corrected for four multiple comparisons using the Bonferroni method and an alpha of 0.05 (two-tail testing). *p < 0.05, **p < 0.01, ***p < 0.001. Scale
bar = 500 μm.

found to display a strong negative signal in the FTIR reflectance
spectrum (Figure 1D), or strong positive peaks in the second
derivative spectra (Figure 1F), which is characteristic of IRRAS
effect. This effect arises from increased specular reflectance for
wavelengths of light at which an absorption band occurs, rel-
ative to wavelengths that do not correspond to a resonant ab-
sorbance. The intensity of the reflectance signal was found to
vary across the leaf surface (Figure 1G) where wax crystals local-
ize (revealed by scanning electron microscope [SEM], Figure 1H),
providing a spectroscopic marker to image epicuticular wax in re-
lation to leaf anatomy (Figure 1I–K). As can be seen in Figure 1I–
K, FTIR reflectance imaging of the 𝜈s(CH2) absorbance band re-
vealed the location of key anatomical features of the leaf surface
(stem, veins, and stroma tissue). The FTIR reflectance signal was

drastically decreased in the leaf samples following incubation in
ether, which extracted the surface epicuticular wax layer (Figure
S2, Supporting Information).

2.2. Studying Seasonal Variations in Fourier Transform Infrared
Reflectance Spectra of Leaf Surfaces

The FTIR reflectance signal showed reproducible seasonal vari-
ation. Images of leaves collected and analyzed during winter re-
vealed a stronger reflectance signal of the 𝜈s(CH2) mode relative
to leaves collected in autumn (Figure 2A–D). Analysis of the in-
tensity of the 𝜈s(CH2) reflectance signals (measured as second
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Figure 3. FTIR reflectance spectroscopic imaging reveals consistent spectroscopic differences between young (immature) and old (mature) plant leaves.
A,B) False-color functional group images of the wax layer, generated from second-derivative intensity of the 𝜈s(CH2) absorbance band at 2848 cm−1,
showing location of wax rich regions in young (immature) leaves (A) and old (mature) leaves (B). Scale bar (A,B) = 500 μm. C) Representative second-
derivative and D) non-derivatized spectra reveal the decreased reflectivity in spectra from older (mature) leaves, and show the shift of 𝜈s(CH2) to lower
wavenumbers in older (mature) leaves, relative to younger (immature) leaves. E,F) Statistical analysis of five replicates from different morphological
regions show that differences in peak intensity (E) and peak position (F) are significant for stem, the cuticle adjacent to the stem (CATS), veins, and cuticle,
when comparing spectra from young (immature) and old (mature) leaves. Data in (E) and (F) are presented as a box and whisker plots showing the mean,
upper, and lower quartiles. Error bars show the standard deviation. All statistical testing was undertaken using a two-way ANOVA, followed by post-hoc
testing, as described in the Experimental Section. Each experimental group consists of five replicates (n = 5). Post-hoc testing was performed with t-tests,
corrected for four multiple comparisons using the Bonferroni method and an alpha of 0.05 (two-tail testing). *p < 0.05, **p < 0.01, ***p < 0.001. G)
Representative SEM images of surface or immature and mature leaves, showing that the immature leaf surface contains thin, fibril-like wax structures,
while large wax aggregates appear on the surface of mature leaves. Scale bar = 10 μm (i), 20 μm (ii), and 50 μm (iii).

derivative intensity at 2848 cm−1), using five replicate leaves col-
lected in autumn and winter, revealed a statistically significant
effect of season on reflectance intensity (p < 0.05). Post-hoc test-
ing (Figure 2E) indicated that the reflectance intensity was sig-
nificantly stronger in leaf tissue regions (stem, vein, cuticle, and
cuticle adjacent to stem) in winter relative to those in the autumn
(p = 0.03, p = 0.0006, p = 0.0005, and p = 0.002, respectively).

In addition to the increased reflectance intensity observed for
leaves analyzed in winter relative to summer, an associated shift
in the band positions was also observed. In particular, a shift to
higher wavenumbers of 𝜈(C H) modes occurred in spectra col-
lected from leaves in winter relative to those in autumn (Fig-
ure 2C). Two-way ANOVA revealed that the effect was statistically

significant (p < 0.0001). Post-hoc testing (Figure 2F) indicated
that the shifts in band position appeared to be significantly differ-
ent between the samples in autumn and winter across the stem,
vein, cuticle, and cuticle adjacent to stem tissue regions (p = 0.04,
p = 0.00004, p = 0.0001, and p = 0.0005, respectively).

