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Abstract 

With an increasing global population, it is important to ensure crop health to provide 

global food security. Plants are susceptible to several different threats including plant 

disease and environmental stressors such as soil degradation and rising temperatures 

associated with climate change. This thesis hopes to address differences seen in plant 

health, through monitoring and diagnosis of chemical changes that occur as a result of 

environmental threats. 

The wax coating on the surface of plant leaves (epicuticular waxes) holds important 

physiological functions to protect against plant disease and other environmental 

stresses. The wax layer is dynamic, changing in chemical and physical properties in 

response to disease or stress. Studying the composition and distribution of epicuticular 

waxes on the surface of leaves can, therefore, provide valuable insight into plant 

fitness and the presence of environmental stressors. Current methods to study plant 

waxes require extraction of the wax from the leaf surface. This approach reveals 

substantial insight into chemical composition of plant waxes; but destroys valuable 

information relating to the spatial distribution of waxes on the leaf surface. The 

development of analytical methods that can directly image epicuticular waxes on 

leaves is therefore, sought after to complement existing bulk analyses. 

In addition to the chemical composition of the epicuticular wax layer, the micro-

nutrient composition of plant leaves can be an important indicator of plant health, e.g., 

diffusible ions (K+, Cl-, Ca2+) and transition metals (Fe, Mn, Cu, Zn). Although bulk 

levels assessment of these micro-nutrients has been extensively studied in the past, 

only recently has X-ray fluorescence microscopy made possible in situ imaging, which 

can associate elemental distribution with anatomical features of the leaf. The ability to 

develop microscopy protocols to study both epicuticular waxes on the leaf surface and 

also elemental composition of leaves, has much potential to increase our 

understanding of chemical pathways of crop disease. 

Yellow spot is a major fungal disease of wheat impacting grain quality and yield, 

globally. In Western Australia, yellow spot can cause yield losses of up to 30%. Much 

research has gone into identification of pathogen secreted toxins and the removal of 

susceptibility genes from germplasm. However, under favourable conditions, the 

pathogen can cause major losses to yield. Therefore, improved chemical imaging 
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techniques offer the capability to better understand disease pathways, which is vital 

knowledge to subsequently develop strategies to mitigate the effects of disease on crop 

health.  

The research within this PhD aimed to investigate and develop imaging methodology, 

incorporating infrared microscopy, and X-ray fluorescence microscopy, to gain insight 

into 1) dynamic response of epicuticular waxes as a result of physical and 

environmental changes, 2) enable study of mineral nutrient re-distribution during 

disease progression. In hope that it can then be used by the agricultural and 

environmental industry sectors to help monitor changes in plant health and fitness. 

The primary focus of this research was in the context of crop health, but application 

to preservation of native flora is also plausible. 
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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 < 
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Introduction  
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1.1 General Introduction 

With an increasing global population, it is important to ensure crop health to provide 

global food security. Threats to crop health include crop diseases and environmental 

stressors such as soil degradation and rising temperatures associated with climate 

change. A key step in mitigating the effects of disease and environmental stressors on 

crop health, is the ability to monitor/diagnose their effects on crop health. 

 

Traditionally, knowledge on chemical mechanisms to study impact of environmental 

stress on plants has been generated from ex vivo, destructive, bulk chemical analyses. 

(1, 2) Bulk chemical analyses, which typically have excellent chemical specificity and 

detection sensitivity, are incredibly important, and have yielded many important 

findings. However, a greater overall biochemical picture can be obtained if bulk 

analyses are complemented with direct in situ biochemical imaging, enabling 

association of the distribution of biochemical markers with plant anatomical 

structures. Further, capability of in vivo chemical imaging would offer potential for 

time-course chemical analysis of living systems. Improved ability to study chemical 

mechanisms of plant stress and disease is important to help the development of 

mitigation strategies which can lead to future improvements in overall crop yields and 

plant health. 

 

In the last two decades spectroscopic mapping / imaging techniques such as Fourier 

transform infrared spectroscopy (FTIR), Raman spectroscopy and X-ray fluorescence 

microscopy (XFM) have emerged as methods capable of direct, chemical analyses in 

biological samples. As such, these techniques have begun to fill a previously unmet 

research challenge in the plant sciences – direct in situ or in vivo chemical imaging. 

Such imaging capability has long been sought to study the chemical mechanisms and 

impact of plant stress and diseases.  

 

The research carried out in this thesis focuses on the application of imaging 

methodologies incorporating both FTIR microscopy and XFM, to shed new light on 

plant disease. However, while the primary focus of this research was in the context of 

crop health, the application can also be plausible for the preservation of native flora. 

The following sub-sections will discuss the relevant background on epicuticular waxes 

and how they are influenced by different physical, environmental and disease traits 
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(1.2), techniques used to study epicuticular waxes – with a focus on infrared 

spectroscopy and its background theory (1.3), relevant background on plant 

metallomics and how it is involved in plant health and disease (1.4), techniques used 

to study plant metallomics – with a focus on synchrotron XFM (1.5), and lastly the 

specific aims of this thesis (1.6). 
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1.2.1 The role of Epicuticular Waxes in Plant Biology 

Epicuticular waxes are located on the surface of plant leaves and provide a range of 

vital protective functions to sustain plant health. Specifically, the wax coating serves 

to minimise water loss, protect against UV damage, provide a mechanical barrier to 

disease, and act as an anti-feedant, amongst others. (3) Lipid synthesis and production 

of the epicuticular wax coating is therefore, vital to plant health. Epicuticular waxes 

are chemically diverse, and numerous chemical compounds have been identified. In 

general, epicuticular waxes are long chain hydrocarbons of esters, alcohols and 

ketones. (4) Synthesis of epicuticular waxes are intrinsically linked to lipid 

metabolism within the plant and unique differences in lipid metabolism between plant 

species typically manifests in plant-specific epicuticular wax composition on the leaf 

surface. The average chemical composition of epicuticular waxes, in addition to intra-

cuticular waxes, showing the relative abundance of different molecular classes is 

shown in Figure 1. A schematic of the anatomy of the plant leaf surface and 

epicuticular wax layer is shown in Figure 2. 

 

 

Figure 1: Epicuticular wax composition throughout Rosa canina leaves, adopted from 

(3) 
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Figure 2: Cross-section schematic of the epicuticular wax layer of the outer most layer 

of plant cuticle, adopted from (5) 

 

1.2.2 Effects of Environmental Stress on Epicuticular Wax Function 

The epicuticular wax layer on the surface of plant leaves is an evolutionary adaptation 

to enhance plant survival during times of environmental stress or disease (Figure 2). 

Studies of plants focussed on seasonal variation in the southern hemisphere, indicate 

adaptation of the wax layer. The results indicated lower amounts of epicuticular wax 

in winter as less risk associated to dehydration was present in comparison to greater 

wax coverage in summer where plants were at higher risk of dehydration. (6, 7) An 

opposite trend for seasonal variation in wax thickness is observed in the northern 

hemisphere, specifically increased thickness during winter months, which acts as an 

insulator to protect internal plant structures (Figure 3). (8) In addition to seasonal 

variation, the distribution and composition of the epicuticular wax layer has been 

established to vary with: leaf age; health or fitness; and in response to environmental 

stressors such as drought, hyper salinity, increasing soil acidity or soil contamination 

(i.e., metal toxicity). (9-12) For example increased thickness of the epicuticular wax 

layer reduces leaf transpiration and maintains stomatal conductance, which increases 

wheat yield in drought stricken areas. (12) Study of variation in flora species across 

different global locations showed that some flora were able to adapt well to heat 

exposure through variation of their epicuticular wax layer. Specifically, the wax layer 

was able to reflect the excess UV radiation while maintaining stomatal conductance, 

while those which lacked sufficient epicuticular wax suffered from a decline in 
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stomatal conductance and therefore limited transpiration. (13) Although epicuticular 

waxes have been established to vary in response to environmental stressors, the 

specific mechanisms that control secretion of specific wax components into the 

epicuticular layer, remain largely unknown. (11) Nonetheless, the fact that epicuticular 

waxes show such variation in response to plant stress makes them a valuable marker 

for both plant health/fitness, and state of the surrounding environment. (11)  

 

 

Figure 3: Seasonal variation in epicuticular wax thickness on the adaxial and abaxial 

surfaces of Douglas-fir needles. (8)  

 

1.2.3 Stomata and Their Function in Plants 

Stomata are cellular structures that are embedded on the surface of the plants epidermis 

(excluding stems in most cases), they are comprised of an outer subsidiary cell, guard 

cells which contain chloroplasts and a nucleus which help in the functioning to open 

and close the central stomatal pores. (14) 
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Figure 4: Schematic of Stomata and different cellular/sub-cellular compartments 

 

The opening of the stomata allows for the gas exchange of carbon dioxide, oxygen, 

and water vapor (in the form of transpiration) which takes place in order for 

photosynthesis to occur, while also helping to reduce water loss by closing in sub 

optimal conditions such as when hot or dry weather is present. Depending on the plant 

there can be varying amounts of stomata as well as varying shapes/sizes, majority of 

stomata are located on the abaxial side of the leaf with the exception of wheat 

(Triticum sp.) in which the adaxial side density is larger. (15) 

 

 

Figure 5: SEM images of different stomata shapes and sizes depending on plant 

species (left to right): Eucalyptus (tuart), wheat (cv Scout), wheat (cv Magenta). Scale 

bars - 10 and 20µm.  

20 µm 20 µm 10 µm 



8 

 

The subsidiary cells, support the guard cells and surrounding cells, acting as a buffer 

between the guard cells and exterior epidermal cells. This protects the exterior 

epidermal cells against guard cell expansion and contraction. The opening and closing 

of guard cells are regulated by several factors including, light, CO2 levels, and changes 

in environmental conditions. (14, 15) The guard cells of the stomata use a potassium 

pump (K+) diffusion process in which the cells regulate potassium concentrations 

between the surrounding epidermal cells and guard cells in order for the guard cells to 

swell or shrink and allow for gas exchange to occur depending on the needs of the 

plant. (14, 15) When the stomata need to open allowing for gas exchange, potassium 

ions are pumped into the guard cells from surrounding epidermal cells, causing the 

guard cells to swell and curve. This allows the stomatal pore to open in order for the 

exchange of CO2, O2 and water vapor to occur.  

 

 

Figure 6: SEM images of Eucalyptus tuart, showing stomata cells being surrounded 

by wax, opening, and closing of guard cells due to electron beam exposure 10 µm, 50 

µm and 200 µm scale.  

1.2.4 Disease Induced Change to Epicuticular Wax Layer 

While epicuticular wax acts as a protective barrier preventing water loss, facilitates 

transport of solutes and gases, and helps regulate transpiration, it also acts as a line of 

defence against pathogens and herbivorous insects. (16, 17) Plant cuticles have the 
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ability to expand and change their composition during varying developmental stages. 

(18) During pathogen interactions with the host, the plant cuticle and cell wall 

compositions are affected by the invading pathogens, the pathogens sense the surface 

of the plants components and change their pathogenesis accordingly to suite the host 

to have the best chance at invading. For example, during the early stages of infection, 

phytopathogenic fungi directly target the cuticle by synthesising hydrophilic enzymes, 

including esterases, cutinases and lipases which play a key role in the pathogenic 

infection, by degrading the cuticle. (19-21) By being able to monitor chemical changes 

in the above plant structures located on the plant leaf surface (epicuticular waxes, 

stomata, cuticles) during pathogenic infection would create the potential to obtain 

greater insight of plant disease. 

 

1.2.5 Mechanisms and Pathology of Pyrenophora tritici-repentis  

Yellow spot disease is caused by the necrotrophic fungus Pyrenophora tritici-repentis 

(Ptr). As the name states, yellow spot is a yellow/tan coloured necrotic lesion caused 

by the fungal infection and resulting in chlorosis of the surrounding tissue in wheat 

plants. (22) Due to the size of the necrotic and chlorotic tissue and subsequent 

reduction in photosynthetic active area, yield losses up to 50% are reported. (23) Ptr 

works by secreting an array of toxins which interact with the hosts genes causing 

inhibition of photosynthesis, accumulation of reactive oxygen species (ROS), and cell 

death. (24, 25) While yellow spot is a wide spread disease found in major wheat 

growing regions, previous studies have mainly focused on effector mediated host 

pathogen interactions. (25-27) The invading plant pathogens cause alterations through 

specific effector proteins which target the host plants systems. (28, 29) Given the large 

change in plant physiology and biochemistry that occurs during yellow spot disease, 

it is likely that epicuticular waxes on the leaf surface also change. If so, these may 

serve as a unique marker of crop health and disease status. This serves as the driving 

motivation behind method developments in Chapter 3 and Chapter 4 of this thesis. 

 

Another facet of plant health that may be affected during disease, is plant metallomics 

(described in Section 1.41). Increased understanding of how plant metallomics 

changes during disease may shed light on disease pathways, and possibly reveal new 
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treatment strategies. Understanding the effect of yellow spot disease on wheat 

metallomics forms the driving motivation of chapter 5 of this thesis. 

 

Yellow spot will be used as a fungal infection case study, utilising both infrared 

microscopy and X-ray fluorescence microscopy techniques to see how epicuticular 

waxes and metal concentration and distributions are affected during plant disease.  

 

 

 

Figure 7: SEM images of Pyrenophora tritici-repentis infected wheat (cv Scout) leaf 

section, 50 µm scale (left) and 100 µm scale (right) 
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1.3.1 Techniques to Study Epicuticular Waxes – Bulk Methods 

Currently within the field of plant physiology, an array of research has been conducted 

using traditional analytical techniques such as high-performance liquid 

chromatography (HPLC) and mass spectrometry (MS) to study the relationship 

between epicuticular wax compositions and internal plant physiology. (30, 31) HPLC 

and GC-MS are powerful analytical tools that can quantify numerous chemical species 

at excellent detection limits (i.e. high chemical specificity and sensitivity). 

Unfortunately, one limitation of these traditional methods is that they require solvent 

extraction, which prevents studies of spatial location of waxes on the leaf surface. 

Thus, there has been an un-filled niche in this research field for methods capable of 

non-destructive, direct, in situ and spatially resolved detection (or imaging) of 

epicuticular waxes on the surface of plant leaves. Therefore, the distribution of waxes 

across the leaf surface in relation to plant physiology and anatomical features such as 

stomata are still largely unexplored.  

 

1.3.2 Techniques to Study Epicuticular Waxes – Imaging Methods 

There are two analytical methods that have found regular use for spatially resolved 

studies of epicuticular wax distribution on the surface of plant leaves, electron 

microscopy (EM) and matrix assisted laser desorption ionisation time-of-flight 

(MALDI-TOF) mass spectrometry. (1, 32) EM has previously been utilised to 

investigate the micro- and nano-structures of epicuticular waxes on the leaf surface, 

however due to the limited field of view, it is not well suited to provide essential 

information of how wax distribution changes in relation to plant anatomy across a 

macro scale. Further, while EM can reveal incredible detail, at nm spatial resolution, 

it provides little information about the chemical composition of the wax. In contrast, 

MALDI-TOF-MS-imaging offers excellent chemical specificity, being able to detect 

specific molecular compounds. Unfortunately, MALDI-TOF-MS-imaging does not 

offer the same spatial resolution EM, and typically individual molecular species can 

only be imaged at 30-100 µm. (33) 
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1.3.3 Basic Theory of Infrared Spectroscopy Techniques 

Infrared spectroscopy is a method in which light (electromagnetic radiation) interacts 

with the oscillating electric field produced by an oscillating bond dipole during 

molecular vibration. The interaction can be analysed via reflection, absorption or 

emission. (34) The position at which infrared absorbance band occur is characteristic 

of the functional groups present within a sample, which is the result of the differing 

bond lengths, bond strength, and bond dipole between functional groups. The intensity 

of an absorbance band is proportional to the bond dipole, with stronger bond dipoles 

producing more intense absorbance. Due to its wide array of wavelengths infrared is 

often split into three different subdivisions, this includes most commonly used mid-

IR region ranging from 400 cm-1 to 4000 cm-1, far-IR 10 cm-1 to 400 cm-1 and near-IR 

4000 cm-1 to 12800 cm-1. (35, 36) Many studies in the biological sciences have 

predominantly focused on mid-infrared regions as this is the location at which 

fundamental modes of most organic molecules absorb, and a wide variety of 

instrumentation to study these molecular vibrations have been made available. (35, 

36) 

 

 

Figure 8: Schematic representation of infrared wavelength regions ranging from far-

infrared to near-infrared  

 

When molecules that contain bonds with a net dipole change during molecular 

vibration are exposed to infrared radiation, an absorption process can occur. 

Specifically infrared light is absorbed at wavelengths with a corresponding frequency 

that matches the frequency of the oscillating bond. In doing so, the molecular vibration 

absorbance energy and is excited to a higher vibrational state. (37) Commonly 

observed molecular vibrations include stretching vibrations (which can be symmetric 

or asymmetric) and bending vibrations which involves scissoring (in-plane), rocking 

(in-plane), wagging (out of plane) and twisting (out of plane) (Figure 9).    
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Figure 9: Different stretching and bending molecular vibrations. + indicates 

movement out of the plane while – indicates movement in. (35, 37) 
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Infrared active molecules are most commonly analysed through the use of Fourier 

transformed infrared spectroscopy (FTIR). A key component of the FTIR 

spectrometer is the interferometer, a beamsplitter splits the infrared beam into two, a 

reflecting and transmitted light source splitting at right angles where it is guided 

towards a fixed and a moving mirror. The split beams are each reflected back to the 

interferometer and recombined to give constructive and destructive interference (Fig 

10). This process (interferometry) provides benefits for infrared spectroscopy, owing 

to the ability that all spectral bands are simultaneously measured leading to greater 

sensitivity (Fellgetts advantage), as well, the interferometer not requiring a slit for 

measurement, leading to substantially more light within the system (Jacquinot 

advantage). (38, 39) The benefits of which Fellgett and Jacquinot advantages result in 

greater signal/noise ratios, improving the overall measured signal. 

 

 

Figure 10: Schematic representation of how FTIR spectrometer works 
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1.3.4 Attenuated Total Reflectance – Fourier Transformed Infrared 

Spectroscopy 

Attenuated total reflectance FTIR (ATR-FTIR) is a surface sensitive technique 

(detects ~1 µm of the sample surface), and therefore, well suited to study the 

epicuticular wax layer on plant leaves. ATR-FTIR uses the property of total internal 

reflection producing an evanescent wave on the crystal surface, the oscillating electric 

field of the evanescent wave can interact with the oscillating dipole of the molecules 

within the sample. giving a signal measurement in which a spectrum is produced. (40) 

ATR-FTIR spectra reflect the array of organic constituents on the leaf surface, and 

these spectra are easily obtainable using laboratory or portable field instrumentation. 

In addition, due to the use of high refractive index crystals, ATR-FTIR spectra are 

capable of improved spatial resolution (r =
0.61 x λ 

n x sinα 
) (where n x sinα = NA, λ = 

wavelength and r = resolution), in which the diffraction limit is lower (better) that the 

diffraction limit of measurements made in a traditional transmission optical geometry. 

 

To date, ATR-FTIR spectroscopy has exclusively been applied to characterise 

epicuticular waxes at the macroscopic level, which has still yielded valuable insights. 

This provides a foundation that benefits both ecological and botanical applications. 

