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Abstract 

Food security for a growing population presents a significant challenge for crop 

production, with increasing pressures upon agriculutral productivity. There is a vast need 

to improve crop yield and quality using an efficient approach that does not present 

negative environmental impacts. A novel interrogation technique that is able to provide 

information of the overall health of a plant, would be extremely beneficial in an 

agriculutral, as well as research, setting. This information could be utilised to better 

understand the mechanisms of plant functions, including stress responses. 

 Vibrational spectroscopy encompasses a range of techniques that are able to 

derive chemically specific information from a biological sample in a rapid, non-

destructive and cost-effective manner. Fourier-transform infrared (FTIR) spectroscopy 

and Raman spectroscopy are two such approaches and have been readily implemented 

across biological samples. However, their applications in the field of plant science have 

been relatively underexploited. This is largely associated with the presence of water and 

fluorescent metabolites found in plant tissues.  

 The application of attenuated total reflectance (ATR)-FTIR and spontaneous 

Raman spectroscopy for in vivo plant monitoring to elucidate spectral alterations 

indicative of healthy plant growth in a non-destructive manner. These approaches are 

able to characterise the biochemical signature of leaves at distinct developmental stages, 

and correspond to known biological processes within the leaf such as cell wall 

expansion. This information is useful prior to monitoring studies as normal leaf growth 

could be considered background variance. No significant local or systemic effects 

manifest as a consequence of interrogation with these techniques, establishing this as a 

non-destructive approach for plant system investigations.  

 Raman microspectroscopy as a tool for monitoring nutrient uptake at the leaf 

surface is also considered, alongside complementary ion probe and elemental analysis. 

Such a technique is useful in the agrochemical production of foliar fertilisers, where the 

efficiency of specific formulae can be rapidly compared. This can also further the current 

understanding of nutrient transport into plant tissues, as well as translocation. 

Agriculturally relevant levels of calcium were applied to the leaf surface and uptake was 
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successfully illustrated at concentrations as low as 15 mM using Raman 

microspectroscopy. Ion probe analysis also complemented these findings, with elemental 

analysis unable to detect this subtle uptake of nutrients. This assay is now being 

implemented in agrochemical practise as a fertiliser screening method.  

 Deficiencies in essential nutrients such as calcium are detrimental to crop yield 

and thus are a potential target for improving crop production. A range of spectroscopic 

methods, including the use of synchrotron radiation, were utilised to pre-

symptomatically detect these deficiencies prior to their onset in live samples. Coupled 

with multivariate analysis, these techniques discriminate between deficient and control 

samples with high sensitivity and specificity, without extensive sample preparation that 

traditional analytical techniques require. These results suggest that Raman and ATR-

FTIR spectroscopic approaches could highly valuable in the field, where plant health and 

nutrient status could be assessed rapidly in situ.  

Here it is shown that these issues can be overcome and that qualitative spectral 

measurements can be obtained from plant samples. Due to the non-destructive nature of 

these approaches, they can be applied for a wider range of crop screening investigations, 

including the efficiency of nutrient uptake, as well as distinguishing nutrient deficiencies 

presymptomatically. As such, these spectroscopic methods may be implemented to 

unearth further details regarding nutrient use efficiency during crop production.  
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1.1 Aims & Objectives 

This project has the fundamental aim of developing vibrational spectroscopic techniques 

for plant based research, with a focus upon agricultural applications. Specifically, the 

suitability of IR and Raman spectroscopies are evaluated as rapid, non-destructive, in 

vivo analytical techniques that are able to deduce molecular information without the need 

of extensive sample preparation steps. Known barriers to translation of biospectroscopy 

in plant research, such as water interference in IR and fluorescence in Raman, are 

investigated and the viability is determined.  

Additional to this initial aim, the non-destructive nature of these approaches will 

be addressed; by monitoring any detrimental side effect of in vivo spectral acquisition on 

plant tissue. The spectral information derived from this study would then be correlated 

with known biological changes within these tissue, to determine the viability of the 

information extracted.  

Once the suitability of these approaches has been determined, Raman 

spectroscopy as a novel method to analyse the fertiliser efficiencies will be investigated. 

By using these techniques to observe and quantify Ca2+ uptake at the adaxial leaf 

surface, the addition of key fertiliser components can be examined. With industrial 

collaboration, this approach would be fed directly into a fertiliser product production 

pipeline, where compositions could be compared readily.  

 Nutrient deficiencies have a significant impact on crop yield in agriculutral 

settings, and thus a range of spectroscopic measurements will be implemented to 

describe the biochemical alterations indicative of nutrient deficiency. Due to the 

importance of Ca as a plant nutrient, Ca stress will be the focus of these investigations. 

Initially, the analysis of fixed tissue using FTIR spectroscopy coupled to SR will be 

investigated and compared against traditional benchtop instruments. SR will also be used 

to derive FTIR measurements from fresh tissues with high water content, to overcome 

limitations of FTIR in plant research.  

Subsequent to this investigation, blossom-end rot in S. lycopersicum, the 

common tomato plant, is highlighted as a model system to investigate presymptomatic 

detection of deficiency using spectroscopic analysis. Ca deficiency is induced using a 

hydroponic nutrient supply system providing defined levels of Ca. Raman spectroscopy 
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will be used for rapid, non-destructive in vivo measurements additional to ATR-FTIR of 

fixed samples for complementary analysis.   
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1.2  Introduction 

The total world population has been on a steep rise since the early 1950s and currently 

stands at 7.3 billion people; and this figure is expected to increase. By 2050, the 

population is projected to reach 9 billion people and will likely surpass 11 billion by 

2100 (Figure 1.1)1. With increasing population size, there is an equivalent increase in 

pressure upon crop production due to the demand for sustainable food sources 2,3. In 

order to provide a sufficient food supply for the growing population, it is imperative to 

improve agricultural productivity 4. It is estimated that as much as 70 – 100% more food 

will be required to feed our population by 2050 5. There are a number of significant 

barriers to this process namely; the availability of water, nutrients, and arable land, as 

well the effects of abiotic and biotic stresses upon crops and of course, climate change 6. 

All of these factors contribute to reduced agricultural productivity and thus the concept 

of food security is established.  

 

Figure 1.1. Population growth since 1950 to 2015, with high (red), median (black) and low 

(blue) variant estimates for population growth until 2100. Data provided by the United 

Nations Department of Economic and Social Affairs 1. 
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Fundamental plant research remains the key to optimising crop production and 

has spearheaded the ‘Green Revolution’ 7,8. The diverse field of plant science has 

contributed to improved crop efficiency, ultimately resulting in increased crop yield and 

quality 9. There have been huge advances made in the field of genetically manipulated 

(GM) crops, creating more resilient crop species that are resistant to environmental 

stresses including disease, pathogens and herbicides 10-12. Although the development of 

GM crops provides a powerful approach to improving agricultural productivity, there is 

a substantial ethical obstruction to real-world applications 13.  

The selective breeding of organisms naturally resistant to stresses such as water 

scarcity, is one favourable alternative that has been particularly well exploited in plant 

research 14. The complementary use of pesticides has also contributed to overall 

improvements in crop yield, although these present negative connotations with regards to 

unnecessary chemical use in the environment and food chain 15,16 . Movement away from 

traditional soil based growth protocols, such as using hydroponic systems, has also 

contributed to improved agricultural efficiency, as both water and nutrient supply are 

optimised for the specific crop 17.  

Nutrient availability can be considered one of the most significant factors impacting 

crop yield and consequently fertiliser use is a primary resource for improving 

productivity. Maintaining an optimum level of soil fertility is paramount to an effective 

agricultural environment and can significantly increase crop yield. However, the use of 

fertilisers is a relatively inefficient process, with the vast majority of current nutrient 

supplementation protocols focused upon a few specific nutrients, namely nitrogen (N), 

phosphorous (P) and potassium (K). 

In order to optimise crop production by improving nutrient use efficiency, there is a 

need for a novel crop screening technology that will allow rapid determination of crop 

nutrient status, as well as to monitor the effects of nutrient supplementation. Generally 

speaking, plant monitoring and interrogation tools are often limited to technical 

approaches that require specialist users, or are often constrained to applications in model 

species such as Arabidopsis thaliana which have been thoroughly characterised for 

molecular studies 18. Currently, the determination of nutrient content is reliant upon 
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invasive, destructive, and time-consuming analytical processes that are not suitable for in 

situ investigation in field environments 19.  

A technique that was able to derive nutrient specific biochemical information 

rapidly, non-invasively, with the potential of analysis in the field would be hugely 

beneficial to the field on plant biology. Specifically, the nutrient status of crops could be 

determined, allowing the exact nutrient requirements to be established. This is a 

movement towards a precision farming approach where fertilisers are only applied at the 

levels to which are necessary, leading to more efficient resource use as well as increase 

crop yield and quality 20. 

 

1.3  Food Security  

Since first being coined at the first World Food Conference held by the United Nations 

(UN) Food and Agriculture Organization (FAO), the term ‘Food Security’ has evolved 

21. Today the phrase encompasses the concept that everybody throughout the world has 

continual access to safe and nutritious food that they require for a healthy and active 

lifestyle 22. It is evident that, even at this point in time, there is a significant shortfall in 

achieving this aim, with up to 795 million people currently experiencing food poverty 23. 

 

Figure 1.2. The prevalence of undernourishment around the globe between 2014-2016 

showing areas most susceptible to the impacts of food insecurity. 
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The effects of insufficient food security are predicted to worsen, with the primary 

pressures of a growing population, land availability and climate change. This will likely 

be felt initially in rural areas of developing countries, where more than 70% of the world 

of the world’s starving population reside (Figure 1.2)24. However, there is predicted to 

be a significant effect throughout the world as the gravity of the problem increases 25. 

The reader is directed to the following reviews for further information regarding the 

topic of food security which provide in-depth analyses of pressures and challenges 

surrounding this issue 2,26-28. 

Crucial to achieving widespread food security is the ability to produce food in an 

adequate quantity and quality in the most efficient way possible 29. There have been 

many advancements for optimised crop production such as the use of light emitting 

diode (LEDs) lighting systems in agricultural settings for providing optimal light and 

temperature conditions, as well as the use of vertical farming apparatus for space 

efficiency in urban environments 30,31. Both of these approaches present increased energy 

efficiencies during crop production and thus simultaneously tackle the issues of 

greenhouse gas (GHG) emissions associated with food production. However, one of the 

most significant factors in crop production is adequate supply of the essential nutrients to 

the crop and as such is the primary target for increased crop production efficiency 32. 