2.3. Variation in Fourier Transform Infrared Reflectance Spectra
of Leaf Surfaces Display during Leaf Growth and Maturation

To further investigate the sensitivity of FTIR reflectance mi-
crospectroscopy to changes in the epicuticular wax layer of leaves,

Adv. Sci. 2021, 8, 2101902 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2101902 (5 of 11)
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the reflectance signals obtained from the surface of immature
and mature Eucalyptus leaves were compared (Figure 3A,B). Sim-
ilar to the results observed with seasonal variation, changes in
the intensity of the reflectance signal and position of the 𝜈(C
H) bands was observed during leaf growth and maturation.
Specifically, increased reflectance intensity and shifts to higher
wavenumbers were observed for 𝜈(CH2) absorbance bands on
the surface of immature leaves relative to mature leaves (Fig-
ure 3C,D). Statistical testing confirmed that leaf growth had a
significant effect on reflectance intensity (p < 0.0001) and peak
position (p < 0.0001). The intensity of the 𝜈s(CH2) band (mea-
sured at 2848 cm−1) increased in immature leaves across the
stem, veins, cuticle, and cuticle adjacent to stem relative to ma-
ture leaves (p = 0.02, p = 0.0007, p = 0.0006, and p = 0.003, re-
spectively) (Figure 3E). Likewise, the position of the 𝜈s(CH2) band
shifted to higher wavenumbers in the immature leaves relative
to mature leaves (Figure 3F), which was observed in the spec-
tra collected across the stem, veins, cuticle, and cuticle adjacent
to stem (p = 0.01, p = 0.001, p = 0.0007, and p = 0.0009, respec-
tively). SEM images revealed substantial differences in wax struc-
ture between immature and mature leaves, with thin fibril-like
structures observed in immature leaves, and larger agglomerates
observed in mature leaves (Figure 3G).

To demonstrate that FTIR reflectance microspectroscopy holds
the capability to monitor changes to plant epicuticular waxes in
vivo, and is therefore compatible with longitudinal studies, we
sought to reproduce the results described above in vivo. To do
this, five leaves were imaged in the exact same region 7 weeks
apart (Figure 4). The results from in vivo FTIR reflectance imag-
ing (Figure 4A–E) were found to be consistent with the ex vivo
measurements. Importantly, the decrease of reflectance signals
and shifts of the characteristic 𝜈s(CH2) band to lower wavenum-
bers was reproduced during maturation of leaves as measured
in vivo (Figure 4F). The results were confirmed to be statistically
significant using two-way ANOVA (p = 0.0006 and p < 0.0001 for
signal intensity and band position, respectively). Post-hoc test-
ing revealed that the intensity of the 𝜈s(CH2) band (measured at
2848 cm–1) increased in immature leaves across the veins and
cuticle, relative to mature leaves (p = 0.02 and p = 0.002, respec-
tively) (Figure 4G). Likewise, the position of the 𝜈s(CH2) band
shifted to higher wavenumbers in the immature leaves relative
to mature leaves, in spectra collected across the vein and cuticle
(p = 0.01 and p = 0.004, respectively) (Figure 4H). Differences
between immature and mature leaves were not observed for the
leaf stem or cuticle adjacent to stem.

2.4. Fourier Transform Infrared Reflectance Spectra of Diseased
Wheat Leaves during Progression of Fungal Infection

To further extend our work in Eucalyptus leaves and to demon-
strate the potential of the FTIR reflectance imaging method
for studying waxes in an agricultural context, a set of infected
(n = 5) and control (n = 5) wheat leaves were imaged (Figure
5). Reflectance imaging was carried out in wheat leaves infected
with Ptr as a case study, which showed consistent spectroscopic
changes associated with varied wax distribution on the leaf sur-
face. The SR-ATR-FTIR mapping technique was used to vali-

date that fungal infection altered wax distribution on the sur-
face of wheat leaves (Figure S3, Supporting Information). In
the FTIR reflectance imaging data, a reduction of reflectance
intensity and a subtle shift in position of the 𝜈s(CH2) bands to
higher wavenumbers were observed with increased proximity to
the necrotic core (fungal infection resulting in dead tissue) (Fig-
ure 5E). Statistical testing confirmed that the reduction in re-
flectance intensity was significant (p < 0.01); however, shifts in
the peak position were not significant. The reduction in inten-
sity of the 𝜈s(CH2) band (measured at 2848 cm−1) was found to
be significant both at the necrotic core, and in tissue adjacent
to the necrotic lesion (p = 0.03 and p = 0.03) (Figure 5E). The
later finding is significant as they confirm the presence of an im-
pacted asymptomatic region where no visual signs of infection
were present (Figure 5A–D), and thus FTIR reflectance imaging
technique was shown to be capable of detecting subtle chemical
differences in epicuticular waxes before visible leaf damage oc-
curred.