(41) Previous studies from bulk ATR measurements have shown spectral variation on 

the leaves surface characteristic to lipid distribution which could be due to the differing 

environmental factors. (41) For example, a study looking at the adaxial surface of 

mature leaves was conducted and found that variations between species are present 

within the lipid wax region indicating a change in functional groups present. (4) 

Similarly, studies looking at plant health has provided a foundation in which the 

investigation into varying environmental growth conditions can be applied utilising 

ATR measurements. (42) Additionally, the ability of a synchrotron lightsource when 

coupled with FTIR provides improved spatial resolution, and increased ability to study 

spatially resolved cellular components on the surface of plants. This enables a deeper 

understanding of information in regard to biochemical markers involved in plant 

development and stress and will be discussed in more detail in Chapter 1.3.5. 
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1.3.5 Synchrotron ATR-FTIR Microscopy 

While the same principles for benchtop ATR-FTIR also apply for synchrotron ATR-

FTIR, there are a few subtle differences that prove beneficial for the analysis of 

epicuticular waxes. Conventional benchtop instruments do not have a light source 

bright enough to provide sufficient signal to noise for diffraction limited spatial 

resolution. Benchtop ATR-FTIR is often not suitable for imaging at the diffraction 

limit, due to lower photon flux of benchtop infrared sources. A brighter infrared light 

source is needed when investigating small sample regions that require diffraction 

limited spatial resolution. (43-46) 

 

Synchrotron ATR-FTIR applies the principal of a confined/focused bright light source 

along with an ATR crystal with a high refractive index, (Figure 11) facilitating 

diffraction limited spatial resolution with an acceptable signal/noise ratio. The 

capability of diffraction resolution imaging enables cellular/sub-cellular studies. (43, 

46) The use of high refractive index crystals such as diamond (n= 2.42), silicon (n= 

3.42) and germanium (n= 4.00) also help to facilitate an increase in numerical aperture, 

when conducting ATR-IR microscopy experiments at the synchrotron. (47, 48) 

 

 

Figure 11: Schematic representation of how Synchrotron ATR-FTIR works when 

sample is in contact 
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Recent advances into the use of ATR-FTIR Microscopy coupled with a synchrotron 

light source have shown promising results for future research capabilities. Being able 

to capture and analyse high spatial and spectral resolution samples requiring 

micrometre (µm) resolution, with the potential of sub-micron resolution (previously 

reported by Vongsvivut et al.) prove relevant to the fields of environmental, biology 

and surface materials amongst others. (44, 47, 49) 

 

1.3.6 Infrared Reflectance Spectroscopy and Microscopy 

While ATR-FTIR is well suited for spectroscopic investigation of the epicuticular wax 

layer, the sample is damaged/destroyed during contact with the crystal, preventing the 

possibility for repeated studies. FTIR reflectance spectroscopy offers a non-contact 

(and therefore non-destructive) alternative, which when combined with microscopy 

could make possible spatially resolved studies on epicuticular wax surfaces of plant 

leaves. FTIR reflection primarily takes advantage of specular reflection (Figure 12) 

that occurs from the sample surface, and the signal is often enhanced if the surface 

contains thin films of ordered molecules. If molecules are ordered, light is reflected at 

the same (or very similar) angle from multiple molecules, thus higher photon intensity 

reaching the detector (conceptually a similar process to diffraction/crystallography). 

 

Figure 12: Schematic depicting infrared transmission (red trace) and infrared 

reflectance (blue trace) when sample is in contact with light (specular reflection) 
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Previously established literature defined the increased reflectance signal that occurs 

from orientated molecules in thin films as infrared absorption spectroscopy (IRRAS). 

IRRAS is most pronounced when the film thickness of the sample is less than the 

wavelength of the light. (50-53) The percentage of reflected infrared light in IRRAS 

is quite low around ~6% which results in a weak signal and low signal to noise (S/N) 

spectra, however, although weak, the signal is sufficient for meaningful spectroscopic 

interpretations. (52-54) IRRAS spectra are presented as the -log R/R0, where R is the 

reflectivity of the sample surface, and R0 is the reflectivity of the substrate. (50, 53-

55) The magnitude of reflectance signal that is observed is influenced by several 

factors, including the angle of incidence of the light source, polarisation of the light, 

and the molecular orientation at the surface of the sample. (53, 55) 

 

A range of different reflective surfaces have been used for background reflectivity 

measurements, this ranges from different metal surfaces (Aluminium, Gold) to H2O 

or D2O. (53-55) IRRAS has been well studied and characterised previously to study 

the orientation of bio-molecular thin films such as lipids, and peptides at air-water 

interfaces. (53, 54) The technique has not been demonstrated for in situ analysis of 

ordered molecules within biological tissues. However, the question arises, is the thin 

film of the epicuticular wax layer oriented and sufficiently thin to produce a detectable 

IRRAS signal? This thesis seeks to investigate this research question, and ideally to 

use the IRRAS effect to develop non-destructive in situ and in vivo imaging of plant 

leaf surfaces.  
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1.4.1 Plant Metallomics 

Plants require balanced metal-homeostasis to support growth. (56) The main source 

of metal ions for plants is from soil, and includes potassium (K), calcium (Ca), 

magnesium (Mg), manganese (Mn), zinc (Zn), copper (Cu), and iron (Fe). A summary 

table can be found below of typical metals found in plants, and their benefits and 

contributions as a nutrient source. 

 

Table 1: Metals found in plants and their common functions (56-61) 

 

Metal Function 

K An essential macro nutrient, increases vigour and disease 

resistance in plants, helps in transport and production of 

starches, sugars, and oils, activator of multiple enzymatic 

processes including protein synthesis, sugar transport, 

carbon and nitrogen metabolism, regulates cell osmotic 

pressure and cation/anion balance in the cytoplasm, 

regulates stomatal opening and closing, alongside cell 

elongation. 

Ca Essential for root health and development of leaves, 

improves absorption and translocation of nutrients, activates 

several enzymatic processes relating to growth regulation, 

strengthens cell walls, and plays a part in cell division, helps 

in protein formation, and is a first line of defence responder 

when infection and/or disease occurs within plants. 

Mg Key component of chlorophyll, vital for photosynthesis, 

plays a role in osmotic regulation of cation/anion balance, 

as well as regulating cell turgor alongside K, plays a role in 

photosynthesis, and acts as a cofactor in many enzymatic 

processes.  
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Mn Aids in photosynthesis making the necessary electrons 

available, helps activate essential enzymes for nitrogen 

metabolism, essential for the biosynthesis of aromatic 

amino acids, aids in cell wall stabilisation and pathogen 

resistance via manganese peroxidases. 

Zn Helps in plant hormone production via a number of 

enzymatic processes, responsible for leaf growth/expansion 

and stem elongation, is a constituent of proteins associated 

with DNA and RNA transcription. 

Cu Essential in many enzymes, protein interactions help 

stabilise structural integrity and help drive biochemical 

reactions, is an active transporter both intracellular and 

tissue specific, also plays a critical role in photosynthesis, 

respiration, and protects against oxidative stress. 

Fe  A key cofactor of many molecular complexes that regulate 

and promote growth in plants, required for chlorophyll 

synthesis, and maintenance of chloroplast structure and 

functions, a part of CO2 fixation ensuring electron flow. 

 

While metals are essential for plant growth and development, it is still very common 

for potential toxicity to occur if the translocation of metals to its desired destination 

does not occur correctly. Mechanisms by which plants translocate metals from roots 

to different functioning sites is not well understood. However, recent advances in the 

X-ray spectroscopy field have unveiled, the localisation of metal speciation relative to 

the plant’s anatomy. (62) Micro and macronutrients, are absorbed via diffusion of an 

aqueous water solution from micro hairs located on the roots of plants, in which they 

cross multiple cell membranes before being transferred to the xylem in their chelated 

or hydrated forms. (63, 64) From there, the uptake of different metals and their 

translocation are dependent on the processes’ they take part in. For metals to freely 

move between plasma membranes, binding to localised transporters occurs, this allows 

translocation to the desired plant tissue. (62-66) Once the metals have translocated to 
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the leaves of a plant a number of catalytic transporter processes occur, so that the 

metals can be differentiated to their various desired locations. (63, 64) Finally, 

intracellular distribution of metals occur via endomembrane and metallochaperones in 

which the metals various functions in plant growth and development can take place. 

(63) 

 

Factors that disturb metal homeostasis include changes in nutritional content of soil, 

changes in climate, and fungal, viral, or bacterial infection, The ability to assess the 

content and distribution of metal ions in plant leaves is critical in further understanding 

the chemical pathways through which metal ions regulate plant health during stress 

and disease.  

 

1.4.2 The Role of Specific Metal Ions in Maintaining Plant Health 

Potassium ions (K+) and calcium ions (Ca2+) were the primary focus’ when 

investigating metals and their relations to plant health in this thesis, and the literature 

on the role of these two ions in plant and disease is described in further detail below. 

K+ is the most abundant ion in plants and plays a critical role as a macronutrient, with 

deprivation of K+ leading to major growth and development defects. (67, 68) K+ acts 

as an activator in numerous enzymes within plants, including processes involving 

protein synthesis, photosynthesis, sugar transportation, C and N metabolism, which 

play a part in overall yield and quality of plants. (69, 70) K+ is also integral for cell 

growth, a process which aids the function and development of plants. (71) In this case, 

K+ acts as a stimulant in controlling ATPase in the plasma membrane and subsequently 

leads to acid stimulation which controls the loosening of cell walls and hydrolase 

activation in which nutrients is broken down into smaller digestive constituents. (69) 

The mass abundance of K+ allows for easier mobility in plants, which helps in 

regulating cell osmotic pressure as well as balancing other ions within the cytoplasm. 

(72) Most importantly K+ is involved in stomatal opening and closing which is a 

critical site for photosynthesis to occur. 

 

While K+ is the most abundant metal in plants and plays a critical role in many 

processes relating to plant growth and development, Ca2+ also plays a critical role in 



22 

 

plant health and fitness. Ca2+ is another macronutrient and helps maintain structural 

integrity of cell walls and membranes reducing the likelihood of cell membrane 

damage and preserving normal structure and function of the cell. (73) It also acts as a 

ubiquitous second messenger helping in the regulation of plant growth and 

development, as well as being a first responder to various plant stresses such as 

pathogenic infections. (74, 75) Ca2+ also has synergistic effects with other elements 

affecting the affinity to absorb other elements. (76) Much like K+, Ca2+ plays a crucial 

role in photosynthesis, regulating stomatal opening and closure. (74) While both K+ 

and Ca2+ play crucial roles in regulating and maintaining plant health and development 

the effects of pathogenic attack has not been studied widely in vivo, highlighting the 

importance to monitor changes that occur during pathogenic attack, revealing 

qualitative information as to how much of the plant tissue is affected and where the 

metals are being drawn from. 

 

1.4.3 Effects of Infection on Plant Metallomics 

As metal ions are critical to plant health, it is important to understand how plant 

infection alters metal-homeostasis. Metal homeostasis is challenged when a pathogen 

infects a plant, as nutrient availability becomes split between the plant and pathogen. 

Reduced access to metal ions within the plant is often hinders growth and 

development. (25, 77) An example of this is seen in necrotrophic fungi, which release 

toxins that initiate plant cell apoptosis, allowing the fungi to then extract nutrients 

from the dead tissue, enabling the fungi to grow and colonise other parts of healthy 

plant tissue. (78-80) Plants have however, also developed a range of responses to 

combat infections. Specifically, plants may use ionophores as a means of sequestering 

metal ions to limit their availability to the pathogen, in an attempted to “starve out” 

the infection. (81, 82) In contrast, plants may accumulate and then release high 

concentrations of metal ions, particularly redox active metal ions (e.g., iron, 

manganese, and copper) as a way of creating highly localised oxidative stress to 

chemically damage the pathogen. (77, 81-92) It has also been reported that those 

necrotrophic fungi (Rhizoctonia solani AG2-1, Phanerochaeta chrysosporium, 

Dichomitus squalens, and Trametes versicolor) secrete oxalate to sequester calcium 

through the formation of calcium oxalate from the host plant. (93, 94) However, care 

must be taken when analysing Ca2+ distribution as one of the first lines of defence 
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involves the signalling of cytosolic Ca2+ mediated plant responses, accumulating at 

the site of infection. (79, 95) Depending on the species of pathogenic fungi, and host 

plant, differing responses in defence of fungal invasion are inevitable, and therefore 

monitoring and analysing such changes can be rather complex. (90, 96) 

 

1.5.1 Analytical Techniques to Study Metals in plants 

Current techniques that exist for the analysis of metal concentration and distribution 

within plant tissue include synchrotron radiation X-ray fluorescence microscopy 

(XFM), laser ablation inductively coupled plasma spectrometry (LA-ICP-MS), 

scanning electron microscopy coupled with X-ray spectroscopy (SEM) and confocal 

microscopy. All these techniques have various advantages and disadvantages when 

trying to analyse metals within a plant specimen, this can include: sample preparation 

time, detection limits, resolution, spatial resolution, and range of detectable elements. 

(97) Synchrotron XFM is seen favourably when comparing to other analytical 

techniques due to its relatively straightforward sample preparation, excellent detection 

limits/spatial resolution, accompanied by direct, multi element mapping at reasonable 

data collection times. (98-100) Previous studies using synchrotron XFM has looked at 

the compartmentalisation of different metals alongside their accumulation across a 

wide variety of plants and anatomical regions of the plant, to study stress responses, 

natural accumulation, and biofortification of nutrients in relation to genetically 

modified crops. (98, 99, 101-105) 

 

1.5.2 Synchrotron Infrastructure 

A synchrotron is a large cyclic particle accelerator, which generates extremely intense, 

bright, broadband light via accelerating electrons at speeds close to the speed of light. 

The broadband light given off from the synchrotron spans the microwave to gamma -

ray range, enabling a range of spectroscopy measurements to be undertaken at the one 

facility (terahertz and infrared spectroscopy, through to high energy X-ray 

spectroscopies). (49, 106-113) 

 

Synchrotron light is produced from high-energy electrons accelerated to nearly the 

speed of light (i.e., they become relativistic particles). (114) Changes in the 
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acceleration of electrons is then induced by magnetic fields, resulting in release of the 

intense broadband synchrotron radiation. The resulting magnetic field (induced by the 

strong bending magnets) set the electrons into a circular trajectory, multiple beamlines 

are generally added to the surrounding ring, in order for different instruments and 

experiments to be ran simultaneously (a schematic is shown in Figure 13).  

 

 

Figure 13: Important components and configuration of a modern synchrotron source. 

Schematic adapted from Wilmott et al. (114)   

 

The first component of the synchrotron is the electron gun which injects electrons into 

the linear accelerator, accelerating electrons close to the speed of light (99.9997%), 

through a series of oscillating electric potentials. (114-116) Once the electrons are 

cycling at sufficient speeds they transfer to the booster ring where the beam energy is 

raised (3 GeV at the Australian Synchrotron), via a sequence of magnetic fields and 

radio frequency fissures. (117) The electrons then transferred to the storage ring, 

where magnetic fields (produced by bending magnets and insertion devices) are used 

to modulate acceleration of the electrons, producing synchrotron light, as shown in 
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Figure 14. (118) Synchrotron light is directed towards the experimental end station 

using a series of optical configurations, often unique for each spectroscopic technique 

(described in more detail below, for XFM). (114) 

 

 

Figure 14: Prototype magnets found at the Australian synchrotron storage ring, green 

and red magnets (red not imaged) help focus and steer the electrons while the large 

yellow one (located behind green magnet) are used for insertion devices which direct 

the electron flow via wigglers and undulators, maintaining the high intensity flux of 

light. (114, 117) 

 

The brightness (high photon density) of synchrotron light provides many benefits over 

standard benchtop instruments, with spectroscopic analysis often made possible at 

much finer spatial resolution, lower detection limits and faster data collection times. 

(119). In the case of XFM, a synchrotron light sources makes possible measurements 

which would generally take days, otherwise take hours, making large scale map 

analysis at the single cell level more feasible. (98, 109, 119)  
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1.5.3 Synchrotron X-Ray Fluorescence Microscopy 

X-ray fluorescence microscopy (XFM) uses X-rays to study the elemental 

distributions and concentrations of biological samples. (120) While benchtop and 

hand-held XFMs exist, the benefits of a synchrotron light source, enables samples to 

be measured in a timely manner with exceptional S/N detection limits allowing for 

detection of even the smallest (microns) amount of trace elements. (98, 99, 121-126) 

 

High energy X-rays bombard the sample, causing electrons within corresponding  

metal(s) of interest, to be excited and leads to fluorescence occurring (Figure 15). 

(127) When the incident X-ray energy is high enough to overcome the binding energy 

of an electron in the inner most orbital, the electron is subsequently ejected from the 

atom, or if the incident X-ray energy matches that of an electron transition the electron 

may be excited into an unoccupied molecular orbital, typically the lowest unoccupied 

molecular orbital (LUMO). (128) When the electron is ejected or moved to the LUMO, 

an electron vacancy is created (core hole) and the resulting atom is in an excited yet, 

unstable electronic state. To return to a stable state, an electron from a higher energy 

orbital (usually the orbital closest to the inner most orbital) fills the vacancy of the 

inner most orbital, as a result the electron transferring from a higher energy orbital to 

the lower has an intrinsic energy difference resulting in the residual energy being 

emitted as fluorescence which has a specific wavelength characteristic of the atom. 

(129, 130) 

 

Figure 15: Principles of X-Ray Fluorescence  
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XFM provides the capability to analyse samples both in vivo and ex vivo. A major 

advantage of XFM analyses is that unlike other elemental analysis instruments (LA-

ICP-MS, XPS, SEM), analysis does not require vaccum conditions and can be 

undertaken at ambient pressure. (122, 126) The ability to analyse samples at ambient 

pressure enables more different types of biological tissues to be analysed in hydrated 

state, without the loss of morphology or possible redistribution of analytes that can 

occur during dehydration. 

 

There are several key components of an XRF spectrometer: wavelength selection 

optics, focussing optics, sample stage, energy dispersive X-ray detector, and these are 

described in further detail below. 

 

1.5.3.1 Energy Dispersive X-ray Detector 

An energy dispersive X-ray detector is used to measure X-rays from the sample, which 

is a mixture of X-ray emission (X-ray fluorescence) and also elastic and inelastic X-

ray scatter. (129) There are two main X-ray detectors used at the Australian 

synchrotron, the Maia 384-element detector and a Vortex silicon drift detector. (109) 

The Maia detector (Figure 16) used at the Australian synchrotron consists of a 0.5mm 

diameter aperture in the centre, which enables the X-ray beam to pass through the 

detector and penetrate the sample using a backscatter array configuration, facilitating 

freedom for both sample size and increased scanning range. (109) a monolithic silicon 

planar array,  consisting of 384 detector elements connects to independent analogue 

channels. (109)  
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Figure 16: Visualisation of 2D MAIA Synchrotron XFM setup with whole wheat leaf 

samples, red arrow indicating direction of x-ray beam 

 

1.5.3.2 X-ray Focussing Optics 

Optics are used to focus the X-ray beam to a desired “spot-size”, enabling collection 

of elemental data from a localised region of the sample. The sample can then be raster-

scanned “mapped” through the focussed X-ray beam, allowing generation of spatially 

resolved elemental maps. A common focussing optic used for 2D elemental mapping 

is, the Kirkpatrick-Baez (KB) mirror pair, which typically provides a focussed X-ray 

“spot-size” of 1-2 µm. In the KB mirror pair, the mirror shape can be adjusted through 

two adjustable moments via trapezoidal-shaped mirror, in which radius of curvature 

and ellipticity can change independent of one another to focus the beam. (109) 

 

1.5.3.3 Wavelength Selection Optics 

Synchrotron radiation is inherently broadband, while the majority of XFM 

experiments utilise monochromatic or narrow-band excitation source. At the XFM 

beamline at the Australian Synchrotron a narrow band X-ray source is extracted from 

broad band synchrotron radiation through the use of silicon mirrors containing several 



29 

 

platinum and rhodium strips in order to access different energy ranges: Si (4-10 keV), 

Rh (4-22.7 keV) and Pt (>22.7 keV). (109)  

 

1.5.3.4 Vortex - Silicon Drift Detector 

The Vortex detector is significantly smaller when comparing to the Maia 384-element 

detector, with the primary detection surface being 80 mm2 for the central on-axis 

active area, and two off-axis elements with 50 mm2 of active area. (109) The vortex 

detector is positioned 90 º to the incident beam and 45º to the sample in order to 

minimise scattering signal (Figure 17). (109, 131) 3D confocal imaging was 

performed using the 4 element Vortex detector, coupled with the use of a cryostream 

(operating at -40 ºC) to keep in vivo biological samples, as pristine/accurate 

representations of their original form, without having to face tissue damage (Figure 

17). 
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Figure 17: Visualisation of Synchrotron XFM (vortex detector and 3D setup) with 

sectioned wheat leaf sample white arrow - indicating cryostat, green – vortex detector, 

red – mounted sample. 
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A key feature of the vortex detector is the ability to collect confocal 3D XFM data. 