 

1.4  Nutrient Use Efficiency 

The availability of nutrients during crop development is crucial to optimum crop yield 

and quality 33. Plants require six essential macro-nutrients; nitrogen (N), potassium (K), 

phosphorous (P), calcium (Ca), sulphur (S) and magnesium (Mg), and eight micro-

nutrients; boron (B), chlorine (Cl), copper (Cu), iron (Fe), manganese (Mn), 

molybdenum (Mo), nickel (Ni) and zinc (Zn) 34. These nutrients are indispensable due to 

their pivotal role in biochemical processes downstream of photosynthesis and all have 

specific roles in plant growth and development 32. Their transport is primarily in ionic 

form through the soil and their uptake is dependent upon the root parameters, shoot-root 

and root-to-soil relationships; all of which are affected by environmental conditions 35.  

Due to the central role that these nutrients have in crop growth, crop yield is 

directly related to the nutrient supply available to the crop and the efficiency at which it 
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can absorb and utilise those nutrients, defined as the nutrient use efficiency 36. The 

relationship between nutrient availability and crop growth was well characterised by the 

work of Justus von Liebig, who established that crop growth was limited due to the least 

available nutrient rather than a generic availability of all nutrients 37. Referred to as 

Liebig’s Law of the Minimum, this theory is best described by Liebig’s Barrel, where 

the shortest stave is responsible for water (yield) loss (Figure 1.3).   

 

Figure 1.3. Liebig’s Law of the Minimum. Crop yield is dependent upon the most limiting 

nutrient, with N, P, K. 37 
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1.4.1 Nutrient Deficiencies 

Although nutrient deficiencies, particularly those of micro-nutrients, are relatively rare in 

nature, they are commonplace in agricultural systems due to intensive farming practises 

38. Insufficient availability of essential crop nutrients has a detrimental impact on crop 

growth and thus can significantly reduce crop yield (Figure 1.4). The theoretical yield, 

compared to the actual obtained yield of a given area is referred to as the yield gap 39. 

Nutrient availability is the main limiting factor in reducing this yield gap, but is difficult 

to quantify due to the diversity of arable lands, crop species and also the relationships of 

nutrients themselves 40. Nutrient uptake and deficiency are not independent of other 

nutrients and synergistic, antagonistic and additive relationships have been identified in 

nutrient stressed organisms 41.  

Nutrient deficiencies can therefore manifest across a range of crop species, with a 

variety of species specific symptoms (Table 1.1). The tissues in which these symptoms 

manifest are often indicative of the mobility of the limiting nutrient. A mobile element 

can be readily translocated from one tissue to another and thus many symptoms are 

presented in mature tissues, where nutrients such as Mg and P are transported to younger 

tissues in deficient conditions 42. In contrast, a deficiency in immobile elements such as 

Ca and Cl, results in insufficient nutrient supply to younger tissues from the soil, but also 

from older tissues 43.  

However, the detection of nutrient deficiency of crops via visual symptoms is restricted; 

initially, due to non-specific symptoms and also due to delayed onset of deficiency 19. As 

Table 1.1 begins to illustrate, visual symptoms are analogous between different 

elemental deficiencies, and can vary significantly between crop species. Furthermore, 

the interpretation of visual symptoms suggests that a nutrient deficiency has fully 

developed within an organism and by this stage remediation may already be impossible 

44.   
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Table 1.1. The average concentration of essential macro- and micro-nutrients in dried plant matter 

(adapted from 34, their function within plant growth and the common symptoms of deficiency (adapted 

from 33.  

 

Nutrient Conc. 

 (mg kg-1) 

Function Symptoms of deficiency 

N 15,000  Chlorophyll production 

 Protein component 

 Leaf development 

 Yield formation 

 Reduced growth rate 

 Chlorosis of older leaves 

K 10,000  Water economy 

 Signalling and transport 

 Stress resistance 

 Stunted growth 

 Chlorosis at leaf boundary 

 Browning at tips of old leaves 

Ca 5,000  Cell wall component 

 Signalling component 

 Cell division and growth 

 Cell wall necrosis of developing 

tissues, fruits an young leaves.  

P 2,000  Root development 

 Seed and fruit development 

 Amino acid component 

 Reduced growth rate 

 Red tint on older leaves 

Mg 2,000  Chlorophyll component 

 Metabolic roles 

 Chlorosis of older leaves 

 Generic symptoms of senescence 

S 1,000  Amino acid component 

 Formation of chlorophyll and 

essential oils 

 Chlorosis of young leaves 

 Reduced growth rate 

 Fruit do not mature 
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Cl  100  Oxygen production in 

photosynthesis 

 Maintaining osmotic pressure 

 Chlorosis of young leaves 

 Wilting 

Fe 100  Chlorophyll synthesis 

 N assimilation 

 Carbohydrate metabolism 

 Chlorosis of vascular tissues 

 Leaf chlorosis leading to white leaves 

Mn 50  Water electrolysis in 

photosynthesis 

 Chlorosis of vascular tissues 

 Chlorosis of young leaves 

B 20  Membrane integrity 

 Cell wall growth 

 Deformity of young tissues 

 Cracking of stalks and fruit 

Zn 20  Enzyme systems 

 Protein synthesis 

 Stunted plant growth 

 Variable between species 

Cu 6  Chlorophyll component 

 Lignin, protein and 

carbohydrate metabolism 

 Twisted leaves 

 Pale white shoot tips 

 Variable between species 

Mo 0.1  Enzyme systems 

 Protein synthesis 

 Chlorosis of leaf margins 

 Rolling of leaves 

Ni 0.1  Enzyme systems 

 

 Reduced growth 

 Chlorosis and necrosis of leaves 
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Figure 1.4. The relationship between nutrient availability and optimal growth. Adapted from 
38 

 

 

Alternatively, nutrient stress can be identified using plant or soil analysis 

approaches, where the exact elemental content of these tissues is determined using an 

analytical approach such a inductively coupled plasma (ICP)-mass spectroscopy (MS), 

ICP- atomic emission spectroscopy (AES), ICP- optical emission spectrometry (OES), 

flame atomic absorption spectroscopy (FAAS), and flame photometry 32,45,46. The result 

of tissue specific sampling is that an exact nutrient profile can be established and 

consequently remediation can be targeted. However, such approaches often require 

extensive sample preparation steps that are not easily implemented in agricultural 

environments. 

1.4.2 Fertilisers 

The application of nutrient fertilisers to provide supplementary minerals to growing 

media has been a regular practice for up to 2000 years 34. N, P and K are considered the 

most limiting of the essential minerals and consequently have the largest incidence of 

nutrient deficiency in both temperate and tropical growth environments 32. Consequently, 
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the vast majority of fertilisers applied contain at least one of these essential nutrients. It 

is estimated that in 2016 alone, over 194.1 million tonnes of N, P and K containing 

fertiliser will be applied worldwide in order to improve soil fertility 47. Whilst this 

approach is effective when a reduction in these nutrients is present, this is not efficient 

when another essential mineral is the limiting factor; a deficiency can only be 

remediated by supplementation of that exact nutrient, based upon the Law of the 

Minimum 33,37. Aside from being inefficient in regards to crop yield and agricultural 

productivity, this is extremely costly to the grower and presents a host of negative 

environmental impacts 48.  

Furthermore, a plentiful supply of nutrients in the growth medium is not always a 

precursor to active absorption of these nutrients and thus nutrient stress can still occur 33. 

Nutrient uptake from the soil is dependent upon a number of root and soil parameters; a 

potential outcome of this is that some nutrients are not accessible from the soil, despite 

their abundance 35. As such, foliar fertilisers have been suggested as an alternative 

approach to nutrient supply, particularly as a short term aid to nutrient stress 49. There 

are a number of associated benefits of foliar rather than soil based fertiliser applications; 

largely centred upon the reduced volume requirement as well as potential improvement 

in nutrient recovery rate 50. Additionally, foliar nutrient applications can be combined 

with other crop treatments such as herbicides, for increased productivity 49. 

 

1.4.3 Environmental Impacts of Inefficient Crop Production 

There are a number of undesirable side effects of inefficient crop production, 

supplementary to the shortcomings in crop yield that are damaging to global food 

security. Broadly speaking these can be economical, social and also environmental; it is 

the latter of which is of interest in this instance.  

 The traditional approach to fertiliser application is a relatively inefficient process, 

due to generic application of N, P and K containing fertilisers regardless of specific 

nutrient requirements of the crop. This, in itself, is highly inefficient, and there is also a 

significant carbon footprint associated with this process.  Of the cumulative total of 

worldwide GHG emissions, N fertiliser production is responsible for 1.2% of this total 

value. This equates to nearly 700 kg of CO2 and carbon equivalents (CE) per hectare of 
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farmland each year, as 90% of total emissions from farm operations are attributed to 

fertiliser use 51. The extensive effects of fertiliser use on GHG emissions are excellently 

addressed by Snyder et al., and the reader is directed to this review for additional 

information 52.  

 N-based fertilisers also present other significant environmental issues that occur 

when they are leached from agricultural land. The loss of N into the surrounding 

ecosystem has been shown to have negative impacts on human health, biodiversity and 

contamination of water supplies 53. Eutrophication is one such example of the 

detrimental effects of fertiliser run off and can cause devastating loss of marine life 54.  

 

Figure 1.5. Worldwide food wastage in 2007, regarding the relative areas of the food 

production chain. Adapted from 55. 

 

 

Aside from the impacts of fertiliser use in crop production, there is also the issue 

of food quality. Nutrient availability has a direct effect on crop yield, but also on crop 

quality, and thus inadequate growing conditions are transferred to the quality of the food. 

Up to 1.3 Gtonnes of edible produce was wasted worldwide in 2007 55. During 

agricultural production, also referred to as upstream of the food supply chain, 46% of 
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produce is discarded purely based on appearance and shelf life, which is likely as a 

consequence of the nutrient status of the crop during growth 55.  Downstream of this 

chain, specifically at retailers and in homes, an almost equivalent amount of food is 

wasted, with UK alone discarding 7 million tonnes of food every year (Figure 1.5) 56.  