3. Discussion

In this study, we demonstrate for the first time that a sufficiently
strong infrared reflectance signal is produced from the surface
of plant leaves across the 𝜈(C H) region (3000–2800 cm−1, cor-
responding to light wavelengths of ≈3.3–3.6 μm). The detec-
tion of this signal enables characterization of epicuticular waxes.
The spectroscopic features show intense 𝜈as(CH2) and 𝜈s(CH2)
spectral features, but minimal contribution from 𝜈as(CH3) and
𝜈s(CH3) absorbance bands, which support long chain aliphatic
wax as the main source of the reflectance signal. The strong
negative peaks in the spectra for 𝜈as(CH2) and 𝜈s(CH2) vibra-
tional modes support the proposition that the signal is originat-
ing from a thin-film effect, known as one of IRRAS characteristic
features. To strong negative signal results from increased reflec-
tivity of light at these wavelengths, which indicates the presence
of a thin molecular film, thinner than the wavelength of incident
light,[18,19] which is possible given that the epicuticular wax layer
is typically 50–200 nm thick.[28] Therefore, owing to the strong IR-
RAS signal produced by the thin epicuticular wax layer on leaves,
we demonstrate that FTIR reflectance microspectroscopy is sen-
sitive to, and capable of imaging the epicuticular wax coating on
leaf surfaces.

It is well-established that the epicuticular wax coatings change
as a consequence of seasonal variation and leaf maturation.[2,3,6]

In this study, we have demonstrated that the resulting FTIR re-
flectance signal from the leaf surface significantly changes in
response to these events. It is rationalized that the epicuticular
wax layer becomes thinner in winter, as there is less risk of plant
dehydration, and that the decreased wax thickness enhances re-
flectance intensity, thus increasing the intensity of the negative
peaks observed in the spectra. Likewise, young leaves that have
reduced surface area and therefore reduced risk of water evapo-
ration have been shown to have a thinner wax layer compared to
mature leaves,[28] which was further supported by SEM imaging
in this study. This can account for the stronger FTIR reflectance
signals observed in younger leaves relative to more mature leaves
in this study. Critically, we were able to reproduce these observa-
tions when measuring leaf maturation in vivo, in a longitudinal
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Figure 4. FTIR reflectance spectroscopy enables longitudinal monitoring of epicuticular waxes. A–C) Representative optical images of the leaf of Euca-
lyptus sapling imaged at different time points depicting young (B) and 7 weeks older (C). D,E) False-color functional group images of wax layer, generated
from second-derivative intensity of the 𝜈s(CH2) absorbance band at 2848 cm−1, showing increased intensity at 2848 cm−1 in the young leaf (D) com-
pared to the same leaf 7 weeks later (E). F) Representative second-derivative FTIR reflectance spectra showing the shift of the 𝜈s(CH2) band to lower
wavenumbers, associated with leaf maturation. G,H) Statistical analysis of five replicates reveals differences in intensity (G) and peak positions (H) are
significant for vein and cuticle and not for stem and cuticle adjacent to the stem (CATS). Data in (G) and (H) are presented as a box and whisker plots
showing the mean, upper, and lower quartiles. Error bars show the standard deviation. All statistical testing was undertaken using a two-way ANOVA,
followed by post-hoc testing, as described in the Experimental Section. Each experimental group consists of five replicates (n = 5). Post-hoc testing
was performed with t-tests, corrected for four multiple comparisons using the Bonferroni method and an alpha of 0.05 (two-tail testing). *p < 0.05,
**p < 0.01. Scale bar (B,C) = 1 cm; (D,E) = 500 μm.

study of leaf development. To our knowledge, this is the first re-
port to demonstrate in vivo time-course monitoring of changes
to plant epicuticular waxes.