This is made possible due to polycapillary optics (XOS) that can be mounted in 

conjunction with the single element vortex detector for analysis. (109) Since the 

sample area possible for analysis is relatively small a carbon fibre rod (with a hollow 

diameter, see Figure 18) is used in order to mount the sample, avoiding any 

background elemental pick up that would otherwise be seen as interference.  

  

Figure 18: Schematic representation of 3D Vortex detector Synchrotron XFM setup  

 

1.5.3.5 Confocal X-ray Imaging Optics 

Confocal optics work by restricting the volumetric field of view of the detector, which 

enables the potential for depth-specific analysis, unlike the Maia detector which 

encompasses the entirety of the sample due to a backscatter setup. (109, 132) A much 

larger dwell time is needed depending on the scan range and sample concentration, 

this is in part largely due to the fact that the peak count rate is quite low 500 kHz when 

comparing to the Maia detectors 1.4 MHz. When conducting confocal XFM 

experiments it is imperative that the sample is as flat as possible to ensure the most 
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accurate depth analysis is conducted for anatomical accuracy. To help with the 

increase in dwell time a technique similar to the Maia’s raster-scan acquisition is used 

for the vortex detector called ‘list-mode’. 

 

1.5.3.6 Confocal Imaging Capabilities 

The unique capabilities of the vortex detector during XFM analysis allows the 

potential for confocal XFM imaging, which could provide better understanding into 

the elemental concentration and distribution changes that occur as a result of wheat 

fungal infections. Being able to understand how deep the infection effects the host 

source as well as defence mechanisms undergoing in response in an in vivo setting 

would provide new insight into an otherwise unknown area. 

 

1.6 Overview and Aims 

The primary focus of this thesis is the development and optimisation of bio-

spectroscopic imaging techniques to investigate changes in epicuticular wax and metal 

composition during plant development and induced stress. This involves, Aim1: 

correlating alterations in the biochemical composition and distribution of epicuticular 

waxes (varying species and anatomical location). Aim 2: developing and applying a 

non-invasive protocol to monitor plant epicuticular waxes (caused by seasonal change, 

plant maturation, or disease), Aim 3: investigating diffusible metal cations (K+, Ca2+) 

of plant leaves in response to altered physiology caused by disease. The contents of 

each chapter and how aims will be investigated is detailed below.  

 

Chapter 2: This chapter addresses all the methods used for experiments discussed in 

chapters 3, 4 and 5, outlining specific parameters, sample types and instruments used 

for analysis.  

 

Chapter 3 (Aim 1): This chapter will demonstrate the use of benchtop ATR 

spectroscopic protocols to help characterise differences in the epicuticular wax layer 

with respect to bulk analytical techniques. Differentiation between eucalyptus species 

Karri, Marri, Tuart and Wandoo will be analysed via benchtop ATR and further 
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distinguished using principal component analysis (PCA). A study looking into 

anatomical regions including adaxial, and abaxial leaves during leaf maturation will 

be distinguished using spectroscopic protocols and validated with the use of SEM in 

order to verify that the wax changes observed are indeed a result of changes of 

chemical variation. This was further validated using Synchrotron ATR-FTIR 

microspectroscopy, which investigates variations in anatomy of epicuticular wax on 

the sub-cellular level. Finally, synthetic wax extractions are utilised to isolate 

components of epicuticular wax to distinguish potential changes associated with leaf 

maturation, adaxial/abaxial anatomical and species differences.  

 

Chapter 4 (Aim 2): This chapter discusses the development and application of non-

invasive protocols to monitor waxes as a function of plant health; validating infrared 

reflectance spectroscopic analyses of the epicuticular wax layer via application to four 

case studies: 

1) Investigating age and seasonal variation in the epicuticular wax layer, with 

respect to anatomical structures of the plant leaf (stem, veins, cuticle, adjacent 

to cuticle) in eucalyptus species. 

 

2) Investigating age variation in the epicuticular wax composition and 

distribution, with respect to anatomical structures of the plant leaf (stem, veins, 

cuticle, adjacent to cuticle) in eucalyptus species, under in vivo conditions. 

 

3) Investigating changes in variation in the epicuticular wax composition and 

distribution during ethylene gas dossing in Chamelaucium uncinatum 

(Geraldton wax).  

 

4) Investigating the impact of fungal infection on epicuticular wax and calcium 

oxalate composition and distribution in wheat (cv Magenta and Scout)  

 

Chapter 5 (Aim 3): This chapter will describe the development and adoption of current 

Synchrotron XFM techniques to investigate plant health via diffusible ions K+ and 

Ca2+ as biomarkers during infection. Case studies involving different wheat species 
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during Ptr infection were utilised, to gain a better understanding of metabolic 

processes involved during pathogenic attack, and how plants defend themselves in 

response. The development and monitoring of K+ as a marker of plant health was 

investigated through means of traceability using a Rb+ surrogate, due to low emission 

energies of K+. Finally, the use of 3D confocal imaging was used to understand the 

effects of Pyrenophora trictici-repentis and how deeply it effects plant tissue using 

Ca2+ as a biomarker within the infection site.   
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CHAPTER 2  

Experimental 
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2.1 Introduction 

This chapter summarises the statistical, sample cultivation, and experimental methods 

used throughout this study. For the analysis of data collected in this research, a 

combination of chemometric analysis [principal component analysis (PCA)], t-tests, 

as well as one and two-way ANOVAS were used to compare data sets, with the choice 

of specific statistical approach dependent on the experimental design.  
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2.2 Plant Models Used to Develop and Test Spectroscopic Protocols for the 

Analysis of Epicuticular Waxes 

This research used eucalyptus species as an experimental model to study epicuticular 

waxes. Eucalyptus species were chosen due to their abundance, ease to cultivate, and 

because their epicuticular wax layer has been well studied and characterised at the 

bulk and microscopic levels. Four different species of eucalyptus were chosen for 

these studies: Eucalyptus diversicolor (cv Karri); Corymbia calophylla (cv Marri); 

Eucalyptus gomphocephala (cv Tuart); and Eucalyptus wandoo (cv Wandoo or “white 

gum”). These 4 species of eucalyptus were used for ATR-FTIR method development 

studies (Chapter 3.2). Tuart was chosen for further studies developing in situ imaging 

and investigating ageing and seasonal variational changes. Eucalyptus 

gomphocephala (cv Tuart), Eucalyptus Wandoo (cv Wandoo), Eucalyptus 

diversicolour (cv Karri), Corymbia calophylla (cv Marri) were all locally sourced 

from a Western Australian plant farm, saplings were housed and maintained in 9 L 

plastic potting containers and were filled with local soil (swan coastal plain of Perth, 

Western Australia), and watered with reticulation twice a week, except for rain months 

in winter. Immature (<5 cm max length) and mature leaves (> 10 cm max length) from 

different seasons were taken for analysis, for multiple comparisons in infrared 

spectroscopy studies.  

 

2.3 Model System to Investigate Flora Ripening on Epicuticular Wax  

Chamelaucium uncinatrum commonly known as Geraldton wax in Western Australia 

was used as a model plant to study the effect of flora ripening on the epicuticular wax 

layer. Geraldton wax was chosen for this study due to its accessibility at Curtin 

University as it is a native Australian shrub that blossoms/grows through late winter – 

spring and is low maintenance. Geraldton wax was sourced from Curtin University, 

south of building 500 near PM3 parking lot where a variety of plants are located in 

urban greenery. Due to it’s low-maintenance minimal water is needed for its upkeep, 

the Geraldton wax was harvested during blooming seasons (winter and spring) and 

needles roughly of the same size were collected for both immature and mature 

analysis. 
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The use of ethylene promoters with Geraldton wax samples was used to accelerate 

plant postharvest, as an experimental tool to study epicuticular waxes during plant 

maturation one common ethylene promoter which was used during this experiment is 

Ethephon (Figure 19). During this experiment two Geraldton wax branches of the 

same size were placed in 300 mL beakers with 50 mL of H2O and placed in a large 25 

L container. Within container 1, a 5 mL solution of sodium hydroxide (NaOH (10%)) 

was added to a 15 mL conical flask and added to the container. Within container 2, a 

5 mL solution of NaOH (10%) was added to 0.5 mL Ethephon (480g/L) solution and 

the 15 mL conical flask was placed into the container. Time comparisons from 24, 48 

hrs and a week were taken of triplicate needles (immature and mature). 

 

 

Figure 19: Molecular structure of common ethylene promoter; Ethephon 

 

 

Figure 20: 25 L containers being filled with Geraldton wax and ethylene 

solution/procedural blank solution (left) Geraldton wax places in flask with 

ethylene/procedural blank solution placed next to it (right). 
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2.4 Plant Models of Epicuticular Wax Changes during Crop Disease 

The analytical methods developed in this thesis (infrared reflectance analysis of 

epicuticular waxes, X-ray fluorescence analysis of elemental plant nutrients), were 

subsequently applied to study crop disease. Specifically, two wheat cultivars were 

analysed (scout and magenta) with and without a common fungal infection, yellow 

spot disease. Wheat samples were cultivated by crop scientists within the Curtin 

Centre for Crop Disease and Management (CCDM), Fatima Naim and Lilian M.V.P 

Sanglard. Triticum aestivum (cv Scout) was the main wheat used for method 

development. A second wheat cultivar (cv Magenta) was also analysed in the final 

proof of concept studies. Wheat was utilised for the analysis of yellow spot disease 

caused by Ptr. (133) Wheat seeds were sown in 2.1 L pots and grown and maintained 

in Curtin University’s glasshouse throughout the year. Glasshouse temperatures range 

between 10 and 25 ºC. The pathogenic isolate of Ptr, race 1 isolate M4 (ToxA and 

ToxC producing) was utilised for the inoculation of wheat leaves. The isolate was 

cultured following the growth conditions previously described by Moffat et al. (134) 

Conidia were harvested in water and a 10 μL droplet containing ~30 conidia was 

placed onto the adaxial side of the leaf. A single leaf of 6–7 week old plants was spot 

inoculated. Leaves were analysed ranging from 2-8 days post inoculation. To help 

facilitate infection, the glasshouse humidity was maintained at ≥95% via a fitted 

misting system (Idrobase Fog Extra, Italy) for 48 h (Figure 21). 

 

Figure 21: Image of wheat leaves fixed on to a flat platform with 10 uL inoculation of 

Ptr placed on the leaf surface (left) glasshouse with misting system in action (right) 
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2.5 Chemical Extraction and Analysis of Epicuticular Waxes 

Eucalyptus Marri was extracted using two methods outlined below. The first method 

involved the general extraction of waxes from eucalyptus marri, entire leaves were 

submerged in ether and separated. The second method involved delicate cotton 

swabbing of marri leaves on both adaxial and abaxial sides in order to extract the 

epicuticular wax layer for the separation and purification of specific components.  

 

Method 1: 

To extract epicuticular waxes from the whole leaf surface, Marri leaves (110.61 g).  

were submerged in ether for 20 minutes (it is crucial to not submerge the leaves for 

too long, otherwise waxes from underneath the epicuticular wax layer will start to be 

extracted). The extract was reduced under pressure and 1H NMR used to determine 

presence of fatty acids/aromatics. The fatty acid solid extracts were then separated by 

dissolution in dichloromethane (DCM) followed by vacuum filtration (crude yield: 

1.24 g). Solid fatty acid crystals and a DCM solution was collected. The solid extract 

was dissolved in tetrahydrofuran (THF), a solid ppt was vacuum filtrated and the 

remainder solution was columned. The column was dry loaded with petroleum spirits 

40-60 ºC (P.S (40-60 ºC)). 15% Ethylene acetate (EtOAc)/P.S (40-60 ºC) solution was 

used for the first 500 mL fraction. 30% ETOAC/P.S (40-60 ºC) were used to collect 

fractions 2-5 in which 2 fractions coeluted (3.25 L). 50 and 75% ETOAC/P.S (40-60 

ºC) (100 mL each) was then used to check to see if anymore fractions remained. 5 

Total fractions were collected and 1:99 methanol (MeOH)/DCM TLCs ran to ensure 

separation had occurred. Fraction 5 contained 2 fractions that co-eluted, and was 

recrystalised from MeOH. All fractions were analysed via 1H NMR. 

 

Method 2: 

The second method allowed for an investigation into adaxial and abaxial epicuticular 

waxes in Marri leaves. One leaf was swabbed on the abaxial side with EtOAc using a 

cotton ball and the solvent evaporated under reduced pressure to yield an oil (5 mg). 

The same process was performed on the adaxial side of the leaf to give an oil (4 mg). 

The cotton ball was washed with MeOH to ensure all wax was released. An extraction 

to separate acids, phenols and neutral was conducted in 20 mL sample vials. NaHCO3 
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(10 mL, 5%) was added to EtOAc (10 mL) solution containing the crude top lead wax. 

The organic layer was then washed twice with NaHCO3 (10 mL, 5%), The aqueous 

solution was then acidified via HCl (36%) ~5 mL and organics extracted via EtOAc 

(30 mL x3). 1H NMRs for all fractions were prepared.  

 

2.6 Optimisation of Sample Preparation and Tissue Sectioning Parameters 

Both cryo-microtome and microtome techniques were trialled to find optimal 

sectioning parameters. Common microtome embedding media involves paraffin and 

polyester waxes, however this was not suitable for these studies due to the ability of 

paraffin and polyester waxes to leach or redistribute the epicuticular waxes on leaf 

surfaces. When trying to section via microtome, it was found that eucalyptus leaves 

were too flexible, resulting fractionating/tearing. To counter this, a cryo-microtome 

was utilised due to its ability to increase sample rigidity through freezing. To prevent 

ice-crystal formation, rapid sample freezing is required. Liquid nitrogen was initially 

trialled however it is well known that a vapor barrier is easily formed due to its low 

heat constant, and often ends up acting as an insulator to the inner tissue sample, 

leading to slow and uneven freezing prone to fragmenting for large tissue samples. 

(135) Therefore, to increase rate of freezing, samples were flash frozen with a mixture 

of isopentane and liquid nitrogen slurry. Isopentane was utilised due to its high thermal 

conductivity, avoiding liquid nitrogen’s formation of a vapor barrier. (136) Once the 

sample was flash frozen, the sample could be prepared for cryo-sectioning or stored 

in a -80 ºC freezer for use at a later time.  

 

Initial sectioning trials consisted of sectioning leaf samples with no embedding media, 

to emulate the closest possible “natural tissue section” however, it was found the leaf 

tissue was prone to shattering due to the thinness, and rigidity of the sample. An 

embedding medium optimal cutting temperature (OCT) was then trialled, on the 

sample, to help stabilise the tissue stabilisation, which was subsequently found to 

markedly improve section qualities (Figure 22).  
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Figure 22: Wheat embedded vertically on cryo-microtome sectioning mount (left), 

wheat embedded onto cryo-microtome mount with OCT embedding surrounding the 

tissue structure (right) 

 

OCT embedding is made up of non-reactive chemicals including polyvinyl alcohol 

and polyethylene glycol. (137) The benefits of using OCT as a cryo-sectioning 

embedding medium is due to its low solidifying temperature (-10 ºC) and its unreactive 

nature with biological samples. When using OCT, the optimum cutting temperatures 

were found to range from -15 ºC to -20 ºC. The optimal cutting temperature differed 

between species, with -17 ºC found to be optimal for Tuart leaves, while the optimal 

cutting temperature was -20 ºC for wheat variants Finally, the thickness of tissue 

sections is an important consideration for sample preparation. It was found that 15 µm 

was an optimum thickness for both eucalyptus and wheat samples, minimising the 

extent of section tearing, folding, and curling. A section thickness of 15 µm also 

assisted in sub-cellular imaging, as plant cells are typically around 50 µm in size. 
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All tissue which was sectioned for imaging was collected via CHIRIs Leica cryostat, 

housed at Curtin university, samples were embedded via OCT. Temperatures were 

kept at -18 ºC prior to sectioning and on average kept at ~ -20 ºC during sectioning. 

Samples were collected on CaF2 disks, SiN chips or general microscope slides (Figure 

23). 

 

Figure 23: tissue sections of wheat on silicon nitride chip (left) and microscope slide 

(right) 

 

2.7 General Optical and Fluorescent Microscopy Parameters 

Fluorescent and optical images of eucalyptus leaves were captured using a fluorescent 

microscope at 4x and 10x magnification (Olympus upright BX-51 with Olympus 

DP70 camera and cellSens standard software) housed at Curtin University’s CHIRI 

facilities. Optical images of eucalyptus and wheat were also collected at ANSTO’s 

Australian Synchrotron Infrared Microscopy beamline using an optical 

stereomicroscope (Leica MZ7.5).  
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2.8 Benchtop Attenuated Total Reflectance – Fourier Transformed Infrared 

Spectroscopic Analysis of Eucalyptus Leaves 

ATR studies were performed at Curtin University’s chemistry building using a Nicolet 

iS50, ThermoFisher Scientific spectrometer. This spectrometer works on a single-

bounce (reflects once) ATR module, and includes a diamond crystal with a refractive 

index of 2.4, KBr beam splitter (350 – 7800 cm-1), tungsten-halogen white light source, 

with a deuterated triglycine sulfate (DLaTGS) detector. ATR-FTIR studies were 

mainly used on the four eucalyptus variants to investigate wax differences between 

species on an overall unspecified anatomical region for both adaxial and abaxial, 

immature and mature leaf studies. A background scan consisting of 256 scans was 

done before every leaf analysis to keep consistent with slight environmental changes 

within the lab, leaf samples were analysed with 64 scans at a spectral resolution of 4 

cm-1. For solid samples a pressure arm is used to ensure contact between the sample 

and the diamond is consistent, due to leaves being very soft in nature as a solid sample, 

when pressure from the arm was applied, the sample often squished letting out the 

contents from inner tissue as which often led to huge water peaks and inaccurate 

chemical information pertaining to the epicuticular wax layer. To counteract this, a 

spatula between the sample and pressure arm was placed to disperse the pressure that 

was centralised at its point region into a wider area, ensuring that the leaf sample was 

still maintaining sufficient contact, but the data obtained was only coming from the 

outermost epicuticular wax layer on the surface of the leaf (Figure 24). All data was 

ATR corrected, and spectra were analysed via OPUS v7.0 software. Statistical analysis 

for ATR-FTIR was undertaken using principal component analysis for four eucalyptus 

species Karri, Marri, Tuart and Wandoo. Separation based on overall ATR spectra 

(400 – 4000 cm-1) corrected for CO2 was used with 5 replicates per species (n=5). All 

principal component analysis data was processed using Unscrambler v10.1.  
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Figure 24: Spatula implemented between pressure arm and sample utilised for 

eucalyptus ATR analysis.  

 

5 immature (<5 cm max length) and mature leaves (< 10 cm max length) of each 

eucalyptus species karri, marri, tuart and wandoo were picked for ATR-FTIR studies 

on the same day and atmospheric conditions, all spectra were ATR corrected upon 

collection. The ATR crystal was cleaned with ethanol upon every spectrum collected, 

and new background references were taken after each leaf.  