 

1.5 Calcium in Plants 

Ca is an essential macronutrient in all living organisms that has a conserved function in 

many biological processes.  Ca has a vital role in coordinating cellular responses and 

signalling and acts as an important counter-cation in aiding anionic exchange across the 

plasma membrane in its divalent cation form (Ca2+). Ca2+ is cytotoxic to a cell at high 

concentrations as it has an affinity for biological molecules, causing precipitation of 

phosphate, aggregation of proteins and nucleic acids, and damage to the lipid membrane 

57. As a consequence, controlling the concentration of Ca2+ has been a priority to a cell 

since the early evolution of cellular life 58. It is thought that the energy expenditure of 

cells to maintain this homeostasis has been coupled through evolution to signal 

transduction in both eukaryotic and prokaryotic cells 59.  

 

1.5.1 Calcium Deficiencies 

Ca has a number of structural and functional roles in plants, particularly in binding 

strands of pectin together in the cell wall 60. A plant’s source of Ca is derived from the 

soil and is distributed through the plant via the apoplastic and symplastic pathways 61,62. 

Ca is relatively immobile in the phloem and consequently Ca distribution is largely 

reliant on xylem flow and therefore transpiration in particular tissues 63.  

As a consequence of this, there are a number of Ca related deficiencies that can 

arise, which are commonly found in horticulture and agriculture 64. Ca deficiencies occur 

when the element is unavailable in developing tissues, enclosed tissues and tissues that 

are supplied predominantly by the phloem 65. Insufficient Ca has been shown to cause up 

to 50% loss of yield in crop production and has a distinctly negative impact on 

agricultural productivity 66,67. Deficiencies such as ‘tipburn’ in expanding leaves of leafy 

vegetables, ‘blackheart’ in the enclosed tissues of celery and ‘blossom end rot’ and 
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‘bitter pit’ affecting the fruit of tomatoes and apples respectively 68,69. Due to the 

detrimental effect of these disorder, as well as the role that Ca2+ plays in fruit ripening, 

maintaining fruit firmness and reducing postharvest decay, Ca2+ supplementation in 

agriculture is becoming an emerging section of the crop enhancement market 60,70.  

 

1.5.2 Calcium Signalling 

Ca2+ is a fundamental signalling component of plant responses to environmental and 

developmental stimuli, which are crucial to a number of plant functions such as 

regulation of stomatal aperture 71. Due to the cytotoxic nature of Ca2+, the cytosolic 

calcium concentration ([Ca2+]cyt) must be kept at a tolerable level. [Ca2+]cyt is maintained 

at a resting level of 100nM which can be up to a 20,000-fold difference from the 

extracellular Ca2+ concentration in the apoplast, a gradient that requires a substantial 

amount of energy to maintain 59.  

This resting level in maintained by pumps and exchangers found on the cell 

plasma membrane, regulating efflux to the apoplast, and on endomembranes, regulating 

efflux to intracellular stores such as the vacuole and endoplasmic reticulum. These can 

be described as ‘off mechanisms’, an aspect of the by Ca2+ signalling toolkit described 

by MJ Berridge and colleagues in 2000 in mammalian cells 72. The mechanisms in which 

[Ca2+]cyt are elevated in response to a stimulus can similarly be referred to as the ‘on 

mechanisms’. To generate a transient Ca2+ signal, there is a passive movement of Ca2+ 

into the cytosol, which is mediated by a collection of channels that allow rapid influx of 

Ca2+ ions. Ca2+ floods the cytosol from both the apoplast via the plasma membrane and 

from intracellular stores via various endomembranes such as the tonoplast 73.   

A role for calcium has been found to be ubiquitous with an array of plant 

functions, from stress signalling, to pollen tube growth , circadian clock regulation, 

pathogen interactions, and the highly researched area of regulation of stomatal aperture 

74. A prevalent question is how such a simple ion can encode specificity in so many plant 

functions. The issue of specificity is best described by the response of a plant cell to the 

plant hormones auxin and abscisic acid (ABA), which both induce an elevation of 

[Ca2+]cyt although with opposite effects, as auxin stimulates stomatal opening whereas 

ABA reduces stomatal aperture 75,76. From the vast number of channels that have so far 
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been found to be involved with the elevation of [Ca2+]cyt, it is evident that there is the 

ability within a plant cell to generate complex calcium signatures. The comprehensive 

review by McAinsh & Pittman discusses several mechanisms that may contribute to 

encrypting specificity 77.  

1.5.3 Measuring Cytosolic Free Ca2+  
 

Many Ca related studies have been facilitated by the ability to measure intracellular free 

Ca2+ in living cells. These basic, non-destructive methods have enabled the visualisation 

Ca2+ influx in guard cells in response to ABA, Ca2+ localisation pollen tubes and root 

hair cells as well a host of other key studies that have helped shape the current 

knowledge of Ca2+ functionality 78. Current widely implemented methods include the 

application of Ca2+-sensitive fluorescent dyes, the calcium-sensitive luminescent protein 

aequorin, cameleon sensing proteins and Ca2+-sensitive microelectrodes 79. These dyes 

work on the basis that the sensor dye and its loading, in no way compromises normal 

cellular function 78.  

A key aspect of imaging cytosolic free Ca2+  and Ca monitoring is that all of 

these approaches are limited to certain model species such as Arabidopsis thialana and 

Commelina communis 79. As a consequence, current restrictions in methods of imaging 

free Ca2+ in plant cells may be inhibiting the progress of research in plant related Ca2+ 

studies. 
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1.6 Vibrational Spectroscopy  

The principle of spectroscopy is the interaction between radiation and matter. Radiation 

is provided in the form of a wave that has both electric and magnetic field components. 

The electromagnetic spectrum describes the photon energy (E), wavelength (λ) and 

frequency (f) of these waves (Figure 1.6). λ is inversely proportional to the f of the 

wave, whilst the f  is proportional to the E. Photons are fundamental particles possess 

properties of both waves and particles, and can be described as having wave-particle 

duality. Max Planck pioneered mathematical modelling of photon energy as a function 

of f and Planck’s constant describes the inverse proportionality of E to λ 80. 

 

Figure 1.6. The electromagnetic spectrum of light with the visible and infrared regions 

expanded. Adapted from 81 and 82. 
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 Vibrational spectroscopy is based on the principle that electromagnetic radiation 

causes chemical bonds to vibrate at energy levels higher than the zero-point energy 85,86. 

The molecules can only accept a photon that has the exact energy value required to 

elevate to a higher vibrational or electronic energy level. For many molecules, including 

biomolecules, this is in the mid-infrared (MIR) region, where fundamental bond 

vibrations are excited to higher energy levels 84. An overview of energy transitions in 

vibrational spectroscopy is provided in Figure 1.7. 

A given molecule will have a discrete number of vibrational modes dependent 

upon its chemical structure. A linear molecule will exhibit 3N – 5 modes, where N is the 

number of atoms in the molecule, and a non-linear molecule will have 3N – 6 vibrational 

modes 87. The disparity between the two is due to linear molecules being unable to rotate 

upon their axis. Water, for example, has three distinct vibrational modes; the symmetric 

Figure 1.7. A schematic overview of a Jablonski energy level diagram displaying the energy 

transition processes in infrared, Raman (Stokes and anti-Stokes) scattering and fluorescence. 

Adapted from 83 and 84. 
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and asymmetric O-H stretch [νs(O-H) and νsym(O-H) respectively] and the scissoring 

mode [δ(H-O-H)] 88. A methylene group (-CH2) of a CH2X2 compound, where X can be 

any other atom, is often an example used to show the variety of vibrational modes and is 

overviewed in Figure 1.8.  

 

 

 

Figure 1.8. Common vibrational modes of chemical bonds characterised by the CH2 group of 

CH2X2 compounds. 

 

  

These molecular bond vibrations may occur in the ground energy state; however, 

when a sample is irradiated with light this can occur at higher energy levels, and 

consequently an alteration to the energy of the incidence photon occurs. This energy 

alteration can occur due to several distinct interactions with the sample, as portrayed in 

Figure 1.9. The incident light, at a defined energy intensity (I0), is partially absorbed 

(IA), reflected (IR), and or transmitted (IT) through the sample 89. The absorption of 

energy is fundamental to IR spectroscopy and is further discussed in the next section of 

this chapter. The incident light can also be scattered; both elastically (IS) at the same 
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energy level, or inelastically (IIS) at an altered energy level. It is the latter of these 

interactions that is the principle of Raman spectroscopy and is also discussed here. It is 

important to note that energy conservation is applicable in this instance and thus I0 = IA + 

IR + IT + (IS + IIS). 

   

 

1.6.1 Fundamentals of Fourier Transform Infrared Spectroscopy 

Infrared (IR) spectroscopy measures the energy absorbed by a given sample, and is 

dependent upon the chemical bond vibrations resulting in a change in the dipole moment 

of the molecule and absorption of a photon 90. Consequently, some molecules that do not 

possess molecular dipoles will not be IR active, which is often the case in molecules that 

exhibit symmetry. The absorbance of energy by a given chemical bond can be 

proportional to its concentration and follows the principle of the Beer-Lambert Law, thus 

allowing quantitative measurements using this approach 91,92. Instrumentation 

Figure 1.9. The interaction of light with a sample results in absorption (IA), reflectance (IR), 

transmission (IT), elastic scattering (Is), and inelastic scattering (IIS) of the incident photon 

beam (I0).  
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developments such as the Michelson interferometer and transformation algorithms have 

allowed rapid acquisition of IR spectra. In the following section, the principles of 

Fourier Transform (FT) IR spectroscopy are discussed; however, an in-depth review is 

presented in Chapter 2 that covers this topic in greater detail 3.  

 

1.6.1.1 Instrumentation 

A standard benchtop FTIR spectrometer is composed of several key components: an IR 

light source, a Michelson interferometer, and a detector. The FT approach to acquiring 

IR spectra is key to modern advancements in IR spectroscopy that allows the sampling 

of multiple light wavelengths in one measurement. This process is reliant upon the 

Michelson interferometer, a schematic of which is shown in Figure 1.10. In overview, 

an interferometer is comprised of two mirrors, one fixed and one adjustable, as well as a 

beam splitter. IR light is passed through this beamsplitter and focused upon both the 

fixed and adjustable mirror. When these two waves reflect back towards the 

beamsplitter, they interact, effectively cancelling each other out when at equivalent 

pathlengths. As the adjustable mirror moves, the different pathlength results in two 

waves of different phases that consequently interfere when recombined. This 

measurement of intensity as a function of distance (of the adjustable mirror) and time 

(mirror speed) is known as an interferogram 93. FT of this produces a typical IR spectrum 

that is plotted as a function of frequency in wavenumbers against spectral absorbance 

intensity 94.  