We have also observed shifts in the position of the 𝜈(C H)
bands as a function of seasonal change or leaf maturation; how-
ever, further studies are required to determine the cause of these
shifts, and fully determine what chemical information can be in-
ferred from the changes (e.g., the shift of the 𝜈s(CH2) to lower
wavenumbers during leaf maturation). In traditional FTIR ab-
sorbance spectroscopy, it is widely accepted that a shift of the
𝜈s(CH2) absorbance band of lipids and waxes is indicative of in-
creased lipid or wax order as a result of tighter intermolecular
packing and increased dispersion forces.[29,30] However, interpre-
tation of FTIR reflectance spectra must be made with care. Vari-

ation in the reflectance signal is known to occur as function of
surface topology and refractive index, which can result in shifts or
distortions to absorbance bands.[18,20,31,32] Furthermore, it is un-
likely that the spectra obtained are pure specular reflectance spec-
tra, and some contribution from diffuse reflectance and trans-
flection processes are probable,[31–34] which complicates in-depth
spectral interpretation. In addition, the reflectivity of the surface
is governed by film thickness, angle of incidence of the light
source, and molecular orientation.[18–21] Consequently, Lambert–
Beer law is not obeyed, and direct measurement of relative con-
centration is difficult, if not impossible using the reflectance
signal.[21] Typically, in IRRAS the intensity and position is in-
terpreted with respect to qualitative chemical information, such
as molecular structure or orientation.[18–21] We anticipate that fu-
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Figure 5. FTIR reflectance spectroscopy enables monitoring of changes in epicuticular wax induced during plant–pathogen interactions. A,C) Bright
field optical microscopy images (10× magnification) of control (A) and yellow spot infected (C) wheat leaf samples. B,D) FTIR reflectance false-color
functional group images of wax layer generated from second-derivative intensity of the 𝜈s(CH2) absorbance band at 2848 cm–1 indicating differences
between control (B) and infected (D) wheat leaf sections. Scale bar = 500 μm. E) Representative second-derivative FTIR reflectance spectra show the
shift of the 𝜈s(CH2) band to higher wavenumbers closer to infected site. F,G) Statistical analysis of replicates reveals differences in intensity (F) but not
in peak positions (G), between control and infected leaves. Data in (F) and (G) are presented as a box and whisker plots showing the mean, upper, and
lower quartiles. Error bars show the standard deviation. All statistical testing was undertaken using a two-way ANOVA, followed by post-hoc testing, as
described in the Experimental Section. Each experimental group consists of five replicates (n = 5). Post-hoc testing was performed with t-tests, corrected
for four multiple comparisons using the Bonferroni method and an alpha of 0.05 (two-tail testing). *p < 0.05.

ture work on this topic will enable more detailed information on
the chemical composition and surface orientations of epicuticu-
lar waxes to be obtained, based on the peak positions and relative
intensities observed in the reflectance spectra. At this stage how-
ever, regardless of the origin of the band shifts, their existence
provide the ability to spatially and temporally resolve changes in
the epicuticular wax layer, which in itself offers immense poten-
tial to study plant physiology.

The capability and benefits of the FTIR reflectance technique
were further elucidated in a case study using wheat leaves in-
fected with a devastating fungal pathogen, Ptr, which causes
yellow spot disease. FTIR reflectance was able to reveal signifi-
cant changes to the wheat epicuticular wax layer during the pro-
gression of disease. The wax layer directly on the surface of the
necrotic tissue was impacted the most compared to the surround-
ing tissue and the control leaf samples. Interestingly, the regions
adjacent to the necrotic tissue also showed significant spectro-

scopic changes despite no visible signs of leaf damage. This sug-
gests that the epicuticular wax layer is dynamic to disease pres-
sure. This also opens an avenue for detection of disease prior
to appearance of visible symptoms. FTIR reflectance approach
enables future mechanistic focused comprehensive studies in a
broad range of interacting systems and the development of a new
frontier for studying plant tolerance to disease.

4. Conclusion

We have demonstrated, for the first time, that FTIR reflectance
microspectroscopic imaging technique promises the potential
to be used as a non-destructive chemical imaging tool for in
situ and ex vivo or in vivo studies of plant epicuticular waxes.
The FTIR reflectance spectra of the epicuticular wax layer vary
with anatomical location on the plant leaf, and as a function of

Adv. Sci. 2021, 8, 2101902 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2101902 (8 of 11)
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leaf maturation. Care must be taken when drawing scientific
conclusions from FTIR reflectance spectra, to avoid misin-
terpretation of the chemical information that they contain.
Future applications utilizing this method may include time-
course studies of the effects of various environmental stressors,
such as disease, hyper-salinity, or soil contamination to enable
dynamic analysis of the epicuticular wax layer. Such studies
have the potential to yield important physiological insights
to optimize mitigation or rehabilitation strategies to counter
environment stress, to optimize crop harvests, and inform
breeding programs. In addition, the method may find use as a
non-destructive screening tool, to analyse large sample regions
in order to identify smaller regions of interest for further anal-
yses at higher spatial resolution using destructive techniques,
such as ATR-FTIR mapping or MS approaches.