 

2.9 Analysis of Leaf Surfaces with Benchtop Fourier Transformed Infrared 

Reflectance Microscopy 

FTIR reflectance microspectroscopic imaging was carried out at Curtin University’s 

chemistry building using the Nicolet iN 10MX FTIR microscope, an 8 x 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. When choosing a background 

reference for the reflectance spectra collected a range of metals were tested including 
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gold disks, aluminium disks, and aluminium foil. When picking a suitable background, 

a greater signal from the metal over sample is desirable, in this case all 3 background 

references tested were suitable, out of the 3 aluminium foil is more economically 

advantageous due to the ability to readily use new foil if it gets damaged or dirty, in 

comparison to the plates which are not only expensive, but are prone to scratching, 

leading to a reduced signal. The aluminium foil signal was reproducible consistently, 

and so reflectance images were collected from the surface of the foil under the same 

conditions and using the same parameters.  FTIR-reflectance spectroscopy studies 

were undertaken for eucalyptus tuart, Geraldton wax needles and wheat scout and 

magenta varieties. Eucalyptus seasonal, age and live in vivo imaging between time 

points were undertaken, in the case of live in vivo imaging extra care had to be taken 

when placing the leaf to the IR motorised microscope mapping stage so that the leaf 

does not tear from the mounted plant, extra care was also taken when taping the leaf 

to aluminium foil in order to ensure the leaves tip and stem do not tear or get damaged 

during the imaging process (Figure 25). Statistical analysis for FTIR reflectance 

spectra using two-way ANOVA (unless otherwise stated via one-way ANOVA or t-

tests where suitable) were performed using second-derivative intensity and position of 

the νs(CH2) absorbance bands as the dependant variable, where leaf maturity, seasonal 

variation, anatomical region, ethylene gassed and infected leaves as independent 

variables. If significant statistical differences were identified via two-way ANOVA, 

post hoc testing was performed using t-tests, corrected for multiple comparisons using 

the Bonferroni method and alpha of 0.05 (two-tail testing). Statistical analysis was 

performed using GraphPad Prism v7.04. 
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Figure 25: live in vivo imaging of eucalyptus plant (top, bottom left) example of 

sample mounting for ex vivo wheat and eucalyptus leaves aluminium foil directly 

under sample (right) 

 

Geraldton wax ethylene gassing experiments involving different time points and 

immature/mature needles, and wheat studies involving control and Ptr infections along 

with different time points post infection were investigated. Spectra were analysed via 

OPUS v7.0 software and images were produced via Cytospec v2.00.03 and imageJ 

v1.50i for analysis. 
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2.10 Analysis of Leaf Sections with Focal Plane Array FTIR Spectroscopic 

Imaging 

Fourier transform infrared spectroscopic imaging was undertaken at the IRM beamline 

at ANSTOs Australian Synchrotron. Eucalyptus leaves and K+/Rb+ doused wheat data 

were analysed. Both transmission and reflection techniques were trialled. 

Transmission imaging of the leaf sections were collected on CaF2 windows using an 

offline Bruker Hyperion 2000 FTIR microscope, equipped with a liquid-N2 cooled 64 

x 64 element FPA detector and a 15x objective lens with numerical aperture (NA = 

0.4), coupled to a Vertex 70 FTIR spectrometer (Bruker Optik GmbH, Ettlingen, 

Germany) (Figure 26).  

Figure 26: Image of FTIR general set up with Focal Plane Array detector 

 

Under this optical configuration a single spectrum in each FTIR image represented 

molecular information acquired from a ~2.67 x 2.67 µm2 area on the sample plane. 
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The spectral images were collected at 4 cm-1 spectral resolution, with 256 co-added 

scans using OPUS v7.2 imaging software. 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. When attempting reflectance imaging a 

background signal was never able to be obtained using a gold and aluminium disk as 

as background references, possibilities for this could be due to the numerical aperture 

(0.4) and 15x objective when comparing to the Nicolet iN 10MX FTIR microscope 

(0.7), however further investigations would be needed to confirm this. Data was 

analysed via OPUS v7.0 software and false colour images were further processed via 

Cytospec v2.00.03 and imageJ v1.50i software. 

 

2.11 Synchrotron Attenuated Total Reflectance – Fourier Transformed 

Infrared Spectroscopic Analysis of Leaf Surfaces 

Synchrotron ATR-FTIR was undertaken at ANSTOs Australian Synchrotron IRM 

beamline using the macro-ATR accessory, previously described by Meguya Ryu, et 

al. (138) The setup for the synchrotron macro ATR-FTIR uses a Bruker Vertex 80v 

spectrometer coupled with a Hyperion 3000 FTIR microscope, equipped with a liquid 

nitrogen-cooled (12-14 h) narrow-band mercury cadmium telluride detector (Bruker 

Optik GmbH, Ettlingen, Germany) (Figure 27).  

 

 

Figure 27: General ATR set up microscope and detector (left), Synchrotron ATR-FTIR 

beam mirrors/optics focus (right) 
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Data collection was controlled using OPUS v7.2 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 20x 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 4 co-added scans once 

contact was made between the ATR crystal and leaf sample. The sample was mapped 

with the beam focus size of 1.9 µm and an effective step size of 0.5 µm. The spectra 

collected were recorded within a spectral range of 950-3800 cm-1 using 8 cm-1 spectral 

resolution. Scans were capped at ~8/9 hrs (overnight) and on average ran for 2-5 hrs 

depending on the plant tissue/stomata cells being investigated. Commonly, when you 

are undertaking macro-ATR-FTIR scans a nitrogen purge is undertaken to avoid 

atmospheric water vapour interferences with the spectra signal obtained, however due 

to leaf tissue being susceptible to drying out over time it was avoided to ensure that 

optimal lipid signals (2800-3000 cm-1) were obtained as well as sample longevity. 

Synchrotron ATR-FTIR was conducted on eucalyptus species as a proof-of-concept 

study to be able to investigate changes in lipids seen on the epicuticular wax layer, 

investigations into Ptr infected wheat were also undertaken as a result looking into the 

effects of Ptr at the site of infection and adjacent tissue. Leaves were prepared by 

cutting a 2 cm2 section of leaf and mounting it on an aluminium 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, scans were started as soon as possible to ensure the 

tissue stayed as fresh as possible. All spectra collected were ATR and atmospheric 

compensation corrected and data was analysed via OPUS v7.0 software, false colour 

images were produced using Cytospec v2.00.03 and imageJ v1.50i software. 

 

Eucalyptus leucoxylon leaves were mounted to the synchrotron ATR podium where 

contact is made with a clean hemispherical germanium crystal ensuring that enough 

contact was made to get a clear signal, whilst keeping the leaves integrity intact. 

Analysis ensued following the methods outlined above, large “coarse” areas were used 

as cellular identification compromising of 2 µm step size and ranging in pixel size 

depending on the size of the cell. While for smaller “fine” sub-cellular scans a step 



51 

 

size of 0.5 µm was utilised to ensure sub-cellular detail could be seen and as a result 

the pixel area size was greatly reduced to ensure viable mapping times.  

 

2.12 Elemental Mapping of Intact Leaves and Leaf Sections with 2D (MAIA) 

and 3D (Vortex) X-ray Fluorescence Microscopy 

2D and 3D elemental mapping of wheat leaf sections and whole leaves were 

undertaken at ANSTO’s Australian Synchrotron XFM beamline. The instrumental 

setups for both 2D and 3D imaging using two different MAIA and Vortex detectors 

are outlined in Daryl L. Howard et al. (109, 139, 140) A monochromatic incident beam 

of 15.8 eV is focused using a Kirkpatrick-Baez mirror microprobe and slits to an 

approximate size of ~1 µm spot on sample leaves. During 2D imaging X-ray emissions 

were acquired via low latency 384 channel Maia detector running in event mode to 

improve data acquisition times. The sample was mounted directly in front of the 

incident beam and the Maia detector positioned behind to allow for backscatter 

geometry thus allowing improved sensitivity (Figure 28).  

 

 

Figure 28: Sample mounting and placement 2D Maia XFM imaging, samples located 

directly in front of incident beam and detector located behind. 
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During 3D imaging X-ray emissions were collected via four-element Hitachi Vortex 

ME3 silicon drift detector, similarly to the Maia’s event mode the vortex data is run 

in list mode to improve acquisition times. 3D imaging differs slightly to 2D imaging 

in mounting and detector placement, to avoid picking up scattering signals, while the 

sample is mounted directly in front of the incident energy it is mounted at a 45 º angle, 

as such the detector is placed at a right angle relative to the incident energy beam 

(Figure 29).  

 

 

Figure 29: Sample mounting and placement, for 3D XFM confocal imaging, Vortex 

detector seen at a right angle relative to incident beam, and sample mounted at a 45 º 

angle with cryo-stream found directly above. 

 

A cryostream is also equipped directly above the sample mount to maintain tissue 

integrity and stop the sample from any movement that may come about during natural 

drying of the tissue. In both 2D and 3D imaging cases the samples are raster scanned 

relative to the beam, in 2D imaging a conventional x, y, z directional movement is 

used however in the case of 3D imaging it slightly changes to compensate the 45 º 

angle sample location resulting in x’, y and z’ directional movement. Elemental foils 
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(Micromatter, Canada) with a known composition were used to calibrate data. Both 

tissue sections and whole wheat leaves were analysed during this study, to make sure 

accurate elemental quantification values the density and air pathing between the 

sample and detector were taken into consideration. During 2D imaging, sectioned 15 

µm and whole wheat (cv Scout) leaf samples doused with and without varying 

concentrations of Rb+ and infected with Ptr were analysed at 10 µm spot sizes, with a 

dwell time of 1 ms per pixel at 18500 eV. 3D imaging samples were collected in 10 

µm cross section increments of wheat doused with and without enrichment Rb+ 

collected with a 1 ms dwell time and 1 micron step size. Data was analysed and 

extracted into workable elemental map TIFF files using ASCI Geopixie software, 

images were further processed through ImageJ v1.50i software.  

 

2.13 Scanning Electron Microscopy 

SEM images of both eucalyptus and wheat leaves were taken using GRDCs Joel JCM-

6000 plus at Curtin University. A sample of approximately 1 cm2 section of leaf was 

deposited onto a SEM stub using carbon tape, making sure not to touch the area of 

interest to ensure that the crystal images obtained of the wax were untouched (Figure 

30).  

 

Figure 30: Mounted images of wheat sections prepared for SEM imaging control (left) 

infected (right)  
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The stub was coated with gold at an elevation height of 20 cm for 2 minutes using a 

smart coater (DII-29030SCTR) just before imaging. To avoid any tissue damage 

energy levels were kept around 5 kV when imaging, it was found at around 10-15 kV 

the tissue would damage before imaging could take place, and stomata would often 

change morphological shape almost immediately. Images ranging from 10 µm – 200 

µm in size were collected and analysed for epicuticular wax differences of both 

healthy and infected tissue as well as immature and mature tissue. 
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CHAPTER 3  

A Proof of Concept: Detecting Epicuticular Wax 

Distribution Using Attenuated Total Reflectance – 

Fourier Transformed Infrared Techniques 
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3.1 Introduction 

Monitoring the effects of seasonal variation, changing climate, soil quality, and 

disease on plant fitness is important to both agricultural and environmental industries. 

In particular, the ability to develop methods capable of robust assessment of plant 

health, in situ, or in vivo is sought after. As already described in chapter 1, the 

epicuticular wax layer is sensitive to plant fitness, and due to its location on the leaf 

surface, analysis of epicuticular wax is compatible with in situ or in vivo assessment 

of plant health. The primary aim of this chapter was to investigate the capabilities of 

Fourier transform infrared (FTIR) spectroscopy for detecting chemical difference 

between epicuticular waxes, using a series of model experimental systems. As 

epicuticular waxes are located on the surface of plant leaves, the surface sensitivity of 

attenuated total reflectance (ATR) – FTIR spectroscopy has been used for experiments 

in this chapter. 

 

Eucalyptus species are easily recognised by their epicuticular wax coating, which 

gives rise to the characteristic touch and appearance of their leaves. Not surprisingly, 

due to the range of climates and growing conditions that Eucalyptus species have 

adapted to, there is well established variation in the epicuticular wax layer between 

species. Therefore, Eucalyptus species are well suited as a readily available, low 

maintenance, model system to develop and test capabilities for in situ analysis of the 

chemical composition of epicuticular waxes. To demonstrate proof-of-concept, ATR-

FTIR spectroscopy has been applied in this chapter to detect changes in epicuticular 

wax composition associated with inter-species variation, and intra-plant variation (i.e., 

variation in wax composition between different anatomical regions, such as adaxial 

and abaxial leaf surfaces). While the ATR-FTIR spectroscopic measurements were 

found to differentiate between eucalyptus species, and between different anatomical 

regions, an association between leaf surface morphology and spectroscopic signal was 

observed. This highlights that ATR-FTIR spectra do require interpretation with 

caution, and with consideration of sample surface morphology (which can affect the 

degree of contact made with the leaf surface, influencing signal strength). 

 

After validating the capability of FTIR spectroscopy to detect changes in epicuticular 

waxes, this chapter has investigated the spatial resolution that ATR-FTIR 
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spectroscopy can provide, the extent to which wax distribution and be related to plant 

leaf anatomy. Specifically, ATR-FTIR-spectroscopy was optimised at a synchrotron 

radiation light source, to provide a method capable of imaging (mapping) wax 

distribution on the leave surface at sub-cellular spatial resolution. Although ATR-

FTIR spectroscopy was shown capable of studying epicuticular waxes, at the cellular 

level, the results also highlight the method is destructive as a result of contact between 

the sample and ATR crystal. Therefore, ATR-FTIR spectroscopy was shown to be 

compatible with in situ assessment of epicuticular waxes, but not longitudinal in vivo 

monitoring. Lastly solvent extractions of the epicuticular wax layer were undertaken 

using ether washes, and various purification methods to elucidate individual species 

present within the epicuticular wax layer, for further identification using 1H NMR 

techniques. 
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3.2 Results and Discussion 

3.2.1 Investigating the Capability of ATR-FTIR Spectroscopy to Detect 

Differences in Epicuticular Wax Composition in Four Eucalyptus Species 

In this experiment, ATR-FTIR spectroscopy was applied to detect changes in the 

chemical composition of epicuticular waxes between four different eucalyptus species 

(cv Karri, Marri, Tuart and Wandoo). The v(C-H) stretching region (2800 – 3000 cm-

1), more specifically, methyl νs(CH3) 2860 – 2880 cm-1 and methylene νs(CH2) 2840 

– 2860 cm-1 stretching modes were chosen as spectroscopic markers to investigate 

epicuticular waxes. ATR-FTIR spectra were collected from five replicate leaves from 

the four Eucalyptus species (cv Karri, Marri, Tuart, Wandoo). The comparison of 

average spectra showed large inter-species variation was observed with respect to the 

intensity of absorbance bands attributed to epicuticular waxes ν(C-H) 2800 – 3000 cm-

1, ester carbonyl ν(C=O) 1700 – 1770 cm-1 and δ(C-H) 1400 – 1480 cm-1, as shown in 

Figure 31A-D.  

 

To better understand the inter-species spectroscopic variation, chemometric analysis 

was undertaken to confirm whether spectra contained sufficient chemical information 

to differentiate between the four eucalyptus (karri, marri, tuart, and wandoo) species. 

As can be seen in Figure 31E,F. principal component analysis of ATR-FTIR spectra 

collected from either adaxial or abaxial leaf surfaces provided good ability to 

differentiate between the 4 different species. The best visual separation between 

species, for spectra collected from adaxial leaf surfaces was observed in the 2D PC 

score plots of PC1 vs PC3. The best visual separation between species for spectra 

collected from abaxial leaf surfaces was seen for the 2D PC scores plots of PC1 vs 

PC2. Not surprisingly the PC2 loadings for PC1 and PC3 (Figure 31G,H) and PC1 

and PC2) show strong loadings in spectroscopic regions corresponding to the 

absorbance bands of waxes [ν(C-H) 2800 – 3000 cm-1, ester carbonyl ν(C=O) 1700 – 

1770 cm-1) and δ(C-H) 1400 – 1480 cm-1]. Interestingly, spectra collected from the 

Tuart eucalyptus species showed the largest visual separation from other eucalyptus 

species, for spectra collected from both abaxial and adaxial leaf surfaces. 
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The results from PCA analysis of ATR-FTIR spectra collected from the 4 different 

eucalyptus species agree well the literature, specifically it is well established that 

different eucalyptus species can have widely varying epicuticular wax content. (141-

143) These results therefore, help demonstrate the suitability of ATR-FTIR spectra to 

identify difference in plant biology through analysis of the epicuticular wax layer. Due 

to the large differences seen in the wax layer of the tuart species, this species was 

chosen for further intra-species analysis to investigator how the epicuticular wax layer 

changed as a function of plant anatomy (adaxial vs abaxial leaf surface) and plant age 

(immature vs mature leaf age). 
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Figure 31: ATR-FTIR overview spectra of four mature eucalyptus species (adaxial 

left, abaxial right) (Karri: blue, Marri: green, Tuart: yellow, Wandoo: red) and 

zoomed in ν(C-H) (2800-3000 cm-1) region, demonstrating disparity in wax (lipid) 

content between species A-D. 2D score plots from PCA showing the distribution of 

four eucalyptus species Karri (blue) Marri (green) Tuart (yellow) Wandoo (red) 

comparing species grouping for different anatomical regions (adaxial left, abaxial 
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right) in mature leaves E,F. Factor loading distributions (adaxial left, abaxial right) 

showing where principal component PC-1 (blue), PC-2 (right, green), and PC-3 (left, 

green) separation has been attributed to for different eucalyptus species G,H. 

 

3.2.2 Investigation of Epicuticular Waxes in Different Leaf Regions: A 

Comparison of ATR-FTIR Spectra Collected from Abaxial and Adaxial Leaf 

Surfaces 

The eucalyptus gomphocephala (tuart) species was chosen to investigate if ATR-FTIR 

spectra detect differences in epicuticular waxes located on the adaxial or abaxial leaf 

surfaces. On average the abaxial surface displayed greater intensity (relative to adaxial 

surface) for absorbance bands associated with epicuticular waxes, [ν(C-H) 2800 – 

3000 cm-1, ester carbonyl ν(C=O) 1700 – 1770 cm-1) and δ(C-H) 1400 – 1480 cm-1]. 

The results seen in Figure 32A,B seemed somewhat surprising, as the literature 

generally indicated increase wax content on the adaxial (sun facing) surface, in order 

to better protect the plant from water loss however, initial ATR results showed an 

increase of overall wax signals on the abaxial surface of the leaf. (4) Therefore, to help 

explain the unexpected differences in ATR-FTIR spectra collected from abaxial and 

adaxial leave surfaces, SEM imaging was undertaken. When looking at the adaxial 

and abaxial leaf surfaces as seen in SEM images Figure 32(C-D), clear difference in 

the wax distribution and structure was seen on surface. Specifically, the adaxial 

surface appears to have large columns of wax in between smaller needle like 

crystalline features (Figure 32C). In contrast, the abaxial surface appear to be devoid 

of large column like structure, containing only finely intertwined needle like crystal 

structures (Figure 32D). These visual comparisons of SEM images appear consistent 

with the literature, and indeed based on surface coverage and the size of the “column 

like structures” one would expect the adaxial surface to contain the greater wax content 

(relative to the abaxial surface). (144, 145) The SEM images however, highlight that 

irrespective of wax content, the surface topology is different between abaxial and 

adaxial surface. This is an important consideration for ATR-FTIR spectroscopy, due 

to the short-penetration depth of the evanescent wave, the majority of the spectral 

signal come from the first micron above the crystal surface. Consequently, flat sample 

surfaces that maximise surface contact between sample and crystal result in strong 

spectral signal unlike irregular surfaces. It is therefore, concluded that the stronger 
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intensity observed in ATR-FTIR spectra of the abaxial surface is not the result of 

increased wax content, but rather the result of more homogenous and evenly 

distributed wax structures that give rise to better surface contact with the ATR crystal. 

This highlights an important limitation of the ATR-FTIR method, that while it is well 

suited for in situ measurement of sample surfaces, quantitative analysis is often 

difficult (or impossible) when surface morphology differs between samples.  

 

 

Figure 32: ATR-FTIR individual spectra of mature eucalyptus tuart (5 adaxial 

(green), 5 abaxial (blue)) in overall (400-4000 cm-1) and lipid C-H (2800-3000 cm-1) 

stretching regions, demonstrating disparity in wax (lipid) content between adaxial and 

abaxial surfaces A, B. SEM images of eucalyptus tuart mature leaves adaxial (C) 

displaying “column like” structures throughout the plant tissue, and abaxial (D) 

displaying distribution of epicuticular wax crystallinity scale = 10 µm. 

 

When comparing spectra of immature adaxial and abaxial eucalyptus tuart leaves, 

consistent spectral differences between adaxial and abaxial spectra was not observed, 

with respect to absorbance bands associated with epicuticular waxes [ν(C-H) 2800 – 

Abaxial 
Adaxial 

Abaxial 
Adaxial 



63 

 

3000 cm-1, ester carbonyl ν(C=O) 1700 – 1770 cm-1) and δ(C-H) 1400 – 1480 cm-1] 

(Figure 33A,B). Further investigations with SEM imaging revealed very similar 

morphology between the adaxial and abaxial leaf surfaces (Figure 33C-D). In 

particular, with both the adaxial and abaxial leaves contain intertwined needle 

crystalline features that are consistent throughout the leaf tissue (Figure 33C). Along 

with crystalline similarity, there were few cellular structures in the form of stomata 

and other epidermal cells present during leaf maturation (Figure 33E). This 

homogeneity helps solidify contact with the ATR crystal, most likely leading to 

similarities in spectra being observed.  