 

1.6.1.2 Light Sources  
 

For FTIR spectroscopy, polychromatic light in the MIR region (4000 – 400 cm-1) is 

used, where biological samples are known to vibrate 3. For traditional benchtop 

instruments, this IR source is often based upon electrical heating of a silicon carbide rod, 

known as globar IR sources. There are, however, alternatives that provide light of greater 

intensity than seen in the use of globar sources, such as the use of quantum cascade 

lasers (QCLs), that are able to rapidly acquire spectra of superior noise quality by 

sampling over discrete frequencies 95,96. 
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Figure 1.10. A Michelson interferometer consisting of a fixed mirror, an adjustable mirror and 

a beamsplitter, that work to focus IR light at different wavelengths onto the sample under 

interrogation. Adapted from 97. 

 

 

Synchrotron radiation (SR) is an alternative radiation source that is able to 

produce light up to 1000 brighter than conventional IR sources 98. Due to the superior 

collimation of the IR light, it is possible to interrogate smaller area using apertures below 

the standard 10 µm spatial resolution achieved with globar sources 99,100. As with 

traditional spectrometers, the minimum sampling area is still limited by the diffraction of 

light; however, SR is able to obtain spectra with increased spectral quality and intensity 

allowing increased sensitivity to subtle biochemical changes 101.  

Put simply, a synchrotron is a circular particle accelerator, specifically in the case 

of FTIR spectroscopy, an electron accelerator. National synchrotron facilities such as the 
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Diamond Light Source at the Rutherford Appleton Laboratory are available on a 

proposal based process 102. An overview of this facility is provided in Figure 1.11. 

Initially, electrons are released from an electron gun via thermoionic emission and then 

accelerated using a linear accelerator (linac) which focuses the electron beam to high 

fluxes 103. These electrons are then further accelerated in the booster synchrotron using a 

series of electromagnets that direct the beam until it approaches the speed of light, at 

which point electrons are then released into the storage ring where light is emitted 104. 

This light is emitted at a range of wavelengths across the electromagnetic spectrum and 

is thus applicable in IR studies.  

 

 

 

 

Figure 1.11. Schematic overview of the Diamond Light Source, at the Rutherford Appleton 

Laboratory, Oxfordshire, UK. Electrons are emitted from the electron gun and accelerated in 

the linear accelerator (Linac) and booster synchrotron until the particles are travelling to 

around 3GeV. At this point they are released into the storage ring where light is then emitted 

and directed to radiation specific beamlines and end stations. Obtained from the Diamond 

Light Source Ltd. 
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1.6.1.3 Sampling Modes 

Commonly, FTIR spectrometers are coupled to microscope attachments that allow 

sampling from defined microscopic areas of a sample at high resolution. In this FTIR 

microspectroscopy approach, spectra can be obtained in two distinct sampling modes: 

transmission and transflection 105.  

In transmission mode, the IR beam is passed through the sample and collected on 

the other side by a condenser and passed onto the detector, which is able to monitor 

alterations in the beam (Figure 1.12.A) 106. For this approach to be efficient, the sample 

needs to be supported by a IR transparent substrate such as barium fluoride (BaF2) or 

calcium fluoride (CaF2) 
107. For transflection measurements, the IR beam is again passed 

through the sample; however, the addition of an IR reflective slide is used to return the 

beam to the objective, where it is then collected by the detector (Figure 1.12.B). One 

benefit of this approach in comparison to transmission FTIR microspectroscopy is that 

reflective slides such as low-E have significantly lower cost implications, compared to 

high grade substrates required for transmission measurements. On the other hand, there 

is controversy in the field regarding the reproducibility of spectra obtained in 

transflection mode, due to the presence of the electric field standing wave (EFSW) 

artefacts 108-110. Ultimately with both transmission and transflection measurements, 

sample thickness plays a substantial role in the resultant IR spectra, with a maximum 

thickness limit applicable for both modes as well as a minimum required thickness for 

transflection measurements due to the effects of the EFSW 3.  

Due to the strong dipole present in the water molecule, H2O is highly IR active; 

for this reason, samples that contain water are often swamped by absorption of this 

fundamental molecule.  Consequently, samples obtained in transmission and 

transflectance measurements are largely limited to fixed tissues that have been 

dehydrated 111. Chemical fixative techniques such as formalin or ethanol fixation are 

known to have significant impacts on IR spectra and thus limit spectral interpretation 112.  

Attenuated total reflectance (ATR)-FTIR is one approach that has been shown to 

minimise the presence of water absorbance within IR spectra 113,114. Due to the reduced 

pathlength of the interrogative beam, the issues of water interference are reduced, which 

minimises sample preparation times 114. Rather than reliant upon a microscope optics, 

ATR-FTIR uses an internal reflection element (IRE) of a highly refractive material such 
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as diamond, zinc selenide, or germanium. Total internal reflectance (TIR) can occur 

within these prisms when IR is shone above a defined angle, known as the critical angle 

115. The consequence of this is either a single, or multiple reflections, at the sample side 

of the crystal, where an evanescent wave is produced. Thus when a sample is placed into 

contact with this IRE, it is interrogated with the evanescent wave 84. As with the basic 

principles of IR spectroscopy, alterations to the energy of this beam as a consequence of 

vibrational of chemical bonds are detected using this approach.  

One important consideration is the penetration depth (Dp) of the evanescent 

wave, which is dependent upon the angle of incidence (ϴ), and the diffractive index of 

the IRE and the sample 116. Consequently, the optical thickness of the sample must be 

considered, or a reflective substrate should be used.  

 

Figure 1.12. Schematic of the three primary sampling modes in FTIR spectroscopy; (A) 

Transmission FTIR; (B) Transflection FTIR and (C) attenuated total reflectance (ATR)-FTIR. 

The net direction of the IR light is shown in each example as a thickened red line, although it 

is important to note that light will be shone from a variety of angles in the case of A and B. 

The angle of incidence in in ATR (ϴ), is fixed and is dependent upon the internal reflection 

element (IRE) of use. The depth of penetration (DP) is shown in each approach. These images 

are based upon the works of 3,109,116 
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1.6.1.4 Detector 

Traditional benchtop FTIR spectrometers utilise single element detectors that obtain 

spectral information on a point-by-point basis 97. At ambient temperatures, deuterated 

triglycine sulphate (DTGS) detectors are often used due to their ease of use and 

respectable spectral signal and sensitivity. However, liquid N cooled mercury cadmium 

telluride (MCT) detectors are more favourable for obtaining superior spectral quality, as 

using this photovoltaic approach yields is more sensitive to incident photons 106. 

 In regards to spectral acquisition, the use of these detectors enables spectral 

measurements to be obtained from a single area, referred to as point spectra approach, 

but also allows for spectral mapping, where spectra are obtained in a point-by-point 

manner across a sample to then produce an image map 117. Using a point mapping 

approach, a spectral data cube is produced where the absorbance of a sample can be 

mapped with regards to its spectral information. Although highly informative and well 

implemented in the field of spectral histopathology, this approach is limited by 

acquisition times due to the limitations of the detector 118,119. 

The development of array detectors, such a focal plane array (FPA), have 

improved these acquisition times by allowing simultaneous measurements of spectra 

from defined points across a sample 120. An array is split into individual pixel areas 

which can be as low as 0.54 x 0.54 µm, providing extremely high spatial resolution by 

oversampling 3. This enhanced spatial resolution can often come at the price of reduced 

signal to noise ratio (SNR) in comparison to point approaches. 

  

1.6.2 Fundamentals of Raman Spectroscopy 

For an in-depth overview of Raman spectroscopy of biological samples, please see 

Chapter 3 in which a recently published article will encompass instrumental, sample 

and acquisition parameters of this technique. A brief overview of the technique will be 

provided here, also comparing Raman with the IR technique.  

 First described by C. V. Raman and K. S. Krishnan in 1928, inelastic or Raman 

scattering, occurs when the scattered light is returned at an altered energy to the original 

beam 121. In comparison to its counterpart elastic (or Rayleigh) scattering, the Raman 

effect has a markedly lower incidence rate, with as few as 1 in 108 photons undergoing 

Raman scattering.  
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Figure 1.7 illustrates the Raman scattering effect and its two forms: Stokes and 

Anti-Stokes scattering. Stokes scattering occurs when the material exposed to radiation 

is in the ground energy state, and upon interaction with a chemical bond, is promoted to 

a higher energy level 122. The opposite is true for Anti-Stokes Raman scattering, as the 

material is already at an elevated energy level and returns to a lower energy level. The 

probability of Anti-Stokes shift is decidedly lower than its counterpart due to the 

increased likelihood that a material will be in its ground state at room temperature 123. 

For this reason, the majority of benchtop Raman spectrometers measure Stokes 

scattering, although coherent Anti-Stokes Raman spectroscopy (CARS) adaptations have 

resulted in increased signal strength and sensitivity 124.  

 Due to the inherently low probability of the Raman effect, Raman spectroscopy 

is a relatively weak signal and can be often enveloped by fluorescence contributions 125. 

A number of additional developments in the field of Raman spectroscopy have helped to 

overcome such issues, such as surface-enhanced Raman spectroscopy (SERS) and 

stimulated Raman spectroscopy (SRS) 126,127. 

In in the case of vibrational spectroscopy, Raman scattering occurs as a 

consequence of interaction with chemical bonds which have inherent polarisability 128. 

For a molecule to be considered polarisable, the electron cloud surrounding a molecule 

can be distorted. Thus, a Raman active molecule will exhibit a change in the 

polarisability during a molecular vibration 129. Molecules with a strong dipole are often 

more difficult to polarise and so Raman spectroscopy can be considered complementary 

to IR spectroscopy, as not all polarisable molecules display changes in their dipole 

moment and vice versa 130. 