5. Experimental Section
The Preparation of Eucalyptus Leaf Samples—Eucalyptus gomphocephala:

(Tuart) saplings were maintained in 9 L plastic potting containers filled
with local soil (Swan coastal plain of Perth, Western Australia). Immature
(<5 cm max length) and mature leaves (>10 cm max length) of 12-month-
old saplings were harvested in early autumn (April 2018) or late winter (Au-
gust 2018). The longitudinal study was performed in winter with samples
harvested during August 1–21, 2018.

To investigate the effects of microtome sectioning, leaves were flash
frozen in liquid nitrogen immediately after being removed from the Euca-
lyptus sapling, and stored at −80 °C until required for analysis. Leaves were
sectioned to 5-μm-thick, using a Leica cryo-microtome at −20 °C. The leaf
sections were placed onto CaF2 windows and glass slides for transmission
FTIR spectroscopic and Raman spectroscopic analyses, respectively.

Preparation of Wheat Leaf Samples: Wheat (Triticum aestivum cv Scout)
was utilized for the analysis of yellow spot disease caused by Ptr.[22]

Wheat seeds were sown in 2.1 L pots, and grown in Curtin University’s
glasshouse and maintained during the months of winter (June–August).
The glasshouse temperatures ranged between 10 and 25 °C.

The pathogenic isolate of Ptr, race 1 isolate M4 (ToxA and ToxC pro-
ducing) was utilized for the inoculation of wheat leaves. The isolate was
cultured following the growth conditions previously described.[35] Conidia
were harvested in water and a 10 μL droplet containing ≈30 conidia was
placed onto the adaxial side of leaf. Most recent mature leaf of 7 weeks
old plants were used for inoculation limited to one leaf per plant. To help
facilitate infection, the glasshouse humidity was maintained at ≥95% via
a fitted misting system (Idrobase Fog Extra, Italy) for 48 h.

Transmission Focal Plane Array - Fourier Transform Infrared Spectroscopic
Imaging of Eucalyptus Leaf Cryo-Sections: FTIR microspectroscopic imag-
ing of the leaf sections on CaF2 windows were analyzed at Infrared Mi-
crospectroscopy (IRM) beamline, Australian Synchrotron (Clayton, Aus-
tralia), using an offline Bruker Hyperion 2000 FTIR microscope, equipped
with a liquid-N2 cooled 64 × 64 element FPA detector and a 15× objec-
tive lens (NA = 0.4), which was coupled to a Vertex 70 FTIR spectrom-
eter (Bruker Optik GmbH, Ettlingen, Germany). Under this optical con-
figuration, a single spectrum in each FTIR image represented molecular
information acquired from ≈2.67 × 2.67 μm2 area on the sample plane.
The spectral images were collected at 4 cm−1 spectral resolution, with 256
co-added scans using OPUS 7.2 imaging software (Bruker). Background
measurements were taken prior to sample spectral images, by focusing
on a clean surface area of the CaF2 substrate using the same acquisition
parameters.

Raman Microspectroscopy of Eucalyptus Leaf Cryo-Sections: Cryo-
sections of Eucalyptus leaf mounted onto glass microscope slides were
used for Raman microspectroscopic analysis. The Raman maps were ac-
quired using a WITec Alpha 300 SAR instrument, using 532 nm excitation
laser, a 300 ms exposure time, with 250 nm step size and focus beam size
of ≈300 nm at full width at half maximum (100× magnification objective).

Synchrotron Attenuated Total Reflectance - Fourier Transform Infrared Mi-
crospectroscopy of Eucalyptus Leaf: To facilitate ATR-FTIR analysis of wax
distribution on the surface of the Eucalyptus leaf, a 2 cm2 section of leaf
was mounted on an aluminum disc with double sided sticky tape. The
sample was then raised, so that the top (adaxial) side of the leaf was in
contact with the ATR crystal.