 

 

Figure 33: ATR-FTIR individual spectra of immature eucalyptus Tuart (5 adaxial 

(green), 5 abaxial (blue)) in overall (400-4000 cm-1) and lipid ν(C-H) (2800-3000 cm-

1) stretching regions, demonstrating disparity in wax (lipid) content between adaxial 

and abaxial surfaces A, B. SEM images of eucalyptus Tuart immature leaves adaxial 

(C) and abaxial (D) displaying distribution of epicuticular wax crystallinity scale = 

10 µm. 

 

Abaxial 
Adaxial 

Abaxial 
Adaxial 
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3.2.3 Investigation of Spectroscopic Differences in ATR-FTIR Spectra Collected 

from the Surface of Tuart Leaves at Different Stages of Leaf Maturation 

(Immature vs Mature) 

Substantial spectroscopic differences were observed between ATR-FTIR spectra 

collected from the adaxial surface of immature and mature tuart leaves (Figure 31 

(3.2.1)). Specifically, greater intensity was observed across all absorbance bands 

attributed to epicuticular waxes [ν(C-H) 2800 – 3000 cm-1, ester carbonyl ν(C=O) 

1700 – 1770 cm-1) and δ(C-H) 1400 – 1480 cm-1], for spectra collected from young 

leaves relative to mature leaves (Figure 34A,B). As was the case with comparisons of 

adaxial vs abaxial leaf surfaces, the spectroscopic changes could be due to differences 

in wax content on the surface, or surface morphology. To investigate surface 

morphology, SEM images were collected from the adaxial surface of young and 

mature tuart leaves. Not unexpectedly the results highlight a relative homogeneous 

distribution of needle like wax crystals on the surface of young leaves, with large 

“column like” features observed in mature leaves. Thus, due to the differences in 

surface morphology, it is difficult to ascribe the increased spectral intensity observed 

in young leaves to either increased wax content or a different surface morphology (and 

therefore, better contact with the ATR crystal).  
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Figure 34: ATR-FTIR individual spectra of immature (green) and mature adaxial 

(blue) eucalyptus tuart leaves in overall (400 – 4000 cm-1) and lipid ν(C-H) (2800 – 

3000 cm-1) stretching regions, demonstrating disparity in wax (lipid) content between 

species A, B. SEM images of eucalyptus tuart adaxial leaves immature (C) and mature 

(D) showing distribution differences of epicuticular wax layers (webbed vs flaky 

structure) and crystallinity. Scale = 20 µm. 

 

3.3 Application of ATR-FTIR coupled to a Synchrotron Lightsource, to Reveal 

Sub-cellular Epicuticular Wax Distribution on Leaf Surfaces 

The previous sub-sections (3.1, 3.2) have established that ATR-FTIR spectroscopic 

analysis of the epicuticular wax layer on leaf surfaces can differentiate between 

different eucalyptus species, leaf surfaces (abaxial vs adaxial) and leaf development 

(young vs mature). The differentiating capability appears to result from differences in 

wax content but also differences in the leaf surface morphology (with difficulty to 

differentiate between the two). The results of the previous sections were obtained with 

bulk spectroscopic analysis, and as such, do not shed light on wax changes that might 

be occurring at the cellular or sub-cellular spatial scale across the leaf surface. 

Mature 
Immature 

Mature 
Immature 
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Understanding the capability of FTIR spectroscopy to study spatially resolved changes 

in epicuticular waxes is important for several reasons. Firstly, in future applications of 

developed methods (e.g., Chapter 4.2.4 - 4.2.6) it might be important to associate 

changes to wax content associated with specific parts of the leaf (e.g. anatomical 

features). Secondly, it might be important to associate changes in wax content with 

disease progress (e.g. Chapter 4.2.8 – 4.2.10). Therefore, the capability of FTIR 

spectroscopy for spatially resolved investigations of epicuticular waxes was deemed 

important for future method developments. 

 

To investigate the epicuticular wax layer at higher spatial resolution, a synchrotron 

light source was used. Due to the high brightness of synchrotron light, there is 

sufficient photon flux to provide adequate spectral signal to noise ratio when using 

small aperture sizes selected to achieve diffraction limited spatial resolution. Further, 

due to the use of high refractive index ATR crystals, the diffraction limited spatial 

resolution is improved relative to traditional transmission FTIR microscopy (as 

described in Chapter 1.2.4). 

 

Due to the difficulty of transporting flora across Australian state borders (quarantine 

and biosecurity regulations), synchrotron radiation ATR-FTIR spectroscopic method 

development took advantage of Eucaltyptus trees growing onsite at the Australian 

synchrotron. Specifically, investigation into the epicuticular wax formation and 

distribution in Eucalyptus leucoxylon (“yellow gum”) was undertaken. 

 

Due to the small size of the Ge micro-ATR crystal, care needed to be taken when 

making contact between the leaf and micro-ATR-crystal tip, so as not to damage the 

wax layer or rupture the leaf cells. The sudden appearance of strong ν(OH) absorbance 

bands in the ATR-FTIR spectrum was used as an indicator of water contact on the 

crystal, a marker of cell rupture, and if this occurred, a new region of the leaf was 

chosen for analysis. The regions of interest analysed with micro-ATR-FTIR were 

selected from the bright field optical image, which enabled regions of interest to be 

defined around specific cells. Two representative examples of micro-ATR-FTIR 

spectroscopic mapping are presented in Figure 35 and Figure 36. In each case, 
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distribution of water [ν(OH) 3000 – 3500 cm-1], wax [νs(CH2) 2845 – 2865 cm-1] and 

proteins [νs(CH3) 2865 – 2885 cm-1 and amide I 1600 – 1700 cm-1] can be observed. 

These biochemical distribtions provide straight forward visualisaiton of cells on the 

leaf surface (cell location indicated by higher water and protein content), with greater 

wax content surrounding the cell.  

 

Within the cell of Figure 35, several distinct protein enriched regions are observed, 

one circular (diamater ~ 10 µm), the other eleptical (length ~5 µm). The size, shape 

and location of these features are consistent with the nucleus and chloroplast 

respectively. Not unexpectedly the water content is inverseley correlated with protein 

content within the cell (e.g. where there is high protein there is less water, and vice 

versa), which in consistent with the existence of cell nucleus and chloroplasts 

surrounding by the cytosol. 
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Figure 35: Synchrotron macro ATR-FTIR showing sub-micron mapping of 

epicuticular wax distribution of an unknown cell in eucalyptus leaf section brightfield 

overview, Asterix of CH2 and CH3 regions taken for representative spectra (A, C). 

Representative synchrotron macro ATR-FTIR spectra showing differences seen 

throughout protein, [(amide I 1600 – 1700 cm-1) and (νs(CH3) 2865 – 2885 cm-1)], 

lipid, (νs(CH2) 2845 – 2865 cm-1), alcohol, (ν(OH) 3000 – 3500 cm-1) and νs(C=O) 

1670 – 1820 cm-1), groups, (green spectra νs(CH3) imaging region, blue spectra 

νs(CH2) imaging region indicated in C.) (B). false-colour images of representative 

functional groups (D-H). 
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The representative macro-ATR-FTIR image shown in Figure 36 was collected from 

the location of a stomata. Stomata are a type of cell structures located on the epidermis 

of leaf tissue that controls the rate of gas exchange between CO2 influx and H2O and 

O2 efflux, aiding in photosynthesis and maintaining hydration. Key differences when 

looking at the chemical makeup of stomata cells structures, is that there is a lack of 

methylene groups present within the guard cells that make up the stomata (Figure 

36E), this is to be expected as chemical signalling of guard cells (influx and efflux) 

occurs predominately from inorganic potassium and chloride ions. While the adjacent 

lipid epicuticular wax deposits seen are rich in methylene (Figure 36E). A methyl 

signal could still be seen within the guard cells which agrees with strong expression 

of the pectin methylesterase gene in guard cells and essential for stomatal function 

(Figure 36F). (146, 147). The composite images of methylene and methyl displayed 

in Figure 36E,F show that a heterogeneous wax distribution based on the intensity of 

the methylene groups is observed, with the greatest wax content found between cell 

walls (rich in methyl groups) with chemical intensities shown in Figure 36B.  
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Figure 36: Synchrotron macro ATR-FTIR showing sub-micron mapping of 

epicuticular wax distribution of an Stomata cell eucalyptus leaves brightfield overview 

(A, C). Representative synchrotron macro ATR-FTIR spectra showing differences seen 

throughout protein, [(amide I 1600 – 1700 cm-1) and (νs(CH3) 2865 – 2885 cm-1)], 

lipid, (νs(CH2) 2845 – 2865 cm-1), alcohol, (ν(OH) 3000 – 3500 cm-1) and carbonyl, 

(ν(C=O) 1670 – 1820 cm-1), groups, (green spectra νs(CH3) imaging region, blue 

spectra νs(CH2) imaging region indicated in C.) (B). false-colour images of 

representative functional groups (D-H).
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This data highlights that synchrotron macro ATR-FTIR mapping microspectroscopy 

has the potential to fill the gap between bulk analysis of epicuticular wax composition 

and EM imaging at nanoscale spatial resolution. Being able to distinguish chemical 

compositional changes at higher resolution on plant tissue surfaces using synchrotron 

ATR-FTIR opens up possibilities of using infrared reflectance techniques to identify 

biomarkers of plant health.  

 

3.4 Using Ether Extractions to Reveal Individual Waxes Present on the Surface 

of Epicuticular Waxes in Eucalyptus Leaves 

While ATR-FTIR has demonstrated potential to study epicuticular waxes, the 

chemical specificity of FTIR is still relatively limited compared to other techniques. 

An investigation into the separation and purification of different wax molecules was 

therefore attempted. From the five fractions present after column extractions as 

detailed in Chapter 2.5 fraction one was analysed as it had the greatest amount of crude 

mass volume. The crude 1H NMR indicated the potential presence of ursolic acid 

which is a molecule found in the waxy surface of eucalyptus leaves and commonly 

found in eucalyptus oils (Appendix - 1H NMR Spectrum (400 MHz, DMSO)  

Crude - Fraction 1: Marri Extraction). Typical 1H NMR peaks for ursolic acid include 

1H NMR (CDCl3) =  0.88 to  0.9 (m, methyl protons),  1.29 to  1.93 (m, 25H, 

CH2 and CH protons), -1.3, 2H (cyclohexane), -2.0, 1H (OH from alcohol), -4.52 

(olefinic protons), -11.0 (1H (OH from carboxylic acid). (148-150) After further 

purification via 10% ethyl acetate and petroleum spirits (40-60 ºC) followed by a 

50/50% EtoAc/Pet spirits separation the 1H NMR was found to hold impurities as 

multiple peaks not associated to ursolic acid were still present (Appendix - 1H NMR 

Spectrum (400 MHz,CDCl3) “Purified” - Fraction 1: Marri Extraction). Possibilities 

as to what these impurities are include molecules similar to ursolic acid that are present 

within the epicuticular wax layer, this could include triterpenes such as oleanolic acid, 

and ursolic acid lactone, two major constituents of epicuticular waxes alongside 

ursolic acid. When groups of molecules of the same relative size and polarity are 

present isolation and identification of waxes can prove to be difficult while looking at 

1H NMR of large molecular sizes, proving hydrogen peak identification to be 

strenuous. ATR-FTIR shows a few characteristic peaks, indicating chemical signals 
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of waxes, however, we do not know whether this is due to their only being one or two 

types of waxes present on the epicuticular surface, or an average of many different 

types, 1H NMR helps to prove the latter, as having complex 1H NMR with multiple 

H-peaks helps identify the presence of different waxes, as well as determining wax 

concentration differences on the surface of eucalyptus leaves. Due to time restraints 

research priority was focused on furthering investigations into reflectance techniques, 

and therefore further purification and investigation into individual molecules present 

in epicuticular waxes is needed.  

 

3.5 Conclusions 

Benchtop ATR is a well-known spectroscopic technique with capability to detect 

subtle changes of epicuticular waxes in leaves. This study has demonstrated this 

capability as proof-of-concept using immature and mature as well as adaxial and 

abaxial leaf tissue. This now opens opportunities for case studies involving plant 

health to be investigated. The use of chemometrics during benchtop ATR studies 

helped differentiate and better represent changes between eucalyptus species in what 

would otherwise look like a complex set of spectra. When looking at differences, PC-

1 components contained >80% of spectral variation which came from the lipid 2800-

3000 cm-1 C-H stretching region helping confirm that the spectral signal was arising 

from long chain waxes. 

 

The capability to study epicuticular wax distribution using Synchrotron ATR-FTIR 

microspectroscopy at high spatial resolution, and the ability to correlate wax 

constituent with plant anatomical structures, such as the cell wall and stoma cells, has 

reinforced the possibility to monitor plant health through ex vivo spectroscopic 

methods. As this chapter as demonstrated the ability to study components of plant 

physiology based on FTIR spectra obtained from leaf surface, however it also revealed 

that ATR-FTIR is not compatible with in vivo longitudinal monitoring. Therefore, 

chapter 4 will aim to extend method development, using reflectance-FTIR as a non-

destructive method to monitor plant epicuticular waxes ex vivo and in vivo. 
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CHAPTER 4  

Development and Application of Fourier Transformed 

Infrared Reflectance Microspectroscopy to Investigate 

Epicuticular Wax Distribution on Leaf Surfaces 
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4.1 Introduction 

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. This chapter 

reports the first use of Fourier transformed infrared (FTIR) reflectance spectroscopic 

imaging as a non-destructive and in situ method to investigate variation in epicuticular 

wax distribution at 25 μm spatial resolution. Case studies 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 future 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. 

 

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. (4, 151, 152) The composition of epicuticular waxes are influenced 

by seasonal variation, leaf age, and plant health. (11, 151, 153) Therefore, these 

alterations in wax composition and distribution may serve as a marker of plant health 

and response to environmental stimuli.  

 

Although there is substantial published literature using chemical extraction followed 

by chemical identification methods to study epicuticular waxes, such methods remove 

important spatially resolved information. Further, chemical extraction methods are not 

compatible with in vivo analysis. FTIR and Raman spectroscopic 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, the 

ATR-FTIR technique can be used to analyse the surface of the sample regardless of 

its thickness. (154) However, as demonstrated in Chapter 3 the process of making 

physical contact between the ATR crystal and leaf surface can damage the leaf tissue, 

and it is therefore not suitable with in vivo longitudinal time course studies.  
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Here, we report the use of FTIR microscopy and a linear array imaging detector 

configured in reflectance geometry to image epicuticular waxes at 25 μm spatial 

resolution across large areas of the leaf surface within a reasonable time frame (1–2 

h). Collection of spectra in a reflectance geometry is advantageous as it does not 

require physical contact to be made between the leaf surface and external accessory 

(e.g., ATR crystal), and is therefore truly non-destructive. This capability has enabled 

differentiation between major leaf anatomical structures (including stomata, veins, and 

stem), and has identified differences in epicuticular wax composition between young 

and mature leaves, and across seasons.  

 

This chapter also demonstrates the use of FTIR reflectance microscopy to monitor 

changes of epicuticular wax in Geraldton wax needles, while under the effects of 

ethylene gas. Ethylene is a major plant hormone that causes acceleration in plant 

growth and senescence, it is commonly used in the agricultural sectors to hasten plant 

maturation and fruit ripening. (155, 156) The increase in plant growth and senescence 

has been observed to have direct impact on the epicuticular wax distribution, which 

was reflected in FTIR reflectance spectra. 

 

Last, this chapter demonstrates 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. (23, 133) The plant–pathogen interactions 

induce detectable spectroscopic alterations to the wax layer, highlighting the 

capability of FTIR reflectance microscopy as a future tool to study the pathology of 

this disease.  
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4.2 Results and Discussion 

4.2.1 Demonstrating the Experimental Limitations Associated with Imaging 

Leaf Tissue Sections with Fourier Transform Infrared Transmission 

Spectroscopy and Raman Microscopy 

Initially, FTIR transmission imaging and Raman microscopy was undertaken in order 

to analyse plant tissue cells adjacent to the epicuticular wax layer. 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. (157-162) Sectioning unfortunately, 

can damage the exterior surface of the leaf sample and does not adequately preserve 

epicuticular wax distribution (Figure 37). The false colour images seen in Figure 

37B,D during FTIR transmission imaging, and 37I during Raman microscopy shows 

a discontinuous epicuticular wax layer, indicative of sample-preparation induced 

damage resulting in reduced spectral signals from the 𝜈s(CH2) lipid regions as seen in 

Figure 37E,J. These results highlight the benefit of non-destructive in situ ex vivo or 

in situ in vivo imaging capabilities for the analysis of epicuticular waxes. 

Figure 37: The epicuticular wax layer is not consistently preserved in leaf sections, 

as observed through FTIR spectroscopic imaging (A-E), and Raman microscopy 
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analysis (F-J). Bright field images reveal sample morphology (A, C). FTIR 

spectroscopic imaging revealed that the wax layer was absent in some sections (B), 

but present in other sections (D). False-colour functional group images in (B) and (D) 

were generated from integrated area under the curve for the νs(CH2) absorbance band 

(2840 – 2865 cm-1). Representative FTIR spectra from image positions 1 (good wax 

preservation) and 2 (poor wax preservation) are shown in (E). Raman microscopy 

analysis of leaf sections (F-I) yielded similar conclusions. The bright field image (F), 

and the autofluorescence Raman image reveals leaf structure (G), and the false-colour 

functional group images generated from integrated area under the curve for the 

νs(CH2) absorbance band 2840 – 2865 cm-1 reveals location of epicuticular waxes 

(H). Overlay of the autofluorescence and epicuticular wax image reveals inconsistent 

preservation of epiculatular wax on the leaf surface (I). Representative Raman spectra 

from image positions 1 (good wax preservation) and 2 (poor wax preservation) are 

shown in J. Scale bar B-D, F-I = 5 µm.  

 

4.2.2 Development of a Non-destructive Imaging Method to Study Leaf 

Surfaces, using Fourier Transform Infrared Reflectance Microscopy 

Collection of FTIR spectra in a reflection geometry is advantageous, as it inherently 

doesn’t require contact of optical components with the leaf (as is the case for ATR-

FTIR), and it doesn’t require sectioning of the leaf tissue (as is the case for 

transmission-FTIR). Therefore, this thesis investigated FTIR reflectance as a potential 

technique compatible with non-destructive in situ (ex vivo or in vivo) analysis of leaf 

surfaces. An example of an FTIR reflectance spectrum is shown in Figure 38. 

Importantly, the FTIR reflectance spectra collected from the surface of a plant leaf 

demonstrate sufficiently strong infrared reflectance signal across the 𝜈(C-H) region 

(2800–3000 cm−1, corresponding to light wavelengths of ≈3.3–3.6 μm). The detection 

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 (Figure 38C-E). The strong negative peaks 

in the spectra for 𝜈as(CH2) and 𝜈s(CH2) vibrational modes support the proposition that 

the signal is originating from a thin-film effect, consistent with infrared reflection 

absorption spectroscopy (IRRAS) (Figure 38D). (52, 54, 55) The strong negative 



78 

 

signal results from increased reflectivity of light at these wavelengths, which indicates 

the presence of a thin molecular film, thinner than the wavelength of incident light, 

(50, 53) which is possible given that the epicuticular wax layer is typically 50–200 nm 

thick. (163) Therefore, owing to the strong IRRAS signal produced by the thin 

epicuticular wax layer on leaves, we demonstrate that FTIR reflectance 

microspectroscopy is sensitive to, and capable of imaging the epicuticular wax coating 

on leaf surfaces.  