An example of this in water; this is a highly polar molecule and consequently 

demonstrates strong absorption in the IR 88. In contrast, the strong polarity of this 

molecule means that an incoming photon is unable to alter the electron field of these 

bonds, and subsequently Raman spectroscopy is relatively insensitive to water 

contributions 123.    

The complementary nature of IR and Raman spectroscopy is depicted in Figure 

1.13 where spectra obtained from the same sample are compared. Processed spectra 

obtained from a Solanum lycopersicum leaf are displayed and clear differences in the 

relative spectra can be seen. The spectra are visibly distinct, with IR portraying broader 
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spectral features in comparison to the Raman spectrum. The broad peak between 3600 – 

3000 cm-1 in the IR, is indicative of the νsym(O-H) bond of water, which is not apparent 

in Raman spectra. This particular IR spectrum was obtained using ATR-FTIR 

spectroscopy and thus signal from a water containing sample was possible. 

Similarly to IR spectroscopy, Raman spectra can be obtained in a point spectrum, 

point mapping and global imaging scale and thus allows imaging of samples to a high 

spectral resolution (diffraction limited). Furthermore, considerations to substrate choice 

must be made prior to spectral acquisition, as Raman active substrates will affect the 

spectral output of the approach. CaF2, quartz and metal-coated slides are considered 

optimum, although the use of novel substrates such as aluminium foil has been shown 

131-133. 

 

Figure 1.13. Typical infrared and Raman spectra of live plant leaf of the Solanum lycopersicum, 

common tomato plant.  
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1.6.2.1 Instrumentation  

There are a number of instrumentation options in a typical Raman spectrometer, the 

majority of which are covered in detail in Chapter 3. As in IR spectroscopy, Raman can 

be coupled to a microscope for spatial spectral measurements. A schematic overview of 

a standard Raman microspectrometer can be seen in Figure 1.14. Unless otherwise 

stated, spontaneous Raman microspectrometry will be discussed rather than alternative 

spectrometer approaches. 

A typical Raman microspectrometer is composed of an excitation source, a 

microscope with corresponding objectives, Rayleigh filters, a monochromator and a 

detector. Initially light of a defined light wavelength is focused upon the sample where 

vibration of polarisable bonds occurs which induces Raman scattering. In contrast to IR 

spectroscopy, Raman spectroscopy employs monochromatic light to interrogate samples 

and a range of wavelength frequencies can be used. Lasers are often in the visible region 

(wavelengths between 390 – 740 nm), although lasers from across the mid ultraviolet 

(UV; 200 nm) to the NIR (1084 nm) can be used. In this thesis, Raman spectroscopy will 

be described in regards to NIR Raman analysis using a 785 nm laser. The laser excitation 

wavelength has a direct effect on spectral dispersion and spatial resolution of the system 

as well as the overall spectral quality from a given sample 126,134. 

 

Figure 1.14. Generalised overview of a spontaneous Raman microspectrometer. Obtained 

from 3 
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Upon interaction with the sample, both elastic and inelastically scattered light is 

passed through the spectrometer. As elastic scattering is a high probability event, this 

would overpower the underlying Raman scattering of interest and is therefore removed 

by Rayleigh filters. From this point, only Raman scattered light is passed through a 

monochromator (or spectrometer), where light is separated into its different wavelengths 

and focused upon the detector 135.  A number of detector options are available, although 

charge coupled device (CCD) detectors are commonly used in benchtop applications 127.  

 

1.6.3 Spectral Pre-processing 

The spectra obtained from vibrational spectroscopic measurements can infer a wealth of 

biochemical information from a biological sample and thus allows comparative studies 

between sample classes. However, this spectrum not only contains the biological 

information of interest, but also contains information about the biological replicates, 

substrate and background interferences, as well as instrument and environment 

differences 136. These confounding factors in IR and Raman spectra should be minimised 

through optimum sample preparation, spectral acquisition as well as during pre-

processing.  

The following sections will provide a brief insight into the core pre-processing steps, 

with given examples. However, the reader is directed to the following articles for more 

in-depth discussion 137-139. 

 

1.6.3.1 Baseline Correction 

Figure 1.15 shows raw IR and Raman spectra that have been cut to their relative 

fingerprint regions. This region is where the majority of biological molecules are known 

to vibrate and thus are often the target for spectroscopic studies 140. In IR studies, the 

region between 1800 – 900 cm-1 is often used, due to detector limitations, whereas the 

Raman spectral fingerprint region is slightly more variable, but falls within the 1800 – 

400 cm-1 region due to more sensitive detectors 141-143.  
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For IR spectra, the main 

concern with raw spectral information 

is the oscillating baseline that occurs 

due to the effects of light scattering 

144. Rayleigh or Mie scattering is 

observed when light of a given 

intensity interacts with a sample, a 

relationship that was previously 

shown in Figure 1.9. As IR 

spectroscopy is concerned with IA, the 

absorption of photons at the sample, 

this scattering effect is detrimental to 

the overall IR spectra, and can be 

visualised as alterations to the spectral 

baseline. In this particular case, the 

start and end point of the spectrum are 

on different baselines and therefore 

values of absorbance are not 

comparable across the spectrum.  

 Raman spectra can also be affected 

by variable baselines, largely 

associated with substrate interaction and autofluorescence within the sample; the latter of 

which is typified in Figure 1.15. In this example, the extremely sloped baseline is 

indicative of intrinsic fluorescence within plant tissue, as well as background scattering 

145. As a consequence, spectral features are difficult to determine and are again 

incomparable.  

 For this reason, baseline corrections are routinely applied to spectra to account 

for these spectral artefacts. A number of correction algorithms are available, such as 

polynomial, rubberband, and differentiation, applications of which are shown in Figure 

1.16. In the case of Raman spectra, polynomial baseline correction is favourable as the 

baseline is often highly variable 138. This approach assumes the mathematical equation of 

the baseline by selecting n points along the spectrum a fitted with a spline, that is then 

subtracted from the original spectrum 146. The rubberband baseline correction works by 

Figure 1.15. Examples of unprocessed IR (top) 

and Raman spectra in their relative fingerprint 

regions displaying discrepant baselines.   
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determining convex areas of spectral features, indicative of the baseline 147. As Raman 

spectra of biological samples often contain more Raman bands, this baseline 

approximation is often inappropriate and is therefore principally implemented in IR 

spectral processing.  

 

 

 

Figure 1.16. The application of baseline corrections on Raman (A) and IR (B, C, and D) spectra. 

(A) Shows a polynomial correction; (B) a rubberband correction; (C) first order differentiation 

and (D) a second order differentiation. 



36 
 

Derivative spectra exhibit flattened 

baselines in both IR and Raman spectra, 

although at the cost of SNR (Figure 1.17). 

For first-order derivatives, the spectral 

intensity at each wavenumber is 

differentiated so that the peak centroid 

becomes zero, essentially splitting the 

original spectral features. A second-order 

derivative, is a repeat of the aforementioned 

process, with the subsequent spectral 

regions relating back to the original 

spectrum 148. The resultant derivate spectra 

often contain more spectral features due to 

the deconvolution of the original bands, as 

shown in Figure 1.16 C and D. This is 

useful for interpretation of IR data where 

the biological spectrum is often composed 

of a handful of IR bands; however, can 

often over complicate a Raman spectrum 

where deconvolution is not necessary. 

Band-specific deconvolution is often more 

appropriate for Raman spectra, if 

deconvolution and not baseline correction is 

the ultimate goal 149.  

 

1.6.3.2 Normalisation 

To account for differences in sample thickness, a normalisation step is usually conducted 

during pre-processing.  The most widely implemented is that of vector normalisation, 

that is best shown comparatively between classes (Figure 1.17 B). In this example, 

leaves from three plant species, S. lycopersicum (tomato; red), Hordeum vulgare (barley; 

blue) and Commelina communis (Commelina; green) are compared. Vector 

normalisation works by calculating the average absorbance (or scattering) intensities, by 

Figure 1.17. The effects of normalisation on 

baseline correction IR spectra derived from three 

plants species; tomato (red), barley (blue) and 

Commelina (green).  
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first finding the sum of all the square values and then finding the square root of this 

value. By scaling the spectra to this value, the sum of the squared standard deviation is 

equivalent to one and thus all spectra are normalised against one another. In comparison 

to other approaches, such as normalisation to the amide I peak, spectra are normalised 

across the whole wavenumber region, preventing exaggerated differences at other parts 

of the spectrum (Figure 1.17 C).  

 

1.6.4 Multivariate Analysis 

Extracting biological information from spectral datasets can be challenging due to the 

sheer size and complexity of the data. Dependent upon the parameters of the 

spectrometer such as spectral resolution, a single spectrum can be composed of 

thousands of individual intensity values relating to individual wavenumbers 145. As the 

size of the sample set increases, it is clear to see how rapidly the computational burden 

can augment. For simple observations between spectra, such as comparisons of peak 

intensities and shifts, this is a relatively unchallenging. Approaches such as this are 

referred to as univariate, as they only take into consideration one variable, such as 

wavenumber. However, by taking into consideration the whole spectral range and the 

relationship between all points on the spectrum, greater detail can often be revealed and 

this the basis of multivariate analysis 150.  

 

1.6.4.1 Principal Component Analysis 

One of the most robust multivariate techniques in spectral processing is principal 

component analysis (PCA). The output of this approach, is a dataset with reduced 

dimensionality whilst retaining the valuable variance within the dataset 151. In theory, in 

order to distinguish variance in a spectral dataset the correlation between each spectrum 

at each specific wavenumber would need to be observed. However, due to the large 

dimensionality of this dataset, this is not possible.  

PCA extracts variance from the dataset by orthogonal transformation of the 

dataset, meaning that the data is viewed on an axis that best describes the variance in 

correlation to the wavenumbers 152. Specifically, this is referred to as covariance, as it is 
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the comparison of multiple dimensions within the spectral dataset. The covariance 

matrix produced from the original dataset can be split into eigenvalues (the score matrix) 

and eigenvectors (or principal components [PCs]). An eigenvector is a vector or view 

through the original data, projected in multidimensional space. Eigenvalues correspond 

to the exact variance explained by a given eigenvector. The first PC (PC1) explains the 

most amount of variance in the dataset, determined from eigenvectors and its 

corresponding eigenvalue; followed by PC2, which is orthogonal to the previous 

eigenvector 153. As such, each PC accounts for less variance compared to the previous. 