The SR-ATR-FTIR measurements were performed at the Australian Syn-
chrotron Infrared Microscopy (IRM) Beamline (Victoria, Australia), us-
ing the macro-ATR accessory, which had previously been described.[36] In
brief, synchrotron macro ATR-FTIR spectra were collected using a Bruker
Vertex 80 v spectrometer coupled with a Hyperion 3000 FTIR microscope,
equipped with a liquid nitrogen-cooled narrow-band mercury cadmium
telluride detector (Bruker Optik GmbH, Ettlingen, Germany). The FTIR
spectra were recorded within a spectral range of 3800–950 cm−1 using
8 cm−1 spectral resolution. Data collection was controlled using OPUS
7.2 software suite (Bruker Optik GmbH, Ettlingen, Germany). The macro
ATR-FTIR device was equipped with a germanium (Ge) ATR hemispherical
crystal (nGe = 4.0), which had a 250 μm diameter active sensing area. The
optics incorporate a 20× IR objective (NA = 0.60; Bruker Optik GmbH,
Ettlingen, Germany). A background spectrum was recorded in air using
256 co-added scans and the sample spectra were recorded using four co-
added scans once the contact between the ATR crystal and leaf sample was
made. The sample was mapped with the beam focus size of 1.9 μm and
an effective step size of 0.5 μm.

Fourier Transform Infrared Reflectance Imaging Measurements: FTIR re-
flectance microspectroscopic imaging of Eucalyptus leaf tissue was carried
out with a Nicolet iN 10MX FTIR microscope, an 8 × 2 pixel liquid nitrogen
cooled linear array detector, and 25 μm pixel size. Spectra were collected
using 4 cm−1 spectral resolution with 16 co-added scans. A background re-
flectance image was collected from the surface of aluminum foil under the
same conditions and using the same parameters. Strong FTIR reflectance
spectra were confirmed to occur using either aluminum foil or a reflective
gold surface for background reflection (Figure S2, Supporting Informa-
tion). FTIR reflectance images of Eucalyptus leaf were also collected after
ether extraction of waxes from the leaf surface (incubation of leaf in ditheyl
ether for 20 min).

The optical microscopic images of leaves were collected prior to ac-
quiring FTIR reflectance spectral images. The bright field capabilities of the
FTIR microscope, were sufficient to identify regions of interest to image on
the leaf. However, the quality of the bright field images was not sufficient to
identify location of stomata. Bright field images of additional leaves from
the same plant were collected at 4× and 10× magnification using an Olym-
pus BX51 microscope with Olympus DP70 camera and cellSens Standard
software.

FTIR reflectance images were collected from five replicates of imma-
ture and five mature Tuart leaves harvested in autumn (April 2018). FTIR
reflectance images were also collected for an additional five mature leaves,
harvested in late winter (August 2018). FTIR reflectance imaging parame-
ters were as described above.

To demonstrate the capability of FTIR reflectance microspectroscopy
for imaging the same leaf as a young and mature leaf, five leaves were
imaged at two time points 7 weeks apart (April 8th, 2018 and May 28th,
2018). The average size of the young leaves was initially 3.0 cm in length
and 0.7 cm in maximum width, which then extended to an average 8.6 cm
long and 3.2 cm wide after 7 weeks. The leaf was taped flat to the motor-
ized microscope mapping stage, using a small amount of adhesive tape
gently placed over the tip and base of the leaf. FTIR reflectance imaging
parameters were as described above.

Scanning Electron Microscope Imaging of Eucalyptus Leaves: SEM im-
ages of Eucalyptus leaves were taken using benchtop SEM (Joel JCM-6000
plus). An ≈1 cm2 section of leaf was deposited onto a SEM stub using
carbon tape. The stub was coated with gold for 2 min using smart coater
(DII-29030SCTR) just before SEM imagining.

Statistical Analysis: FTIR spectra were analyzed with Cytospec v2.00.03
and OPUS v7.0. The characteristic spectroscopic markers indicating
the presence of wax were intense 𝜈as(CH2) and 𝜈s(CH2) absorbance
modes with minimal or absent 𝜈as(CH3), 𝜈s(CH3), and olefinic 𝜈(═C H)
modes.[3,37] False-color functional group images of the epicuticular wax

Adv. Sci. 2021, 8, 2101902 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2101902 (9 of 11)
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were generated from FTIR and Raman microspectroscopic data using the
integrated area under the curve of the 𝜈s(CH2) absorbance band (2865–
2840 cm−1), or second derivative intensity at 2848 cm−1 (21-smoothing
point Savitzky–Golay derivatization function). FTIR reflectance spectra
were not corrected using the Kramers–Kronig transformation, as the spec-
tral shapes of the reflected signal indicated contributions from both spec-
ular, and diffuse reflectance.

Unless otherwise stated, FTIR spectra were presented as the raw
data without preprocessing, or the data were presented as second-
derivatives. Second-derivative spectra were derived using a 21-smoothing
point Savitzky–Golay derivatization function. Prior to data derivatization,
spectra were vector normalized from 2800 to 3000 cm−1.