 

Despite the ability of ATR-FTIR to directly map epicuticular waxes on leaf surfaces 

(previously described in chapter 3), the requirement for physical contact between the 

ATR crystal and leaf surface prevents longitudinal time-course studies of the identical 

leaf region in living plants. FTIR reflectance microspectroscopy was therefore 

investigated as an alternative modality that may provide direct in situ analysis of 

epicuticular waxes compatible with longitudinal studies of plant development or 

disease progression. Similar to the synchrotron ATR-FTIR (SR-ATR-FTIR) spectra, 

FTIR reflectance spectra revealed the characteristic spectroscopic markers of waxes 

(i.e., intense 𝜈s(CH2) and 𝜈as(CH2) absorbance bands at 2848 and 2930 cm−1, 

respectively) with minimal evidence of 𝜈s(CH3) and 𝜈as(CH3) absorbance bands 

(Figure 38D,E). In particular, the 𝜈s(CH2) and 𝜈as(CH2) bands were found to display a 

strong negative signal in the FTIR reflectance spectrum (Figure 38D), or strong 

positive peaks in the second derivative spectra (Figure 38F), which is characteristic of 

IRRAS effect. This effect arises from increased specular reflectance for wavelengths 

of light at which an absorption band occurs, relative to wavelengths that do not 

correspond to a resonant absorbance. (54) The intensity of the reflectance signal was 

found to vary across the leaf surface (Figure 38G) where wax crystals localize 

(revealed by SEM, Figure 38H), and thus provides a spectroscopic marker to image 

epicuticular wax in relation to leaf anatomy (Figure 38I–K). As can be seen in Figure 

38I– K, FTIR reflectance imaging of the 𝜈s(CH2) absorbance band revealed the 

location of key anatomical features of the leaf surface (stem, veins, and stomata 

tissue).   
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Figure 38: 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 
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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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4.2.3 Investigating Different Metal Substrates as Background References for the 

Analysis of Leaf Surfaces with Fourier Transform Infrared Reflectance 

Microscopy 

Different metal substrates, such as gold and aluminium foil were tested as background 

references. Background reflectance images were collected from the surface of 

aluminium foil and gold under the same conditions and using the same parameters 

(Figure 39A). Strong FTIR reflectance spectra were confirmed to occur using either 

aluminium foil or a reflective gold surface for background reflection. To further 

demonstrate that the reflectance signals observed from the leaf surface arise form 

epicuticular waxes, a series of leaf samples were analysed with and without wax 

removal (incubation in ether). The FTIR reflectance signal was observed to drastically 

decrease in the leaf samples following incubation in ether, helping confirm specificity 

of the reflectance signal to the epicuticular wax layer (Figure 39B).  
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Figure 39: FTIR reflectance signal of the epicuticular wax layer on plant leaf surface 

is observed independent of background substrate used (Au vs Al) (A). Incubation of 

leaves in ether (“Ether Wash”) extracts waxes from the leaf surface and drastically 

reduces the FTIR reflectance signal (B).  
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4.2.4 Studying Seasonal Variations in Fourier Transform Infrared Reflectance 

Spectra of Leaf Surfaces 

It is well-established that the epicuticular wax coatings change as a consequence of 

seasonal variation. (11, 151, 153) The FTIR reflectance signal observed in Figure 40 

demonstrates reproducible seasonal variation. Images of leaves collected and analysed 

during winter revealed a stronger reflectance signal of the 𝜈s(CH2) mode relative to 

leaves collected in autumn (Figure 40A–D). Analysis of the intensity of the 𝜈s(CH2) 

reflectance signals (measured as second derivative intensity at 2848 cm−1), using five 

replicate leaves collected in autumn and winter, revealed a statistically significant 

effect of season on reflectance intensity (p < 0.05). Post-hoc testing (Figure 40E) 

indicated that the reflectance intensity was significantly 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 analysed in winter relative to 

summer, an associated shift in the band positions was also observed. In particular, a 

shift to higher wavenumbers of (CH) modes occurred in spectra collected from leaves 

in winter relative to those in autumn (Figure 40C). Two-way ANOVA revealed that 

the effect was statistically significant (p < 0.0001). Post-hoc testing (Figure XF) 

indicated that the shifts in band position appeared to be significantly different 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). 

 

In summary, these experiments have demonstrated that the resulting FTIR reflectance 

signal from the leaf surface significantly changes in response to seasonal variation. It 

is rationalised that the epicuticular wax layer becomes thinner in winter, as there is 

less risk of plant dehydration, and that the decreased wax thickness enhances 

reflectance intensity. 
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Figure 40: 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 
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using the Bonferroni method and an alpha of 0.05 (two-tail testing). *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001. Scale bar = 500 μm. 

 

4.2.5 Observed Variation in ex vivo Fourier Transform Infrared Reflectance 

Spectra Collected from Leaf Surfaces During Leaf Growth and Maturation 

It is well known that epicuticular wax coatings change as a result of leaf maturation, 

(11, 151) which was also observed in ATR-FTIR analyses reported in Chapter 3. To 

further investigate the sensitivity of FTIR reflectance microspectroscopy to changes 

in epicuticular wax layer of leaves, the reflectance signals obtained from the surface 

of immature and mature Eucalyptus leaves were compared (Figure 41A,B). Similar to 

the results observed with seasonal variation, changes in the intensity of the reflectance 

signal and position of the (CH) 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 (Figure 41C,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 (measured at 2848 cm−1) increased in immature 

leaves across the stem, veins, cuticle, and cuticle adjacent to stem relative to mature 

leaves (p = 0.02, p = 0.0007, p = 0.0006, and p = 0.003, respectively) (Figure XE). 

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 

spectra collected across the stem, veins, cuticle, and cuticle adjacent to stem (p = 0.01, 

p = 0.001, p = 0.0007, and p = 0.0009, respectively). SEM images revealed substantial 

differences in wax structure between immature and mature leaves, with thin fibril-like 

structures observed in immature leaves, and larger agglomerates observed in mature 

leaves (Figure 41G).  

 

Young leaves that have reduced surface area and therefore reduced risk of water 

evaporation have been shown to have a thinner wax layer compared to mature leaves. 

(163) This could account for the stronger FTIR reflectance signals observed in 

younger leaves relative to more mature leaves, and further supported by SEM imaging 

in this study (Figure 41). Critically, an investigation into the ability to reproduce these 
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observations when measuring leaf maturation in vivo, in a longitudinal study of leaf 

development was undertaken (Chapter 4.2.6). 

 

 

Figure 41: 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) 
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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). 

 

4.2.6 Observed Variation in Fourier Transform Infrared Reflectance Spectra 

Collected from Leaf Surfaces During Leaf Growth and Maturation in vivo 

To demonstrate that FTIR reflectance microspectroscopy has capability to monitor 

changes to plant epicuticular waxes in vivo, and is therefore compatible with 

longitudinal studies, a series of experiments was undertaken to reproduce the leaf 

maturatuib results described above (Chapter 4.2.5), but in the same leaf imaged in 

vivo. To do this, five leaves were imaged in the exact same region 7 weeks apart 

(Figure 42A-E). The results from in vivo FTIR reflectance imaging (Figure 42D–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 

wavenumbers was reproduced during maturation of leaves as measured in vivo (Figure 

42F). 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 testing 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, respectively) (Figure 42G). 

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.  
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This is the first time that in vivo time-course monitoring of changes in plant 

epicuticular waxes has been reported. Possibilities for future work includes live 

monitoring of crops benefitting the agricultural sectors when early signs associated to 

mechanisms involving changes in chemical composition can be observed. 

 

 

Figure 42: FTIR reflectance spectroscopy enables longitudinal monitoring of 

epicuticular waxes. A–C) Representative optical images of the leaf of Eucalyptus 

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) compared 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 

Immature Mature 
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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. 

 

4.2.7 Fourier Transform Infrared Reflectance Spectra of Ethylene Gassed 

Geraldton Wax 

Geraldton wax is a Australia’s leading native cut flower export, it is especially popular 

due to its various cultivars (ranging over 100) with unique colours and flower forms. 

(164) However, majority of Geraldton wax cultivars behave in the same way and are 

susceptible to ethylene exposure, resulting in shortened vase-lives. (164, 165) Varying 

studies utilising Ethephon (Figure 19) as a chemical ethylene promoter within several 

plants has been studied, looking at the resulting effects of ethylene gas on varying 

plants, reporting the abscission of flowers within a certain period so that subsequent 

flush of flowers occurs for harvesting, as well as its uses as a plant growth regulator 

in the case of different grains such as corn, maize, and sugar cane. (165-170) In the 

case of Geraldton wax sources of ethylene can occur from several places, this can 

include storage methods (where it is typically stored with ripening fruit and 

vegetables), engine exhaust fumes, environmental stressors or foliar, and soil borne 

diseases such as Botrytis cinerea, Leveillula Taurica (powdery mildew), Alternaria 

alternata. Phytophthora spp. and Pythium spp. to name a few.  (164, 171, 172) 

 

To further extend research into the use FTIR reflectance microspectroscopy to detect 

changes in plant physiology, case studies involving Geraldton wax with accelerated 

ageing (exposure to ethylene gas) was undertaken (following the preparation methods 

outlined in Chapter 2.3). Previous studies have looked at the effects of ethylene 

exposure on Geraldton wax postharvest, resulting in accelerating senescence, as well 

studies looking into the inhibition of ethylene release using ethylene antagonists such 

as 1-MCP in order to prevent and slowdown the ripening process. (173-175) Analysis 
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and changes as a result of ethylene gas have previously been reported through plant 

“vase-life”, however, in-depth analysis of changes seen throughout the plant (e.g., 

changes in epicuticular wax) as a result haven’t previously been looked at. These 

experiments provide an additional example, demonstrating the capability of FTIR 

reflectance spectroscopy to monitor changes to plant epicuticular waxes in situ in 

different plant species. 

 

Initial studies on healthy Geraldton wax revealed spectroscopic differences during leaf 

maturation as seen in Figure 43 could be distinguished as was previously determined 

in Chapter 4.2.5. Once the spectroscopic foundations between immature and mature 

leaves was determined, distinctions between control and ethylene gassed needles 

(accelerated ageing) could be compared. 

 

 

Figure 43: FTIR reflectance spectroscopic imaging reveals spectroscopic differences 

associated with Geraldton wax (A,B), comparing different ages, mature (red), 

immature (blue), and sprouting needles (green). Spectral variance can be seen in 

vs(CH2) peak intensity as well as slight 𝜈s(CH2) shift in spectra (A), while changes in 

peak shift and intensity in vs(CO) region (B) can also be seen across different 
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maturation stages. Representative Geraldton wax (C), where D displays needle-like 

leaf structures used for FTIR reflectance analysis.   

 

A one-week time course between ethylene gassed and controlled Geraldton wax was 

undertaken, during which 4 different timepoints initial, 24 hr, 48 hr and one week were 

analysed. During this time the ethylene gassed Geraldton wax florets visibly fell off, 

after only 24 hrs, after 1 week the florets and majority of needles had also fallen off 

as the plant underwent senescence, while the control showed little to no senescence.  

 

 

Figure 44: Visual images of different time points taken during ethylene gassing time-

course experiments including initial, 24 hour, 48 hour and 1 week studies. Ethylene 

gassed plants (Left) displaying significant flower loss over time in comparison to 

Geraldton wax controls (right). 
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It is known that plants naturally release ethylene gas over time, however when higher 

concentrations of ethylene are present from external sources accelerated plant 

senescence occurs. FTIR microspecctroscopy was used to compare spectroscopic 

variations seen in epicuticular wax between ethylene gassed and un-gassed (control) 

Geraldton wax (Figure ZA-D). When examining FTIR results of Geraldton wax 

senescence, spectroscopic similarities were observed to the previous experiments 

investigating eucalyptus leaf maturation. Notably, a decrease in reflectance signals 

and shifts of characteristic vs(CH2) band to lower wavenumbers was observed (Figure 

45E). Two-way ANOVAs were performed comparing ethylene gassed and un-gassed 

Geraldton wax vs(CH2) band intensity and wavenumber shifts in immature and mature 

needles (Figure ZF,G). It was found that while statistical significance between 

ethylene gassed and ungassed needles was found between varying ages, the relative p 

values found for signal intensity and band intensity were not statistically significant 

(p = 0.3 and p = 0.1). Post-hoc testing was performed on 24 hour ethylene gassed 

samples, with each group consisting of triplicate (n=3) replicates. The intensity of 

𝜈s(CH2) bands (measured at 2848 cm-1) was found to have significant changed in 

mature needles (p = 0.002) while immature needles were not (p = 0.2), while 

wavenumber shifts of relative 𝜈s(CH2) bands were found to be insignificant (p = 0.2, 

and p = 0.07, respectively) despite differences being present. 
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Figure 45: FTIR reflectance spectroscopic imaging reveals consistent spectroscopic 

differences associated with leaf senescence as a result of ethylene gassing, comparing 

mature needles in a controlled environment after 24 hours against needles analysed 

24 hours after ethylene gassing. 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 mature 24 hour post gassing 

ethylene needles (C) and controlled needles (D). Representative mature 24 hour 

second-derivative spectra (E) reveal the decreased reflectivity in spectra from 

ethylene gassed needles in comparison to control and show a shift of 𝜈s(CH2) to lower 

wavenumbers in ethylene gassed compared to control. Statistical analysis of replicates 

reveals that the observed differences in peak position (E) and intensity (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 duplicates (n = 2). Post-hoc testing was performed with t-tests, corrected for three 

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 = 100 µm 
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Negligible differences in FTIR reflectance signals relating to the intensity and 

wavenumber 𝜈s(CH2) band shifts were observed in Geraldton wax when comparing 

control/ethylene gassed pairings. However, differences between immature and mature 

leaves were still seen, similar to eucalyptus studies.  

 

4.2.8 Fourier Transform Infrared Reflectance Spectra of Diseased Wheat 

Leaves During Progression of Fungal Infection 

The capability and benefits of FTIR reflectance microspectroscopy were further 

demonstrated in a case study using wheat leaves infected with the fungal pathogen, 

Ptr, which causes yellow spot disease (Chapter 1). A set of infected (n = 5) and control 

(n = 5) wheat leaves were imaged (Figure 46) using FTIR reflectance imaging.  

 

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 tissue (fungal infection resulting in dead tissue) in 

wheat (cv Scout rated susceptible to the disease) (Figure 46E). Statistical testing 

confirmed that the reduction in reflectance intensity was significant (p < 0.01); 

however, shifts in the peak position were not significant. The reduction in intensity of 

the 𝜈s(CH2) band (measured at 2848 cm−1) was found to be significant both at the 

symptomatic, and in the asymptomatic tissue (p = 0.03 and p = 0.03) (Figure 46E). 

The later finding is significant as they confirm the presence of an impacted 

asymptomatic region where no visual signs of infection were present (Figure 46A–D), 

and thus FTIR reflectance imaging technique was shown to be capable of detecting 

subtle chemical differences in epicuticular waxes before visible leaf damage occurred.  
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Figure 46: FTIR reflectance spectroscopy enables monitoring of changes in 

epicuticular wax induced during plant–pathogen interactions in wheat (cv Scout). 

Bright field optical microscopy images (10× magnification) of control (A) and yellow 

spot infected (C) wheat leaf samples.  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. Representative second-derivative FTIR 

reflectance spectra show the shift of the 𝜈s(CH2) band to higher wavenumbers closer 

to infected site (E).  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 

Chapter 2.9. Each experimental group consists of five replicates (n = 5). Post-hoc 
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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. 

 

The detection of spectroscopic differences seen in wheat (cv Scout) prompted further 

investigation of the impact of Ptr infection in a moderately resistant wheat cultivar (cv 

Magenta) (Figure 47). It was found that the necrotic lesion in Magenta had larger 

intensity and peak shifts 𝜈s(CH2) to lower wavenumbers in comparison to the lesion 

area in Scout (p < 0.0001) (Figure 47E). Large differences were present when looking 

at bright field optical and false colour images of Magenta infected with Ptr when 

comparing it to control (Figure 47A-D), differences seen across the surface 

epicuticular wax were further validated with SEM imaging, showing fungal hyphae 

on the surface of the symptomatic region (Figure 47F). The changes in the 

asymptomatic tissue were unremarkable with insignificant changes in intensity and 

wavenumber peak shifts for the 𝜈s(CH2) band, the shifts seen were only statistically 

significant for the symptomatic region (p < 0.0001) (Figure 47G,H).  
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Figure 47: FTIR reflectance spectroscopy enables monitoring of changes in epicuticular wax induced during plant–pathogen interactions wheat 

(cv Magenta). Optical bright-field images of infected (A) and control (C) wheat leaf sections. FTIR reflectance false-color functional group images 
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of wax layer generated from second-derivative intensity of the 𝜈s(CH2) absorbance 

band at 2848 cm–1 indicating differences between infected (B) and control (D) wheat 

leaf sections. Representative second-derivative FTIR reflectance spectra show the 

shift of the 𝜈s(CH2) band to higher wavenumbers closer to infected site (E). 

Representative SEM image captured from the surface of the leaf, showing fungal 

hyphae on the surface of leaf section contributing to the infrared reflectance 

properties of the infected leaf surface (F). Statistical analysis of replicates reveals 

differences in intensity (G) and peak positions (H), between control and infected 

leaves. 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 an ordinary one-way ANOVA, followed by 

post-hoc testing, as described in the Chapter 2.9. 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 < 0.0001. Scale bar = 500 µm 

 

In summary, FTIR reflectance was able to reveal significant changes to the wheat 

epicuticular wax layer during the progression of disease. The wax layer directly on the 

surface of the symptomatic region was impacted the most compared to the surrounding 

asymptomatic tissue and the control leaf samples. Interestingly, the regions adjacent 

to the symptomatic tissue also showed significant spectroscopic changes despite no 

visible signs of leaf damage for the Scout cultivar only. This suggests that the 

epicuticular wax layer can potentially be an early dynamic marker of disease 

progression. This validation of FTIR reflectance imaging to detect crop disease has 

laid the groundwork to enable future mechanistic focused studies in a broad range of 

interacting systems to study plant tolerance to disease. 
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4.2.9 Fourier Transform Infrared Reflectance Spectra of Yellow Spot Infected 

Susceptible and Resistant Wheat Cultivars 

Following the analysis of spectroscopic differences in wheat leaves during infection, 

a comparative analysis of two wheat cultivars rated susceptible (Scout) and 

moderately resistant (Magenta) to yellow spot disease, were undertaken. For this FTIR 

reflectance spectroscopy was used to analyse epicuticular waxes in the symptomatic 

regions and the asymptomatic regions (within the 1.5 mm of the symptomatic region).  

 

Bright field optical images and false colour images displayed a clear difference in the 

symptomatic region in comparison to asymptomatic regions (Figure 48A-D). Spectral 

changes were observed for the symptomatic regions of Scout and Magenta (Figure 

48E) with Magenta showing greater intensity and peak shifts 𝜈s(CH2) to higher 

wavenumbers (Figure 48E). Despite these differences the spectral variations between 

the cultivars, the intensity and wavenumber shifts were not significant (p = 0.69 and p 

= 0.052 respectively) using paired t-tests (Figure 48F,G). When comparing reflectance 

spectra of healthy tissue with the infected symptomatic tissue, the degeneration of the 

wax region is obvious as a result of the infection, subsequently the otherwise 

prominent negative absorption in the 𝜈s(CH2) wax peaks is no longer present. 

However, spectroscopic differences across the CH stretching region are still present. 