 

Figure 1.18. An overview of principal component analysis observing the data transformation 

(top panel) and the corresponding visual outputs. A comparison between tomato, barley and 

Commelina is used to visualise the original data matrix, the PC1 vs PC2 scatterplot and the 

loadings plot of PC1 accounting for wavenumber specific information regarding covariance in 

the dataset. Adapted from 153 

 

The importance of this approach is that the dataset is now reduced and is 

representative of purely the variance in the dataset. As each spectrum is now composed 

of a set number of PCs that account for a defined amount of variance within the dataset, 

there are less data to handle in subsequent computational approaches. Usually around 10 
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PCs is considered enough to encompass ~99% of the variance in the dataset; however, 

this is highly dependent upon the dataset and should be explored thoroughly before 

additional analysis 147.  

PCA allows the variance within the dataset to be visualised in the form of either 

scatter or loadings plots. By plotting PC values in 2- or 3-dimensions, the relationship 

between samples can be deduced, with separation inferring samples heterogeneity and 

clustering inferring sample homogeneity. Figure 1.18 depicts the same spectral dataset 

presented in Figure 1.17 following PCA. In this example 99% of the variance in the 

dataset in encompassed by the first 7 PCs, with PC1 accounting for a significant 

proportion the variance. By plotting PC1 and PC2 values against each other separation 

between the three plant species is clear. The subsequent loadings plot refers back to the 

original wavenumber dimensions of the dataset and thus separation in the PC plot can be 

associated with distinct spectral regions.  

 

1.6.4.2 Linear Discriminant Analysis 

PCA can be considered an unsupervised analysis technique and thus derives variance 

from a dataset regardless of class information. In instances where variance between 

spectral classes is not immediately evident, a supervised technique may be necessary to 

help tease out underlying differences. 

 

Figure 1.19. A comparison between PCA and PCA-LDA scatterplots. Black arrows on the 

PCA plot are indicative of the reduction in intra-class variance, whereas grey arrows depict the 

maximisation of inter-class differences. Tomato (red), barley (blue) and Commelina (green) are 

shown to separate more readily following PCA-LDA.  
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Linear discriminant analysis (LDA) is one such technique that takes into account 

class labels and can enhance separation between classes. This supervised technique 

minimises the intra-class differences, but maximises the inter-class differences, resulting 

in a more separated dataset 154. When coupled to the covariance matrix derived from 

PCA, this linear transformation improves the ability to distinguish between spectral 

datasets is enhanced, allowing for better classification 154. As all PCs are fed into LDA, it 

is important to observe the data explained by each PC, as introduction of too few PCs 

can result in the loss of significant spectral variance, whereas the addition of too many 

PCs can result in noise introduction and overfitting. Figure 1.19 portrays the differences 

between PCA and PCA-LDA scatterplots from the three plant species.  

 

1.6.4.3 Classification Algorithms 

Dependent upon the aim of spectral investigation, the use of classification algorithms 

may be required to derive numerical values to define the diagnostic capabilities of the 

approach to a given scenario 155. This is particularly important for biomedical application 

of IR and Raman spectroscopy, where often disease status is determined by spectral 

analysis of a sample 156. In the case of cancer diagnostics using tissues or biofluids, it is 

often necessary to obtain sensitivity and specificity values to assess the performance of 

the approach 157,158. 

There are a numerous classification approaches available some of which are well 

characterised in the following articles 147,159,160. Commonly implemented chemometric 

approaches include Bayesian modelling, artificial neural network (ANN), random forest 

(RF), hierarchical cluster analysis (HCA), and PC-discriminant function analysis (PC-

DFA). Key considerations in chemometric modelling, are the efficient training, testing 

and validation of a model, as well as the sample size 136,155,161. 

A linear discriminant classifier (LDC) is a relatively simple approach to 

classification of spectra, that fits a classification model to the dataset to be trained, 

without the need for optimisation of parameters within the model 3. This chemometric 

approach is directly related to the outputs of PCA-LDA and thus can be considered 

complementary. One caveat of this approach is that validation is essential to avoid 

overfitting.  
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A support vector machine (SVM) is a particularly well implemented 

chemometric model applied to spectral datasets. In brief, an SVM uses a small section of 

the dataset, termed support vectors, and searches for the optimal dimension for 

separation between them, defined as the hyperplane. This approach is applicable to both 

linear and non-linear datasets and is less prone to overfitting comparative to other 

methods, although can present a computational burden through parameter optimisation 

162. 

 

1.6.5 Vibrational Spectroscopy in Plant Research  

The application of vibrational spectroscopy in biological materials has undoubtedly been 

extended to include investigations using Planta from single compound quantification, to 

in vivo applications 126,163. However, it is a just statement that application in this field has 

not been exploited to the extent of biomedical applications, which are already being 

implemented in real-world environments and clinical translation 164,165.  

 

1.6.5.1 Applications of FTIR Spectroscopy 

Between the two techniques, FTIR spectroscopy has been more widely implemented in 

plant research in comparison to Raman spectroscopy. Despite the issues associated with 

water interference in IR absorption, the technique has still been able to infer valuable 

molecular information from fixed tissues and plant specific substances 166,167. The latter 

of these applications is where FTIR of plant matter has been particularly prevalent, with 

a number of applications for quantification of isolated plant metabolites 168-170. Specific 

tissues have also been investigated using this technique including the cell wall, the 

cuticle layer of leaves and fruit 171-174. Discriminatory investigations have also been 

conducted on fixed samples, such as for mutant screening, as well a wide range of 

applications in the field of food analysis and adulteration 175-177.  

The imaging capabilities of FTIR spectroscopy have also been utilised in plant 

research, particularly in conjunction with SR. These studies have described the 

molecular structure of plant tissues and allowed the visualisation of chemical 

distributions 178-183,  
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The development of ATR-FTIR has significantly benefitted plant research as 

spectra can be acquired from aqueous samples, allowing a wider range of applications. 

Similarly to traditional FTIR applications, ATR-FTIR has been used to interrogate fixed 

samples, particularly to characterise cell wall structure and content 184-186.  

However, it is movement towards in vivo measurements of plant systems using 

ATR-FTIR that fully-exploits the attributes of ATR-FTIR. In situ measurements have 

been readily obtained from leaves and petals, reflecting the capability to sample from 

water containing, fresh samples whilst still being able to derive biological information 

187. Recently, ATR-FTIR imaging has also been exploited to image plant tissue in situ 

presenting a significant advancement in the field 188-190. It is clear from the literature that 

there remains a shortfall of in vivo spectral investigations using FTIR spectroscopy and 

its derivatives.  

 

1.6.5.2 Applications of Raman Spectroscopy 

Unlike IR that is limited by water interference, Raman is subject to competition with 

fluorescence, which is intrinsically high in the majority of plant tissues 191. As such the 

application of Raman spectroscopy in plant research has been almost solely limited to 

isolated plant materials and tissues that do not possess fluorophore components 145.  

Similarly to FTIR spectroscopy, Raman has also been used to investigate 

valuable plant substances and cell wall architecture 168. The imaging or mapping 

capabilities of Raman have also been well implemented, with a number of wood based 

studies having been presented 192. The work of Gierlinger has particularly revealed the 

potential applications of Raman-based imaging investigations 191,193-195. 

 A number of instrumental adaptations to the conventional spontaneous Raman 

approach have allowed spectra to be derived without contributions from fluorescence. 

With FT-Raman spectroscopy, SRS and SERS the influence of fluorescence is 

minimised and thus spectral measurements can be derived 196-199. However, the 

application of Raman spectroscopy for in vivo plant measurements are again not fully 

exploited, highlighting the need for further development in this area.   

  



43 
 

References  

1 FAO. World Population Prospects: The 2015 Revision - Key Findings and Advance 

Tables. (United Nations, 2015). 

2 Godfray, H. C. J. et al. Food security: the challenge of feeding 9 billion people. science 

327, 812-818 (2010). 

3 Baker, M. J. et al. Using Fourier transform IR spectroscopy to analyze biological 

materials. Nature protocols 9, 1771-1791 (2014). 

4 Tilman, D., Balzer, C., Hill, J. & Befort, B. L. Global food demand and the sustainable 

intensification of agriculture. Proceedings of the National Academy of Sciences 108, 

20260-20264 (2011). 

5 Tscharntke, T. et al. Global food security, biodiversity conservation and the future of 

agricultural intensification. Biological conservation 151, 53-59 (2012). 

6 Khush, G. S. Challenges for meeting the global food and nutrient needs in the new 

millennium. Proceedings of the Nutrition Society 60, 15-26 (2001). 

7 Evenson, R. E. & Gollin, D. Assessing the impact of the Green Revolution, 1960 to 

2000. Science 300, 758-762 (2003). 

8 Beddington, J. Food security: contributions from science to a new and greener 

revolution. Philosophical Transactions of the Royal Society of London B: Biological 

Sciences 365, 61-71 (2010). 

9 Premanandh, J. Factors affecting food security and contribution of modern technologies 

in food sustainability. Journal of the Science of Food and Agriculture 91, 2707-2714 

(2011). 

10 Delmer, D. P. Agriculture in the developing world: connecting innovations in plant 

research to downstream applications. Proceedings of the National Academy of Sciences 

of the United States of America 102, 15739-15746 (2005). 

11 Dibden, J., Gibbs, D. & Cocklin, C. Framing GM crops as a food security solution. 

Journal of Rural Studies 29, 59-70 (2013). 

12 Qaim, M. & Kouser, S. Genetically modified crops and food security. PloS one 8, 

e64879 (2013). 

13 Wynne, B. Creating public alienation: expert cultures of risk and ethics on GMOs. 

Science as culture 10, 445-481 (2001). 

14 Jacobsen, S.-E., Sørensen, M., Pedersen, S. M. & Weiner, J. Feeding the world: 

genetically modified crops versus agricultural biodiversity. Agronomy for sustainable 

development 33, 651-662 (2013). 

15 Popp, J., Pető, K. & Nagy, J. Pesticide productivity and food security. A review. 

Agronomy for sustainable development 33, 243-255 (2013). 



44 
 

16 Birch, A. N. E., Begg, G. S. & Squire, G. R. How agro-ecological research helps to 

address food security issues under new IPM and pesticide reduction policies for global 

crop production systems. Journal of Experimental Botany 62, 3251-3261 (2011). 