Statistical analysis was performed using the second-derivative intensity
or position of the 𝜈s(CH2) absorbance band as the dependent variable,
with independent variables of leaf maturity (immature or mature), season
(autumn or winter), and anatomical location (stem, vein, tissue adjacent
to stem, and tissue further from the stem). Each experimental group con-
tained five replicates (n = 5) for all statistical testing. A two-way repeated
measures ANOVA was used to investigate the effect of seasonal change
(Figure 2), leaf maturity (Figures 3 and 4) or disease state (Figure 5) with
respect to the second-derivative intensity or position of the 𝜈s(CH2) ab-
sorbance band, as measured in specific anatomical locations on the leaf. If
statistically significant effects were identified by the two-way ANOVA, post-
hoc testing was undertaken. Post-hoc testing was performed with t-tests,
corrected for four multiple comparisons using the Bonferroni method and
an alpha of 0.05 (two-tail testing). Statistical analysis was performed using
GraphPad Prism v7.04. No outliers were removed in this study.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The authors gratefully thank Peter Chapman for the expert assistance in
training with aspects of FTIR data collection and data analysis. The au-
thors are grateful for access that was provided to cryo-microtomes housed
within the Curtin Health Innovation Research Institute. All authors grate-
fully acknowledge the travel funding provided by ANSTO, funded by the
Australian Government. Components of this research were undertaken
at the Infrared Microspectroscopy (IRM) beamline at the Australian Syn-
chrotron, part of ANSTO. All authors gratefully acknowledge pilot project
funding provided by the Curtin University Faculty of Science Engineer-
ing’s Small Grants Program. K.K. and A.H. gratefully acknowledges RTP
Ph.D. Scholarship awarded by the Australian Government, and support
from an AINSE-PGRA top-up scholarship. F.N. gratefully acknowledges
funding support from an AINSE-EMCR Award. M.J.H. gratefully acknowl-
edges support from the Australian Research Council (ARC Future Fellow-
ship FT190100017). The Authors gratefully acknowledge the support of the
Australian grains industry through the Grains Research and Development
Corporation (project CUR00023).

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
Conceptualization: G.S., F.N., A.P., M.R.G., M.J.H. Methodology: K.K.,
A.H., G.S., L.M.V.P.S., A.K., M.J.T., J.V., M.R.G., A.P., F.N., M.J.H. Investiga-
tion: K.K., A.H., G.S., L.M.V.P.S., A.K., M.J.T., J.V., M.R.G., A.P., F.N., M.J.H.
Visualization: K.K., F.N., M.J.H. Supervision: F.N., A.P., M.R.G., M.J.H.

Writing–original draft: K.K., F.N., J.V., M.J.H. Writing–review and editing:
K.K., A.H., G.S., L.M.V.P.S., A.K., M.J.T., J.V., M.R.G., A.P., F.N., M.J.H.

Data Availability Statement

All data presented in the manuscript is available upon request from Curtin
University’s electronic data repository.

Keywords
epicuticular wax, infrared, microscopy, plant physiology, reflectance

Received: May 7, 2021
Revised: June 25, 2021

Published online: August 2, 2021

[1] G. Eglinton, R. J. Hamilton, Science 1967, 156, 1322.
[2] L. Samuels, L. Kunst, R. Jetter, Annu. Rev. Plant Biol. 2008, 59, 683.
[3] T. Shepherd, D. W. Griffiths, New Phytol. 2006, 171, 469.
[4] M. J. Steinbauer, N. W. Davies, C. Gaertner, S. Derridj, Aust. J. Bot.

2009, 57, 474.
[5] B. R. da Luz, New Phytol. 2006, 172, 305.
[6] M. Shimojima, H. Ohta, Prog. Lipid Res. 2011, 50, 258.
[7] I. R. Willick, R. Lahlali, P. Vijayan, D. Muir, C. Karunakaran, K. K.

Tanino, Physiol. Plant. 2018, 162, 316.
[8] G. E. J. Poinern, X. T. Le, D. Fawcett, Nanotechnol., Sci. Appl. 2011, 4,

113.
[9] S. Mazurek, A. Mucciolo, B. M. Humbel, C. Nawrath, Plant J. 2013,

74, 880.
[10] P. Vijayan, I. R. Willick, R. Lahlali, C. Karunakaran, K. K. Tanino, Plant

Cell Physiol. 2015, 56, 1252.
[11] N. Altangerel, G. O. Ariunbold, C. Gorman, M. H. Alkahtani, E. J. Bor-

rego, D. Bohlmeyer, P. Hemmer, M. V. Kolomiets, J. S. Yuan, M. O.
Scully, Proc. Natl. Acad. Sci. U. S. A. 2017, 114, 3393.