Therefore, additional spectral and statistical analysis was undertaken comparing both 

spectral intensity and peak shifts for bands centred at 2850 and 2915 cm-1. It was 

observed that Scout had a much greater intensity and peak shift to higher wavenumbers 

for the 𝜈(CH) band centre at 2915 cm-1 in comparison to Magenta (Figure 48E). The 

observed differences in peak intensity and wavenumber shift between species was 

found to be statistically significant (p = 0.0009 and p = 0.017 respectively) using 

paired t-tests (Figure 48H,I). 
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Figure 48: FTIR reflectance spectroscopic imaging reveals spectroscopic differences 

associated with infection in two wheat cultivars (Magenta and Scout). Optical bright-

field images of infected Magenta (A) and infected Scout (C) wheat leaf sections. False-
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colour functional group images of wax layer, generated from second-derivative 

intensity of the (CH) absorbance band at 2915 cm−1, showing location of wax rich 

regions in Magenta (B) and Scout (D) cultivars. Representative second-derivative 

spectra (E) reveal a slight 𝜈s(CH2) (blue arrow) and a large 𝜈(CH) (red arrow) shift 

in spectra when comparing cultivars. Statistical analysis of replicate 𝜈s(CH2) peaks 

observed no significant differences in intensity (F) and peak position (G), while 

differences observed in intensity (H) and peak position (I) for 𝜈(CH) were seen to be 

statistically significant. Data in (F-I) 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 paired t-tests method and an 

alpha of 0.05 (two-tail testing). Each experimental group consists of five replicates (n 

= 5). Scale bar = 500 µm 

 

Spectra of the asymptomatic region for infected Scout and Magenta leaf sections were 

also investigated to determine if increased susceptibility to yellow spot disease has 

direct effect on the epicuticular wax surface. Initial bright field and false colour images 

𝜈s(CH2) absorbance band at 2850 cm−1
 displayed no clear differences between 

Magenta and Scout with unremarkable differences in wax distribution (Figure 49A-

D), however it is important to note when looking at Figure 49C,D, a halo is present 

surrounding the necrotic lesion. Spectra between the two cultivars appeared visually 

similar with respect to peak intensities and shifts. (Figure 49E). The visual similarity 

was confirmed with statistical analysis which revealed no significant differences were 

present between areas adjacent to the necrotic lesion when comparing both intensity 

(p = 0.68) and wavenumber (p = 0.64) changes between Scout and Magenta using 

paired t-tests (Figure 49F,G).  
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Figure 49: FTIR reflectance spectroscopic imaging reveals spectroscopic similarities 

associated with the asymptomatic region of infected leaf, in Scout and Magenta. 

Optical bright-field images of infected Magenta (A) and infected Scout (C) wheat leaf 

sections. False-colour functional group images of wax layer, generated from second-

derivative intensity of the 𝜈s(CH2) absorbance band at 2850 cm−1, showing location 
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of wax rich regions in Magenta (B) and Scout cultivars (D). Representative second-

derivative spectra (E) reveal a slight 𝜈s(CH2) shift in spectra when comparing 

cultivars. Statistical analysis of replicates reveals intensity (F) and peak position (G) 

are not significantly different. 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 paired t-tests method and an 

alpha of 0.05 (two-tail testing). Each experimental group consists of five replicates (n 

= 5). Scale bar = 500 µm 

 

4.2.10 Fourier Transform Infrared Reflectance Spectra of Diseased Wheat 

Leaves Reveals Differences in Calcium Oxalate Accumulation in Wheat 

Infected with Ptr 

When investigating spectroscopic differences between Scout and Magenta, a sharp 

absorbance band was observed at 1795 cm-1, a spectral region normally void of 

absorbance bands in biological tissues (Figure 50E,F). A literature search indicated 

that the band could be assigned to calcium oxalate 𝜈s(CO). (176-178) Bright field 

optical and false colour FTIR functional group images generated from the calcium 

oxalate 𝜈s(CO) (1780 – 1820 cm-1) band revealed presence of calcium oxalate in 

asymptomatic tissue immediately surrounding the necrotic lesion (Figure 50A-D). 

More interestingly, it can be seen that there is a greater concentration of calcium 

oxalate in Magenta (increased resistance to yellow spot disease) when compared to 

the highly susceptible Scout (Figure 50C,D) which may be a result of greater fungal 

hyphae density on the surface of infected Magenta tissue. SEM images displayed 

presence of crystal like structures, which maybe calcium oxalate crystals detected by 

FTIR on the surface of the necrotic lesion (Figure 50G,H respectively). When 

comparing the spectra of calcium oxalate between Magenta and Scout, no significant 

differences with respect to peak intensity or peak position were observed between 

stains (p = 0.1 and p = 0.4 respectively) (Figure 50I,J). However, the number and size 

of calcium oxalate deposits (Figure 51) was significantly greater in Magenta relative 

to Scout tissue (Figure 52, p < 0.0028). 
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The increased abundance of calcium oxalate in Magenta, which displays increased 

resistance to Yellow Spot disease was unexpected, however when comparing false-

colour images of wheat between the two cultivars an increase in fungal hyphae in 

Magenta relative to Scout was observed and found to be concomitant with the bright-

field images (Figure 50A-D). As the FTIR reflectance signal is highly surface 

sensitive, the calcium oxalate is therefore known to be located on the surface of the 

leaf (also supported by the SEM images), however it is unknown if the calcium oxalate 

on the surface of magenta is produced by the fungus, or by the wheat as a defence 

mechanism. Future studies involving naturally infected wheat samples from the field, 

could confirm whether the fungal hyphae grow on the leaf surface or if it is a result 

from artificial inoculation during glasshouse experiments. As a result, seeing whether 

Ca2+ oxalate is still present if there is no fungal hyphae growth using FTIR reflectance 

and SEM techniques would help determine the origin of the Ca2+ oxalate crystals. 

Nevertheless, due to wheat being a monocot the presence oxalate oxidase enzymes, 

would suggest that overtime calcium hotspots would be digested, leading to a 

depleting signal. To further investigate calcium accumulation and calcium oxalate in 

Yellow Spot disease, X-ray fluorescence microscopy was applied, which is described 

in the next chapter, Chapter 5. 
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Figure 50: FTIR reflectance spectroscopic imaging reveals spectroscopic differences 

associated between cultivars of Magenta and Scout when looking at calcium oxalate. 

Optical bright-field images of infected Magenta (A) and infected Scout (C) wheat leaf 
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sections. False colour images of calcium oxalate, generated from second derivative 

intensity of 𝜈s(CO) absorbance band at 1795 cm-1, showing locations of calcium 

oxalate in Magenta (B) and Scout (D) cultivars, in symptomatic regions. 

Representative raw and second-derivative spectra (E and F respectively) reveal 

changes in 𝜈s(CO) intensity and slight wavenumber shifts. SEM images display 

potential presence of calcium oxalate crystals present in both symptomatic (G) and 

asymptomatic regions (H). Statistical analysis of Scout and Magenta replicates 

reveals the observed differences in intensity (I) and peak position (J) are not different 

enough to be statistically significant. Data in (I) and (J) 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 paired t-tests method 

and an alpha of 0.05 (two-tail testing). Each experimental group consists of five 

replicates (n = 5). Scale bar = 500 µm (A-D) 50 µm (G) and 200 µm (H) 

 

Figure 51: Bright-field optical images (BF), Distribution of calcium oxalate 𝜈s(CO) 

absorbance band at 1795 cm-1
 seen in red (IR), in 3 replicates (n=3) of wheat leaves 
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infected with Ptr and harvested 6 days post inoculation for Magenta (Top) and Scout 

(Bottom) cultivars (R1-R3). Displaying an overall larger area of leaf surface 

containing calcium in infected Magenta leaf sections. Scale bar = 1 mm 

 

 

Figure 52: Statistical analysis of average area of calcium oxalate (𝜈s(CO) absorbance 

band at 1795 cm-1) in pixels (of n = 5 for each species) reveals a significantly larger 

area in Magenta compared to Scout (p = 0.0028). Error bars show the standard 

deviation. All statistical testing was undertaken using student’s t-tests method and an 

alpha of 0.05 (two-tail testing).  

 

4.3 Conclusions 

This study has demonstrated and validated that FTIR reflectance microspectroscopic 

imaging can 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 leaf maturation. While the first report of in vivo monitoring of plant 

epicuticular waxes was a success, care must be taken when drawing scientific 

conclusions from FTIR reflectance spectra, to avoid misinterpretation of the chemical 

information that they contain. Specifically, variation in the intensity of the reflectance 
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signal may result from variation in the wax content or variation in the thickness of the 

wax layer (which effects the extent of reflection). Nonetheless, this chapter has 

highlighted that plant physiology and response to disease can be imaged in associated 

to variation in the FTIR reflectance signal. 

 

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 analyses at higher spatial resolution using destructive techniques, 

such as ATR-FTIR mapping or MS approaches. 

 

Lastly, FTIR reflectance microspectroscopy has revealed an apparent difference in 

calcium accumulation (varied surface accumulation of calcium oxalate) in two wheat 

cultivars infected with yellow spot disease. This observation was then investigated in 

further detail using X-ray fluorescence microscopy, as described in the next chapter, 

Chapter 5. 
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CHAPTER 5 

Using Synchrotron X-Ray Fluorescence Microscopy to 

Characterise Changes in Calcium and Potassium 

Distribution in Infected Wheat Leaves 
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5.1 Introduction 

Metal ions such as K, Ca, Mn, Fe, Cu and Zn, are important macronutrients (K, Ca) 

or micronutrients (Mn, Fe, Cu, Zn), and are essential for plant development and 

growth. Plant fungal diseases (such as yellow spot, powdery mildew and leaf rust) are 

major biotic threats affecting wheat production, resulting in yield losses of up to 50%. 

(23) Understanding how plant physiology changes in response to the fungal infections, 

may reveal valuable information relating to disease pathology.  

 

Current techniques that exist for the analysis of metal concentration and distribution 

within plants or tissue sections include X-ray fluorescence microscopy (XFM), laser 

ablation inductively coupled plasma spectrometry (LAICPMS), scanning electron 

microscopy coupled with X-ray spectroscopy (SEM), confocal microscopy among 

many more. All of these techniques have various advantages and disadvantages with 

respect to the analysis of metals within a plant specimen, which include: sample 

preparation time, detection limits, spatial resolution, and range of detectable elements. 

(179) Of the above listed techniques, XFM is one of the more favourable due to its 

straightforward sample preparation requirements, compatibility with analysis at 

ambient pressure (e.g., vacuum conditions not required), excellent detection limits, 

and micron spatial resolution, as previously described in Chapter 1. Although XFM is 

well suited to these experiments, a limitation is photodamage to the sample that can 

result in elemental redistribution. For the above reasons, XFM has found widespread 

use to determine and characterise transition metal distribution and abundance in 

numerous applications in the plant sciences. (98, 99, 103, 104, 180, 181) Despite the 

widespread application of XFM to study transition metal ions in the plant sciences, 

there has been relatively fewer studies using the technique to study the more mobile 

and diffusible metal ions from group 1 and 2, specifically K+ and Ca2+. This chapter 

has therefore, focussed on investigation and application of XFM to study K+ and Ca2+ 

in the context of the plant sciences (specifically, wheat disease). 

 

In Chapter 4 of this thesis, infrared reflectance methods were developed and then used 

to analyse the biochemical composition of the surface of leaves from wheat suffering 

yellow spot disease. The results pointed towards the presence of calcium oxalate 
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within the site of the necrotic lesion in infected leaves. Further, comparison across two 

different cultivars indicated reduced abundance of calcium oxalate in the cultivar with 

higher yellow spot resistance. These findings possibly implicate differences in calcium 

homeostasis in the underlying susceptibility/resistance of wheat to yellow spot 

disease. It is possible that the fungus Pyrenophora tritici-repentis releases oxalate, as 

a strategy to chelate Ca2+ ions, inhibiting numerous plant defence pathways otherwise 

activated by Ca2+. As an example, plants are capable of detecting pathogen invasions 

and often the early response pathways include the redistribution of intracellular 

calcium. (85, 182) However, Monocotyledons such as wheat and barley contain 

oxalate oxidase enzymes, resulting in the digestion of calcium oxalate overtime, 

proposed to help maintain Ca2+ sensitive plant defence mechanisms. (183) One 

possibility for the accumulation of Ca2+ oxalate seen in infrared reflectance studies 

could be due to the artificial  leaf surface inoculation of Ptr used in this disease model, 

which often leads to an abundance of fungal hyphae being present on the surface 

(where oxalate oxidase concentration is low, relative to internal plant tissue) and 

therefore enabling accumulation of calcium oxalate crystals. (184) An important 

question arising from the infrared reflectance studies is whether or not Ca2+ 

accumulates on the surface and internally within the leaf tissue, and is the distribution 

similar? 

 

An important consideration when studying Ca2+ homeostasis is delineating between 

Ca2+ signals on the surface of the leaf (which is in direct contact with the fungal 

hyphae) and the Ca2+ signals that originate within the leaf tissue. This issue can be 

somewhat problematic for elemental mapping with XFM, where a 2D elemental map 

is generated from a 3D sample. One strategy to overcome this limitation is to use a 

confocal XFM optical configuration (as described in Ch1). Confocal XFM allows 

differentiation between 2D Ca2+ distributions recorded at different depths (“Z” 

position) within the sample. The first two objectives of this chapter were therefore, 1) 

to compare Ca2+ distributions (measured with XFM elemental mapping) between 

wheat cultivars resistant or susceptible to yellow spot disease, to help validate the 

findings observed using FTIR reflectance in Ch4 (i.e., increased calcium oxalate in 

resistant cultivar); and 2) use confocal XFM to determine if Ca2+ signals recorded from 

wheat levels originate from the leaf surface or from within the leaf tissue (or both). 
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Another integral macro nutrient required for plant health, in addition to Ca2+ is 

Potassium (K+). As described in Chapter 1 of this thesis, K+ is required for various 

transport and production of organics, activation of multiple enzymatic processes, 

regulation of osmotic pressure, and stomatal opening/closing functions. Given the 

immense value of K+ to plant health, imaging the changes in K+ distribution and 

concentration during crop disease is an important analytical capability to study disease 

pathways. XFM would appear as a technique well suited to image K+ distribution 

(micron spatial resolution, vacuum conditions not required), but unfortunately K+ has 

a relatively low atomic number (19) and therefore, low emission energies (Kα1 

3314eV). This presents a significant challenge, as biological samples such as whole 

intact leaves (i.e., have not been sectioned) are relatively thick (~250 µm) leading to 

imaging distortions due to differences between the depth of penetration of the higher 

energy incident X-ray source, and the reduced escape depth of the lower energy K+ 

Kα emission lines. (185) To overcome this problem, a method using Rb+ as a surrogate 

for K+ was developed, as Rb+ mimics similar chemical and physiological properties 

of K+, but with the added benefit of having a higher emission energy (Kα1 13395eV). 

Imagine Rb+ distribution in plants, therefore, allows for more accurate monitoring of 

the distribution and concentration changes within whole/thicker wheat leaf samples. 

 

Trace amounts of Rb+ endogenously exist within plants; ranging between 0.54-30 

mg/kg for grain and flour samples. (186) Previous studies have also shown that the 

relative toxicity for animals and plants with concerns to Rb+ are relatively low and 

Rb+ is often safe to use as a supplement for K+.(187, 188) The final aim of this Chapter 

was to validate Rb+ supplementation to plants, using Rb+ as a surrogate for K+, as an 

analytical strategy to assess 2D K+ distributions from a larger volume of leaf tissue 

(i.e., less surface sensitive). This analytical capability is important as XFM elemental 

maps of transition metals (e.g., Fe, Mn, Cu, Zn) originate from the full thickness of 

leaf sections (as would Rb+ maps), while K+ maps originate primarily from the leaf 

surface. Therefore, the use of Rb+ elemental maps as a marker of holistic plant health 

would enable more representative comparisons with transition metal maps (Fe, Mn, 

Cu, Zn), to better associate transition metal homeostasis with holistic plant health. 
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5.2 Results and Discussion 

5.2.1 Utilising XFM to Associate Changes Seen in Calcium Distribution During 

Wheat Infection  

Initial studies looking into calcium distribution in wheat (cv Scout and Magenta) using 

FTIR reflectance techniques (Chapter 4.2.10) displayed a change in calcium 

concentration relative to the presence of nectrotic infection. However, FTIR 

reflectance techniques are only capable of showing changes to the tissue at a surface 

level. Maia 2D XFM, pointed towards the presence of very fine and bright calcium 

hotspots on the surface, while lower intensity regions eluded to the presence of Ca2+ 

deeper within the plant tissue.  

 

Longitudinal analysis of Ca2+ at different time points post infection revealed initial 

accumulation of calcium from 2 dpi to 4 dpi (Figure 53 A-B), followed by the 

depletion on the surface of wheat from 4 dpi to 8 dpi (Figure 53 B-C) in 4 replicate 

samples. This supports the idea that overtime the digestion of calcium oxalate occurs 

due to the presence of oxalate oxidase enzymes present in wheat (cv Magenta).   

 

 

Figure 53: 2D Maia XFM false colour images of 2, 4 and 8 dpi, reveal the 

accumulation of Ca2+ 2-4 dpi and depletion of calcium during 4-8 dpi over time when 

comparing days post infection for wheat (cv Magenta). Scale bar = 1mm 
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An investigation of Ca2+ distribution in Triticum aestivum cv Magenta and Scout was 

analysed 4 days post inoculation through the utilisation of XFM elemental mapping 

techniques. When analysing the Ca2+ metal distribution in wheat, the XFM elemental 

maps reveal accumulation of Ca2+ at the site of infection in both cultivars. (Figure 54) 

However, differences in the size of Ca2+ enriched lesions occurred between the 

cultivars (Figure 54), supporting findings found in IRM Chapter 2.4.10.  

 

To investigate further the visual observations of increased Ca2+ accumulation in the 

Magenta cultivar, statistical analysis was undertaken to compare the total area 

encompassed by the Ca2+ accumulation. The statistical analysis demonstrated that the 

average total area of accumulated Ca2+ (Figure 55) was statistically significantly when 

comparing in Magenta relative to Scout tissue (Figure 55, p = 0.0050) Magenta is 

known to be more resistant to Ptr necrotic invasion in comparison to Scout, and 

therefore both the FTIR reflectance imaging results from Ch4, and the XFM elemental 

mapping results indicate increased abundance of Ca2+ enrichment in the more resistant 

wheat cultivar.  

 

Consideration must be taken when interpreting the distributions of Ca2+ observed in 

infected whole wheat leaves. Due to the moderate Kα emission energy of Ca2+, the 

Ca2+ distribution observed in Figure 53 arise form signal obtained from whole leaf, 

but with greatest sensitivity to Ca2+ localisations on or near the surface. This is an 

important consideration as the yellow spot fungus primarily grows on the leaf surface. 

Therefore, a question remains as to whether the Ca2+ accumulations observed during 

yellow spot infection occur on the leaf surface in association with fungal hyphae or 

does Ca2+ accumulate throughout the leaf. This prompted investigations into the 

possibility of using 3D confocal XFM, to observe how Ptr effects not only Ca2+ 

distribution in the surface and, also deeper within the leaf tissue. 

 

 



116 
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Figure 54: 2D Maia XFM false colour images reveal the presence of concentrated calcium hot spots around and within the necrotic lesion in 

Triticum aestivum cv Magenta and Scout cultivars after 4-days post infection. Scale bar = 1mm
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Figure 55: Statistical analysis of Magenta and Scout replicates reveals the observed 

average area of calcium hot spots (Kα1 3691 eV) in µm2 (of n = 3 for each species) 

having a much greater average area in Magenta when comparing to Scout (p = 

0.0050). Error bars show the standard deviation. All statistical testing was undertaken 

using student’s t-tests method and an alpha of 0.05 (two-tail testing). 

 

Following the investigations of Ca2+ distribution via 2D Maia XFM, 3D confocal XFM 

was chosen to investigate Ca2+ distribution at different tissue depths. This would 

confirm whether the changes being seen were mainly a result of surface Ca2+, or 

whether Ca2+ present deeper within the plant tissue was also having an influence on 

the signal obtained.  

 

Upon investigation with 3D confocal XFM (Figure 56) it can be seen that the Ca2+ 

distribution is most prominent on the surface of the wheat tissue, with highly localised 

Ca2+ accumilations and a distribution pattern following the surface growth of fungal 

hypae. However, confocal XFM maps acquired from deeper within the infected tissue 

reveal that the calcium accumulation is not just a surface phenomenom, with Ca2+ 

accumulation occuring up to 100 µm into the plant (Figure 56). Interestingly, the 

highly localised Ca2+ accumulations are only seen in images collected near the leaf 

surface (suggested to be calcium oxalate crystals), while confocal XFM maps from 
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deeper into the tissue reveal more diffuse Ca2+ accumualtion with an absence of focal 

“hotspots”. When looking at theorised transmissions observed from different tissue 

thicknesses of leaf tissue, approximated to cellulose ([C6H10O5]n Density = 1.5 g/cm3) 

sample, it is observed that at ~3691 eV (Calcium’s Kα emission energy) 35% of the 

Ca2+ signal is obtained (Figure 57). While a Ca2+ signal is still present at 100 µm. 