17 Bradley, P. & Marulanda, C. in World Congress on Soilless Culture: Agriculture in the 

Coming Millennium 554.  289-296. 

18 Meinke, D. W., Cherry, J. M., Dean, C., Rounsley, S. D. & Koornneef, M. Arabidopsis 

thaliana: a model plant for genome analysis. Science 282, 662-682 (1998). 

19 Reuter, D. Plant analysis: an interpretation manual.  (CSIRO publishing, 1997). 

20 Schnitkey, G., Hopkins, J. & Tweeten, L. An economic evaluation of precision fertilizer 

applications on corn-soybean fields. Precision Agriculture, 977-987 (1996). 

21 Pinstrup-Andersen, P. Food security: definition and measurement. Food security 1, 5-7 

(2009). 

22 FAO. in World Food Summit.   (FAO). 

23 McGuire, S. FAO, IFAD, and WFP. The State of Food Insecurity in the World 2015: 

Meeting the 2015 International Hunger Targets: Taking Stock of Uneven Progress. 

Rome: FAO, 2015. Advances in Nutrition: An International Review Journal 6, 623-624 

(2015). 

24 FAO. The FAO Hunger Map 2015. (The State of Food Security in the World 2015, 

2015). 

25 FAO. How to feed the world in 2050. (2009). 

26 Schmidhuber, J. & Tubiello, F. N. Global food security under climate change. 

Proceedings of the National Academy of Sciences 104, 19703-19708 (2007). 

27 Smith, P. Delivering food security without increasing pressure on land. Global Food 

Security 2, 18-23 (2013). 

28 Rosegrant, M. W. & Cline, S. A. Global food security: challenges and policies. Science 

302, 1917-1919 (2003). 

29 Baulcombe, D. et al. Reaping the benefits: science and the sustainable intensification of 

global agriculture.  (The Royal Society, 2009). 

30 Despommier, D. The vertical farm: controlled environment agriculture carried out in tall 

buildings would create greater food safety and security for large urban populations. 

Journal für Verbraucherschutz und Lebensmittelsicherheit 6, 233-236 (2011). 

31 Bula, R. et al. Light-emitting diodes as a radiation source for plants. HortScience 26, 

203-205 (1991). 

32 Fageria, N. K., Baligar, V. C. & Jones, C. A. Growth and mineral nutrition of field 

crops.  (CRC Press, 2010). 



45 
 

33 Roy, R., Finck, A., Blair, G. & Tandon, H. Plant nutrition for food security. A guide for 

integrated nutrient management. FAO Fertilizer and Plant Nutrition Bulletin 16, 368 

(2006). 

34 Marschner, H. Marschner's mineral nutrition of higher plants.  (Academic press, 2011). 

35 Sauerbeck, D. & Helal, H. in Genetic aspects of plant mineral nutrition     11-17 

(Springer, 1990). 

36 Craswell, E. & Godwin, D. The efficiency of nitrogen fertilizers applied to cereals 

grown in differentclimates. (1984). 

37 van der Ploeg, R. R. & Kirkham, M. On the origin of the theory of mineral nutrition of 

plants and the law of the minimum.  (1999). 

38 Alloway, B. J. Micronutrient deficiencies in global crop production.  (Springer Science 

& Business Media, 2008). 

39 FAO. Yield gap analysis of field crops: methods and case studies. (UN, Rome, 2015). 

40 Mueller, N. D. et al. Closing yield gaps through nutrient and water management. Nature 

490, 254-257 (2012). 

41 Krupa, Z., Siedlecka, A., Skorzynska-Polit, E. & Maksymiec, W. in Physiology and 

biochemistry of metal toxicity and tolerance in plants     287-301 (Springer, 2002). 

42 Loneragan, J., Snowball, K., Robson, A. & Wardlaw, I. Remobilization of nutrients and 

its significance in plant nutrition. Transport and transfer processes in plants, 463-469 

(1976). 

43 Hill, J. The remobilization of nutrients from leaves. Journal of Plant Nutrition 2, 407-

444 (1980). 

44 Lucena, J. in III International Symposium on Mineral Nutrition of Deciduous Fruit Trees 

448.  179-192. 

45 Oliveira, S. R., Neto, J. A. G., Nobrega, J. A. & Jones, B. T. Determination of macro-

and micronutrients in plant leaves by high-resolution continuum source flame atomic 

absorption spectrometry combining instrumental and sample preparation strategies. 

Spectrochimica Acta Part B: Atomic Spectroscopy 65, 316-320 (2010). 

46 Fried, M. & Dean, L. A concept concerning the measurement of available soil nutrients. 

Soil Science 73, 263-272 (1952). 

47 FAO. Current world fertilizer trends and outlook to 2016. (Rome, 2012). 

48 Baligar, V., Fageria, N. & He, Z. Nutrient use efficiency in plants. Communications in 

Soil Science and Plant Analysis 32, 921-950 (2001). 

49 Brown, P. H. in IV International Symposium on Mineral Nutrition of Deciduous Fruit 

Crops 564.  217-223. 

50 Dixon, R. C. Foliar fertilization improves nutrient use efficiency. Fluid Journal 11, 22-

23 (2003). 



46 
 

51 Hillier, J. et al. The carbon footprints of food crop production. International Journal of 

Agricultural Sustainability 7, 107-118 (2009). 

52 Snyder, C., Bruulsema, T., Jensen, T. & Fixen, P. Review of greenhouse gas emissions 

from crop production systems and fertilizer management effects. Agriculture, 

Ecosystems & Environment 133, 247-266 (2009). 

53 Skinner, J. et al. An overview of the environmental impact of agriculture in the UK. 

Journal of environmental Management 50, 111-128 (1997). 

54 Smith, V. H., Tilman, G. D. & Nekola, J. C. Eutrophication: impacts of excess nutrient 

inputs on freshwater, marine, and terrestrial ecosystems. Environmental pollution 100, 

179-196 (1999). 

55 FAO. Food Wastage Footprint: Impacts on natural resources. (FAO Regional 

Conference for Europe 2014). 

56 Waste, L. F. H., (2016). 

57 Jaiswal, J. Calcium—how and why? Journal of biosciences 26, 357-363 (2001). 

58 Case, R. M. et al. Evolution of calcium homeostasis: From birth of the first cell to an 

omnipresent signalling system. Cell Calcium 42, 345-350 (2007). 

59 Clapham, D. E. Calcium signaling. Cell 131, 1047-1058 (2007). 

60 Aghdam, M. S., Hassanpouraghdam, M. B., Paliyath, G. & Farmani, B. The language of 

calcium in postharvest life of fruits, vegetables and flowers. Scientia Horticulturae 144, 

102-115 (2012). 

61 Clarkson, D. T. Calcium transport between tissues and its distribution in the plant. Plant, 

Cell & Environment 7, 449-456 (1984). 

62 White, P. J. The pathways of calcium movement to the xylem. Journal of experimental 

botany 52, 891-899 (2001). 

63 Gilliham, M. et al. Calcium delivery and storage in plant leaves: exploring the link with 

water flow. Journal of experimental botany 62, 2233-2250 (2011). 

64 Kirkby, E. & Pilbeam, D. Calcium as a plant nutrient. Plant, Cell & Environment 7, 397-

405 (1984). 

65 White, P. J. & Broadley, M. R. Calcium in Plants. Annals of Botany 92, 487-511 (2003). 

66 Taylor, M. D. & Locascio, S. J. Blossom-end rot: A calcium deficiency. Journal of plant 

nutrition 27, 123-139 (2004). 

67 Carter, M. & Cutcliffe, J. Effects of gypsum on growth and mineral content of Brussels 

sprouts, and soil properties of Orthic Podzols. Fertilizer research 24, 77-84 (1990). 

68 Saure, M. Causes of the tipburn disorder in leaves of vegetables. Scientia Horticulturae 

76, 131-147 (1998). 

69 Simon, E. W. The symptoms of calcium deficiency in plants. New Phytologist 80, 1-15 

(1978). 



47 
 

70 Raese, J. T. & Drake, S. R. Effects of preharvest calcium sprays on apple and pear 

quality. Journal of plant nutrition 16, 1807-1819 (1993). 

71 Ng, C. K. Y. et al. Calcium-based signalling systems in guard cells. New Phytologist 

151, 109-120 (2001). 

72 Berridge, M. J., Lipp, P. & Bootman, M. D. The versatility and universality of calcium 

signalling. Nature Reviews Molecular Cell Biology 1, 11-21 (2000). 

73 Demidchik, V. & Maathuis, F. J. M. Physiological roles of nonselective cation channels 

in plants: from salt stress to signalling and development. New Phytologist 175, 387-404 

(2007). 

74 Dodd, A. N., Kudla, J. & Sanders, D. The language of calcium signaling. Annual review 

of plant biology 61, 593-620 (2010). 

75 Schroeder, J. I., Allen, G. J., Hugouvieux, V., Kwak, J. M. & Waner, D. Guard cell 

signal transduction. Annual review of plant biology 52, 627-658 (2001). 

76 Sanders, D., Pelloux, J., Brownlee, C. & Harper, J. F. Calcium at the crossroads of 

signaling. The Plant Cell Online 14, S401-S417 (2002). 

77 McAinsh, M. R. & Pittman, J. K. Shaping the calcium signature. New Phytologist 181, 

275-294 (2009). 

78 Rudd, J. J. & Franklin-Tong, V. E. Calcium signaling in plants. CMLS, Cell. Mol. Life 

Sci. 55, 214-232 (1999). 

79 McAinsh, M. R. & Ng, C. K.-Y.  Vol. 312    289-302 (2005). 

80 Planck, M. Ueber das gesetz der energieverteilung im normalspectrum. Annalen der 

physik 309, 553-563 (1901). 

81 Pitts, D. G. & Kleinstein, R. The electromagnetic spectrum. Environmental Vision. 

Boston, Butterworth-Heinemann, 87-135 (1993). 

82 L'Annunziata, M. F. Handbook of radioactivity analysis.  (Academic Press, 2012). 

83 Baker, M. J., Hughes, C. S. & Hollywood, K. A. in Biophotonics: Vibrational 

Spectroscopic Diagnostics    3-1-3-13 (Morgan & Claypool Publishers, 2016). 