[12] I. Weissflog, N. Vogler, D. Akimov, A. Dellith, D. Schachtschabel, A.
Svatos, W. Boland, B. Dietzek, J. Popp, Plant Physiol. 2010, 154, 604.

[13] C. Farber, R. Wang, R. Chemelewski, J. Mullet, D. Kurouski, Anal.
Chem. 2019, 91, 2472.

[14] C. Farber, J. Li, E. Hager, R. Chemelewski, J. Mullet, A. Y. Rogachev,
D. Kurouski, ACS Omega 2019, 4, 3700.

[15] K. A. Chan, S. G. Kazarian, Chem. Soc. Rev. 2016, 45, 1850.
[16] J. Vongsvivut, D. Pérez-Guaita, B. R. Wood, P. Heraud, K. Khambatta,

D. Hartnell, M. J. Hackett, M. J. Tobin, Analyst 2019, 144, 3226.
[17] N. Liu, L. Zhao, L. Tang, J. Stobbs, I. Parkin, L. Kunst, C. Karunakaran,

Plant, Cell Environ. 2020, 43, 662.
[18] A. Gericke, A. V. Michailov, H. Hühnerfuss, Vib. Spectrosc. 1993, 4,

335.
[19] Y. S. Yen, J. S. Wong, J. Phys. Chem. 1989, 93, 7208.
[20] R. Mendelsohn, G. Mao, C. R. Flach, Biochim. Biophys. Acta. 2010,

1798, 788.
[21] M. B. Meinders, G. G. van den Bosch, H. H. de Jongh, Eur. Biophys.

J. 2001, 30, 256.
[22] P. T. See, K. A. Marathamuthu, E. M. Iagallo, R. P. Oliver, C. S. Moffat,

Plant Pathol. 2018, 67, 1066.
[23] J. D. Faris, Z. Liu, S. S. Xu, Theor. Appl. Genet. 2013, 126, 2197.
[24] N. Gierlinger, M. Schwanninger, Plant Physiol. 2006, 140, 1246.
[25] J. L. Kerr, D. S. Baldwin, M. J. Tobin, L. Puskar, P. Kappen, G. N. Rees,

E. Silvester, PLoS One 2013, 8, e60857.

Adv. Sci. 2021, 8, 2101902 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2101902 (10 of 11)

 21983844, 2021, 19, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202101902 by C

urtin U
niversity L

ibrary, W
iley O

nline L
ibrary on [12/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advancedscience.com

[26] K. Thumanu, M. Sompong, P. Phansak, K. Nontapot, N. Buensanteai,
J. Plant Interact. 2015, 10, 270.

[27] K. M. Dokken, L. C. Davis, N. S. Marinkovic, Appl. Spectrosc. Rev. 2005,
40, 301.

[28] X. Zhu, Y. Zhang, Z. Du, X. Chen, X. Zhou, X. Kong, W. Sun, Z. Chen,
C. Chen, M. Chen, Sci. Rep. 2018, 8, 14944.

[29] M. Boncheva, F. Damien, V. Normand, Biochim. Biophys. Acta. 2008,
1778, 1344.

[30] H. H. Mantsch, R. N. McElhaney, Chem. Phys. Lipids 1991, 57, 213.
[31] P. Bassan, H. J. Byrne, J. Lee, F. Bonnier, C. Clarke, P. Dumas, E. Gazi,

M. D. Brown, N. W. Clarke, P. Gardner, Analyst 2009, 134, 1171.

[32] P. Bassan, J. Lee, A. Sachdeva, J. Pissardini, K. M. Dorling, J. S.
Fletcher, A. Henderson, P. Gardner, Analyst 2013, 138, 144.

[33] P. Bassan, A. Kohler, H. Martens, J. Lee, H. J. Byrne, P. Dumas, E.
Gazi, M. Brown, N. Clarke, P. Gardner, Analyst 2009, 135, 268.

[34] J. Filik, M. D. Frogley, J. K. Pijanka, K. Wehbe, G. Cinque, Analyst 2012,
137, 853.

[35] C. S. Moffat, P. T. See, R. P. Oliver, Mol. Plant Pathol. 2014, 15, 918.
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