Consideration must be given as to whether the signal is lessened a result of less Ca2+ 

being present at the tissue site, and/or if it's a result of some self-absorption occurring. 

While it is still unclear whether or not the initial accumulation is a result of the hosts 

defence mechanism, or calcium oxalate accumulation as a result of artifical 

inoculation, it is evident that the presence of Ptr has an effect on Ca2+ homeostasis in 

the leaf tissue below the leaf surface.  
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Figure 56: Confocal 3D XFM false colour images showing calcium distribution at 

different depths of plant tissue. Quantitative scale (set A) and individual Min-Max 

scale (set B) Scale bar = 1mm 
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Figure 57: Schematic reference of theorised Ca2+ transmission at different tissue 

thickness’ using cellulose [C6H10O5]n to approximate wheat tissue chemical 

composition and density.  

 

5.2.2 Developing Rb+ XFM Tracing Protocols to Assess Changes to the 

Distribution of K+, as a Marker for Plant Disease Pathology 

Potassium exists as the K+ ion in biology, is one of the most abundant elemental 

nutrients seen throughout a plant and is crucial to numerous physiological pathways 

that regulate plant health, and fitness. However, imaging K+ distribution is often 

challenging due to its low Kα emission energy (~ 3300 eV). The low emission energy 

means X-ray emission from below the sample surface are easily absorbed by the 

sample, making it difficult to obtain sufficient signal response from internal leaf 

structures. Calculation of the expected X-ray transmission for a hypothetical 250 µm 

wheat sample, approximate to consist of cellulose ([C6H10O5]n Density = 1.5 g/cm3) 

(Figure 58) it is observed that at ~ 3300 eV (potassium’s Kα emission energy) the 

transmission signal obtained from back of the sample (e.g., emission depth of 250 µm) 

is nearly 0%. This becomes problematic when wanting to look at whole wheat leaf 

samples, as the detected K+ signal is mainly obtained from the sample surface, which 

may not represent the entire sample. This effect is not problematic for heavier elements 
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such as transition metals (Fe, Mn, Cu, Zn), which have higher energy emissions and 

therefore self-absorption becomes negligible. 

 

One potential strategy to reveal K+ distribution in situ within plant leaves is to image 

the distribution of a surrogate element, which has similar chemical properties but a 

higher emission energy. Such an opportunity is presented by Rb+, which displays 

remarkably similar chemical and physiological function to K+ in living cells. (125, 

187) When observing Rubidium’s transmission in a 250 µm cellulose sample at an 

emission energy of ~ 13395 eV transmissions of ~ 98% (Figure 58) are obtained 

meaning that the signal we observe from the sample is predominantly from the entire 

tissue in comparison to K+ signal (as can be see, in Figure 58). 

 

 

Figure 58: Schematic reference of calculated X-ray attenuation in a 250 µm thick 

C6H10O5 sample displaying transmission signal relative to the photon energy being 

distributed throughout the sample. Different line transmissions of varying metals, with 

key metals K+ (green) line transmission ~ 0% of signal, Ca2+ (blue) line ~ 15% 

transmission, while Rb+ (purple) line displays ~ 98% of rubidium would be detected 

within a 250 µm sample. 
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A strategy to overcome analytical limitations associated with low K+ X-ray emission 

energies, is to use of surrogate elemental marker with inherently higher X-ray emission 

energy. An ideal elemental for this is Rb+, which shares many similar chemical 

properties to K+, but has much higher Kα X-ray emission energy (13395  eV). In order 

to validate / develop Rb+ elemental mapping as a marker of K+ distribution, studies 

were first undertaken to test whether Rb+ distribution followed the same trends as K+. 

The initial work utilised XFM elemental mapping to compare localisation of Rb+ and 

K+ within 15 µm thick sectioned wheat (i.e., negligible self-absorption of Rb+ and K+ 

X-ray emission) and whole wheat leaf samples (Figure 59, 60). The wheat plants were 

grown with a watering regime containing 0%, 1% or 10% additional Rb+ 

concentration, and, even in the case of no-added Rb+ (0 % addition), a Rb+ signal was 

obtained with sufficient signal/noise. However, for the sake of clearly representing 

Rb+ and K+ distribution overlaps, the following Figures 59-61 were taken from 10% 

doused Rb+ plants, as due to time restraints, the whole wheat leaf images were only 

obtained from plants grown with the 10% Rb+ addition water regime.  

 

To assess whether K+ and Rb+ shared a similar distribution within the leaf tissue, 

elemental overlays (Figure 59A-C) and associations (Figure 59D) were used. As can 

be seen in (Figure 59), strong co-localisation in elemental overlays (i.e., exclusively 

purple pixels produced from the overlay of blue Rb+ and red K+ pixels), and a linear 

association of Rb+ and K+ was present in the elemental association plots, for elemental 

maps from sectioned samples (e.g., thin samples with negligible self-absorption). The 

strong co-localisation and linear elemental association confirms that Rb+ shares a very 

similar biological distribution as K+ in the wheat leaf. However, when looking at 

elemental distributions in whole leaves (Figure 60D), higher concentrations of Rb+ is 

seen in comparison to K+. Further, the elemental associations from whole leaves 

revealed the presence of multiple clusters, whereas only a single cluster was observed 

in the elemental association from the thin sections. Similarly, the elemental overlays 

do not share the same degree of co-localisation as seen in the thin sections, as red and 

blue pixels are clearly evident in the elemental overlap. These results are interpreted 

to reflect mapping artifacts that result from self-absorption of the K+ emission, with 

the K+ elemental map largely arising from K+ distributions near the leaf surface, while 

Rb+ elemental maps represent the average throughout the whole leaf. As such, these 
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results provide strong support for the use of Rb+ as a surrogate marker to image K+ 

distribution in whole intact leaves.  

 

 

Figure 59: 15 µm thick sectioned Triticum aestivum cv Scout wheat samples analysed 

via 2D Maia XFM. False colour images showing distribution of Rb+ (blue) (A) K+ 

(red) (B) and an overlay image of both Rb+ and K+ (blue and red) (C) highlighting the 

overlap of Rb+ and K+ localisation. Areal density distribution of Rb+ and K+ in 

sectioned wheat display a linear correlation (D). Scale bar = 1mm 
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Figure 60: Triticum aestivum cv Scout wheat samples analysed via 2D Maia XFM. 

False colour images showing distribution of Rb+ (blue) (A) K+ (red) (B) and an 

overlay image of both Rb+ and K+ (blue and red) (C) highlighting the overlap of Rb+ 

and K+ localisation. Areal density distribution of Rb+ and K+ in wheat display a 

heavier density of Rb+ than K+. Scale bar = 1mm 

 

To further exemplify the use of Rb+ as a biomarker of K+ a case study involving Rb+ 

dosed infected and control wheat (cv Scout) was undertaken, highlighting advantages 

of Rb+ due to its high Kα emission energies (13395 eV) and therefore negligible self-

absorption. In this case, sample areas the size of the necrotic lesion were taken for 

greater clarity in identifying anatomical regions of the leaf. Infected and control leaves 

were analysed in triplicate, and not unexpectedly it was found that in general a much 

stronger Rb+ signal was present in both the infected and healthy tissue when 

comparing K+ signal (due to self-absorption of K+ signal), as seen in (Figure 61 (B-

D). Most importantly, both Rb+ and K+ displayed similar changes in relative content 

when comparing healthy tissue versus infected / damaged tissue. Specifically, the 

necrotic lesion can be clearly visualised in all Rb+ and K+ images on the basis of 

reduced elemental content, relative to surrounding non-infected tissue, or elemental 

maps from a control leaf (Figure 61). Within the infected lesion, greater definition of 

the veins can be seen in Rb+ maps relative to K+ (Figure 61), which is attributed to 

signal arising from the veins within the leaf and below the infected lesion on the leaf 
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surface, and therefore the maps reflect differences in self-absorption between Rb+ and 

K+ emissions.   
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Replicate 1 Replicate 2 Replicate 3 

 

Figure 61: Wheat (cv Scout) samples analysed using 2D Maia XFM. False colour images of paired control tissue displaying K+ (A) and Rb+ (E) 

intensity differences in whole wheat tissue. Triplicate false colour images displaying signal intensity of K+ (B-D) and Rb+ (F-H) in infected wheat. 

Scale bar = 1mm 
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The results have demonstrated that potential to use Rb+ as an elemental biomarker of 

K+ for XFM elemental mapping of whole intact leaves, where the Rb+ map (as a 

marker of K+) represents signal form the entire leaf, and therefore, more comparable 

with elemental maps of transition metal ions. This capability can now be used to better 

associate alterations in transition metal ion homeostasis with changes in holistic plant 

health / pathology (as revealed by changes in Rb+ distribution). In addition, the 

successful use of Rb+ as a biomarker of K+ in whole leaves, highlights the potential 

for an investigation into the use of Rb+ to study K+ distribution via confocal XFM. 

The ability to use Rb+ as a tracer for K+ enables capabilities to not only obtain chemical 

information from the surface of wheat but from the depths of the inner plant tissue. 

This could prove beneficial when looking at studies relating to growth and 

development via K+ channels and potassium enzyme activation which happens within 

internal plant tissue, and not just the leaf surface which would otherwise not be picked 

up through direct XFM analysis of K+. This allows for a better understanding of the 

effects on wheat via varying external factors such as infections, nutrition and drought. 

(189) Unfortunately, due to COVID restrictions and interruptions this could not be 

investigated fully in the time constrains of this PhD thesis and remains an area for 

future work. 

 

5.3 Conclusions 

This chapter has investigated changes in Ca2+ and K+ in wheat leaves, during yellow 

spot disease, the results of which can provide valuable insights into plant health and 

fitness during disease. The initial studies of Ca2+ density on the surface of Ptr infected 

wheat revealed concomitant results in line with IRM data presented in Chapter 4.2.10. 

The distinct presence of Ca2+ on the surface of Ptr infected tissue must be further 

studied to elucidate whether these changes are a result of the hosts defence mechanism, 

Ptr leeching nutrients from the host or, a result of artificial inoculation leading to 

calcium oxalate crystals on the surface of fungal hyphae. The use of 3D confocal XFM 

revealed altered Ca2+ presence during Ptr infection on the surface, as well as, deep 

within the wheat tissue (100 µm). Unveiling the capability to potentially identify 

metabolic process’ that could be affected as a result of wheat being infected.  The use 

of 2D Maia XFM was utilised when comparing thin tissue samples (15 µm) to whole 

wheat tissue. It was found that the K+ and Rb+ signals in thin tissue samples had 
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identical overlap, in comparison to whole wheat tissue that differ due to K+ self-

absorption. This led to a signal being obtained from only the surface of wheat in 

comparison to Rb+ signal being from almost the entire tissue and leading to an overall 

stronger signal with greater clarity. Using Rb+ as a biomarker of K+ during Ptr 

infection also displayed that both nutrients are affected in a similar fashion in 

symptomatic and asymptomatic tissue, further solidifying using Rb+ as a surrogate of 

K+. The use of Rb+ as a biomarker of K+ provides a holistic approach for monitoring 

the pathways that K+ takes which would otherwise not be possible in whole tissue due 

to its low emission energy.   
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CHAPTER 6  

Conclusions and Future Work 
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6.1 Conclusions 

This thesis demonstrates the development, and applications of infrared (FTIR) and X-

ray spectroscopic (XFM) techniques to study variation in epicuticular wax (FTIR) and 

distributions of diffusible metal ions such as K+ and Ca2+ (XFM) within plants. The 

methods have been developed to enable future work to be understand the physiology 

of crop disease, with the ultimate aim of future knowledge gain being used to improve 

crop yields. The outcomes from the three results and discussion chapters (Chapters 3, 

4 and 5, are described below). 

 

In Chapter 3, ATR-FTIR spectroscopy was used to validate that the FTIR spectrum is 

sensitive to changes in the epicuticular wax coating on the surface of leaves, with 

changes observed between plant species and also changes in plant physiology (leaf 

maturation). These changes could be observed at a bulk level (bench top ATR-FTIR 

with thermal globar source), and prompted investigation at higher resolution using 

Synchrotron ATR-FTIR microspectroscopy. The synchrotron ATR-FTIR 

microspectroscopy studies demonstrated the potential to correlate wax constituents 

with plant anatomical structures such as, the cell well, and stoma cells. While these 

studies were important to validate assessment of plant epicuticular waxes as a 

biochemical marker, they also highlighted several limitations of ATR-FTIR 

spectroscopy. Firstly (and not surprisingly), the intensity of the ATR-FTIR 

spectroscopic signal was shown to be influenced by the surface topology of the leaf 

(confirmed by SEM imaging of the leaf surface). Secondly, and of particular relevance 

to the aims of this thesis, ATR-FTIR spectroscopy was shown to be destructive to the 

leaf surface, and therefore, not compatible with longitudinal time course monitoring. 

 

Following from the outcomes of Chapter 3, Chapter 4 investigated FTIR reflectance 

spectroscopy as a non-destructive approach for the analysis of epicuticular waxes. 

Fortuitously, a pronounced FTIR-reflectance spectroscopic signal was observed from 

the surface of plant leaves, including shifts in the position of the (CH) bands as a 

function of changes to plant physiology (seasonal change and leaf maturation). More 

importantly, FTIR reflectance spectroscopy was shown capable of in vivo time-course 

monitoring of changes to plant epicuticular waxes, which is the first time this 

capability has been achieved However, this thesis has also highlighted that 

interpretation of FTIR reflectance spectra must be made with care. Variation in the 
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reflectance signal is known to occur as function of surface topology and refractive 

index, which can result in shifts or distortions to absorbance bands. (53, 54, 190, 191) 

Furthermore, it is unlikely that the spectra obtained are pure specular reflectance 

spectra, and some contribution from diffuse reflectance and transflection processes are 

probable, which complicates in-depth spectral interpretation. (190-193) In addition, 

the reflectivity of the surface is governed by film thickness, angle of incidence of the 

light source, and molecular orientation. (50, 53-55) Consequently, Lambert Beer law 

is not obeyed, and direct measurement of relative concentration is difficult, if not 

impossible using the reflectance signal. (55) Nonetheless, this thesis has highlighted 

the use of FTIR reflectance spectroscopy in a number of scenarios, and has been 

proven beneficial for the analysis of epicuticular waxes in relation to varying plant 

physiology and responses in relation to disease. Specifically, FTIR reflectance 

spectroscopy was shown capable of detecting changes in response to early stages of 

crop disease.  

 

While using FTIR reflectance spectroscopy to investigate changes to the surface of 

wheat leaves during crop disease (yellow spot), an FTIR reflectance signal from Ca 

oxalate was observed. Further study of the Ca oxalate signal (as a marker of Ca 

homeostasis) indicated apparent differences in Ca homeostasis, during Ptr infection 

between two different cultivars of wheat, Magenta and Scout cultivars. This 

investigation then prompted studies into X-ray fluorescence microscopy to further 

study Ca2+ homeostasis (and other elements) during wheat infection (Chapter 5). 

 

In Chapter 5, Initial studies of metals looking into Ca2+ density on the surface of wheat 

using X-ray fluorescence spectroscopy revealed concomitant results with infrared 

spectroscopy studies (specifically, increased Ca2+ accumulation in the wheat cultivar 

most resistant to yellow spot disease, Magenta cultivar). Furthermore, the use of 3D 

X-ray fluorescence imaging reveals Ca2+ distribution being present on both the 

surface, and deeply (100 µm) within the symptomatic leaf tissue. This points towards 

Ptr affecting plant process’ and defense mechanisms not only on the surface, but deep 

within plant tissue. In addition to studies of Ca2+, a method was developed to use Rb+ 

as a biomarker of K+, circumventing image artifacts that arise as a result of the low X-

ray emission energy and self-absorption. The ability to image Rb+ distribution 

throughout the whole plant leaf, as a marker of K+ better helps associate holist changes 
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in plant health (for which K+ is a biomarker) with changes in transition metal ion 

homeostasis. Being able to monitor changes in metal concentrations and redistribution 

during plant infection provides valuable insights into plant metabolism and defense 

mechanisms alongside the fungal infections response to inhabiting a host.   

 

6.2 Future Work 

6.2.1 Future Work to Increase the Chemical Specificity of FTIR Reflectance 

Analysis of Epicuticular Waxes 

Possibilities of future work using FTIR reflectance may enable more detailed 

information on the chemical composition and surface orientations of epicuticular 

waxes to be obtained, based on the peak positions and relative intensities observed in 

the reflectance spectra. These studies could possibly incorporate polarised light and 

angle resolved measurement to investigate molecular orientation, which may reveal 

new biochemical markers of plant physiology or pathology. At this stage however, 

regardless of the origin of the band shifts, their existence provides the ability to 

spatially and temporally resolve changes in the epicuticular wax layer, which in itself 

offers immense potential to study plant physiology and the effects of plant disease.  

 

6.2.2 Studying Effects of Fruit Ripening on Epicuticular Wax Layers Using 

FTIR Reflectance Methods 

Food wastage as a consequence of untimely fruit ripening is a massive economic 

concern, and US $1 trillion of fruit and vegetables are wasted around the world every 

year. (194) The mechanisms of wax bio-synthesis in fruit has been reported to be 

similar to leaves, and it appears that in addition to varying response to plant stress, the 

epicuticular wax layer of fruit influences sensing and signalling pathways, involved in 

fruit ripening. (195) Specifically, immediately prior to fruit ripening, there is a 

decrease in the amount of epicuticular wax on the surface of fruit, according to 

previous research using bulk extraction methods. (195) The reported thinning of the 

epicuticular wax layer is of significance, due to the role of ethylene gas diffusion in 

stimulating fruit ripening. Therefore, understanding the internal plant physiology and 

how this drives thinning of the epicuticular wax layer, and importantly, being able to 

detect such changes and how they vary in response to plant stress, may provide greater 
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control of the ethylene-induced ripening process. The agriculture industry is heavily 

invested in methods to control fruit ripening, therefore, improved understanding of the 

role of epicuticular waxes in fruit ripening, and improved ability to study the 

epicuticular wax layer of fruit, could be of immense value to the agriculture industry.  

 

6.2.3 Investigating the Effects of Ptr on Different Calcium Compounds Using 

XANES 

With a more expansive analysis using XANES to investigate Ca2+, possibilities 

looking at different Ca2+ compounds existing in wheat also arise. Different Ca2+ 

compounds have a greater effect and change during fungal infection, looking into 

different regions of the wheat not directly correlated to the site of infection and 

observing how these Ca2+ compounds change in effect to Ptr may also be of great 

insight when analysing cultivar susceptibility. Lastly, building a spectral library and 

correlating FTIR reflectance data with overlapping XFM and XANES data (as 

previously observed with Ca2+ studies) to see if changes are concomitant in both 

inorganic and organic circumstances will provide a better link between processes 

involved as either a defence mechanism of the plant, or invasive methods that Ptr has 

in effect. 

 

6.2.4 Using 3D Confocal XFM to Investigate Effects on K+ Using Rb+ as a 

Biomarker 

While initial studies looking at 3D Confocal XFM revealed the depth of penetration 

that Ptr has effect on wheat tissue using calcium as a biomarker, the analysis of other 

diffusible ions such as K+ (using Rb+ as a marker) are of interest. As previously 

discussed, K+ is one of the largest macronutrients contributing to plant health and 

fitness. Being able to measure distinct biomarkers such as K, Ca, Fe, Mn, Mg, Zn 

(Table 1) to differentiate between external plant stressors such as Ptr fungal infections 

and its effects on different cultivars as well as different defence mechanisms from the 

plants as a result will enable greater insight as to which wheat cultivar would be least 

susceptible to external plant stressors and therefore, optimal for mass agricultural 

consumption.   
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8.0 Appendix 

 

1H NMR Spectrum (400 MHz, DMSO)  

Crude - Fraction 1: Marri Extraction 
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1H NMR Spectrum (400 MHz, CDCl3)  

“Purified” - Fraction 1: Marri Extraction 