84 García-González, D. L., Baeten, V., Pierna, J. A. F. & Tena, N. in Handbook of Olive 

Oil     335-393 (Springer, 2013). 

85 Sheppard, N. in Handbook of Vibrational Spectroscopy     (John Wiley & Sons, Ltd, 

2006). 

86 Baker, M. J., Hughes, C. S. & Hollywood, K. A. in Biophotonics: Vibrational 

Spectroscopic Diagnostics    2-1-2-14 (Morgan & Claypool Publishers, 2016). 

87 Siebert, F. & Hildebrandt, P. Vibrational spectroscopy in life science.  (John Wiley & 

Sons, 2008). 

88 Du, Q., Superfine, R., Freysz, E. & Shen, Y. Vibrational spectroscopy of water at the 

vapor/water interface. Physical Review Letters 70, 2313 (1993). 



48 
 

89 Martens, H., Nielsen, J. P. & Engelsen, S. B. Light scattering and light absorbance 

separated by extended multiplicative signal correction. Application to near-infrared 

transmission analysis of powder mixtures. Analytical Chemistry 75, 394-404 (2003). 

90 Colthup, N. Introduction to infrared and Raman spectroscopy.  (Elsevier, 2012). 

91 Beer, A. Bestimmung der Absorption des rothen Lichts in farbigen Flüssigkeiten. 

Annalen der Physik 162, 78-88 (1852). 

92 Davis, W., Erickson, C., Johnston, C., Delfino, J. & Porter, J. Quantitative Fourier 

Transform Infrared spectroscopic investigation humic substance functional group 

composition. Chemosphere 38, 2913-2928 (1999). 

93 Michelson, A. A. & Morley, E. W. On the Relative Motion of the Earth and of the 

Luminiferous Ether. Sidereal Messenger, vol. 6, pp. 306-310 6, 306-310 (1887). 

94 Van De Weert, M., Hering, J. A. & Haris, P. I. Fourier Transform Infrared. Methods for 

structural analysis of protein pharmaceuticals 3, 131 (2005). 

95 Clemens, G., Bird, B., Weida, M., Rowlette, J. & Baker, M. J. Quantum cascade laser-

based mid-infrared spectrochemical imaging of tissue and biofluids. Spectroscopy 

Europe 26, 14-19 (2014). 

96 Yeh, K., Kenkel, S., Liu, J.-N. & Bhargava, R. Fast infrared chemical imaging with a 

quantum cascade laser. Analytical chemistry 87, 485-493 (2014). 

97 Griffiths, P. R. & De Haseth, J. A. Fourier transform infrared spectrometry. Vol. 171 

(John Wiley & Sons, 2007). 

98 Miller, L. M. & Smith, R. J. Synchrotrons versus globars, point-detectors versus focal 

plane arrays: Selecting the best source and detector for specific infrared 

microspectroscopy and imaging applications. Vibrational spectroscopy 38, 237-240 

(2005). 

99 Nasse, M. J. et al. High-resolution Fourier-transform infrared chemical imaging with 

multiple synchrotron beams. Nature methods 8, 413-416 (2011). 

100 Carr, G. Resolution limits for infrared microspectroscopy explored with synchrotron 

radiation. Review of Scientific Instruments 72, 1613-1619 (2001). 

101 Hirschmugl, C. J. & Gough, K. M. Fourier transform infrared spectrochemical imaging: 

review of design and applications with a focal plane array and multiple beam 

synchrotron radiation source. Applied spectroscopy 66, 475-491 (2012). 

102 Martin, F. L. Shining a new light into molecular workings. Nature methods 8, 385-387 

(2011). 

103 Chasman, R., Green, G. K. & Rowe, E. Preliminary design of a dedicated synchrotron 

radiation facility. IEEE Transactions on Nuclear Science 22, 1765-1767 (1975). 

104 Duncan, W. & Williams, G. P. Infrared synchrotron radiation from electron storage 

rings. Applied optics 22, 2914-2923 (1983). 



49 
 

105 Smith, B. C. Fundamentals of Fourier transform infrared spectroscopy.  (CRC press, 

2011). 

106 Stuart, B. Infrared spectroscopy.  (Wiley Online Library, 2005). 

107 Wehbe, K., Filik, J., Frogley, M. D. & Cinque, G. The effect of optical substrates on 

micro-FTIR analysis of single mammalian cells. Analytical and Bioanalytical Chemistry 

405, 1311-1324 (2013). 

108 Filik, J., Frogley, M. D., Pijanka, J. K., Wehbe, K. & Cinque, G. Electric field standing 

wave artefacts in FTIR micro-spectroscopy of biological materials. Analyst 137, 853-861 

(2012). 

109 Bassan, P. et al. The inherent problem of transflection-mode infrared spectroscopic 

microscopy and the ramifications for biomedical single point and imaging applications. 

Analyst 138, 144-157 (2013). 

110 Wrobel, T. P., Wajnchold, B., Byrne, H. J. & Baranska, M. Electric field standing wave 

effects in FT-IR transflection spectra of biological tissue sections: Simulated models of 

experimental variability. Vibrational Spectroscopy 69, 84-92 (2013). 

111 Gazi, E. et al. Fixation protocols for subcellular imaging by synchrotron‐based Fourier 

transform infrared microspectroscopy. Biopolymers 77, 18-30 (2005). 

112 Faolain, E. O. et al. A study examining the effects of tissue processing on human tissue 

sections using vibrational spectroscopy. Vibrational Spectroscopy 38, 121-127 (2005). 

113 Kazarian, S. & Chan, K. Applications of ATR-FTIR spectroscopic imaging to 

biomedical samples. Biochimica et Biophysica Acta (BBA)-Biomembranes 1758, 858-

867 (2006). 

114 Kazarian, S. G. & Chan, K. A. ATR-FTIR spectroscopic imaging: recent advances and 

applications to biological systems. Analyst 138, 1940-1951 (2013). 

115 Glassford, S. E., Byrne, B. & Kazarian, S. G. Recent applications of ATR FTIR 

spectroscopy and imaging to proteins. Biochimica et Biophysica Acta (BBA)-Proteins 

and Proteomics 1834, 2849-2858 (2013). 

116 Barth, A. Infrared spectroscopy of proteins. Biochimica et Biophysica Acta (BBA) - 

Bioenergetics 1767, 1073-1101 (2007). 

117 Lasch, P., Haensch, W., Naumann, D. & Diem, M. Imaging of colorectal 

adenocarcinoma using FT-IR microspectroscopy and cluster analysis. Biochimica et 

Biophysica Acta (BBA) - Molecular Basis of Disease 1688, 176-186 (2004). 

118 Fernandez, D. C., Bhargava, R., Hewitt, S. M. & Levin, I. W. Infrared spectroscopic 

imaging for histopathologic recognition. Nature biotechnology 23, 469-474 (2005). 

119 Petibois, C. & Deleris, G. Chemical mapping of tumor progression by FT-IR imaging: 

towards molecular histopathology. Trends in biotechnology 24, 455-462 (2006). 



50 
 

120 Lewis, E. N. et al. Fourier transform spectroscopic imaging using an infrared focal-plane 

array detector. Analytical chemistry 67, 3377-3381 (1995). 

121 Raman, C. V. & Krishnan, K. S. A new type of secondary radiation. Nature 121, 501-

502 (1928). 

122 Keresztury, G. Raman spectroscopy: theory. Handbook of vibrational spectroscopy 

(2002). 

123 Reichenbächer, M. & Popp, J. Challenges in molecular structure determination.  

(Springer Science & Business Media, 2012). 

124 Cheng, J.-X. & Xie, X. S. Coherent anti-Stokes Raman scattering microscopy: 

instrumentation, theory, and applications. The Journal of Physical Chemistry B 108, 

827-840 (2004). 

125 Zhao, J., Lui, H., McLean, D. I. & Zeng, H. Automated autofluorescence background 

subtraction algorithm for biomedical Raman spectroscopy. Applied spectroscopy 61, 

1225-1232 (2007). 

126 Butler, H. J. et al. Using Raman spectroscopy to characterize biological materials. 

Nature protocols 11, 664-687 (2016). 

127 Long, D. A. Raman spectroscopy. New York, 1-12 (1977). 

128 Heller, E. J., Sundberg, R. & Tannor, D. Simple aspects of Raman scattering. The 

Journal of Physical Chemistry 86, 1822-1833 (1982). 

129 Byrne, H., Sockalingum, G. & Stone, N. Raman microscopy: complement or competitor.  

(2011). 

130 Gremlich, H. U. The use of optical spectroscopy in combinatorial chemistry. 

Biotechnology and bioengineering 61, 179-187 (1999). 

131 Cui, L., Butler, H. J., Martin-Hirsch, P. L. & Martin, F. L. Aluminium foil as a potential 

substrate for ATR-FTIR, transflection FTIR or Raman spectrochemical analysis of 

biological specimens. Analytical Methods 8, 481-487 (2016). 

132 Lewis, A. T. et al. Mirrored stainless steel substrate provides improved signal for Raman 

spectroscopy of tissue and cells. Journal of Raman Spectroscopy (2016). 

133 Kerr, L. T., Byrne, H. J. & Hennelly, B. M. Optimal choice of sample substrate and laser 

wavelength for Raman spectroscopic analysis of biological specimen. Analytical 

Methods 7, 5041-5052 (2015). 

134 Leeds, S., Davis, T., May, P., Pickard, C. & Ashfold, M. Use of different excitation 

wavelengths for the analysis of CVD diamond by laser Raman spectroscopy. Diamond 

and Related Materials 7, 233-237 (1998). 

135 Smith, E. & Dent, G. Modern Raman spectroscopy: a practical approach.  (John Wiley 

& Sons, 2013). 



51 
 

136 Beleites, C., Neugebauer, U., Bocklitz, T., Krafft, C. & Popp, J. Sample size planning 

for classification models. Analytica chimica acta 760, 25-33 (2013). 

137 Lasch, P. Spectral pre-processing for biomedical vibrational spectroscopy and 

microspectroscopic imaging. Chemometrics and Intelligent Laboratory Systems 117, 

100-114 (2012). 

138 Bocklitz, T., Walter, A., Hartmann, K., Rösch, P. & Popp, J. How to pre-process Raman 

spectra for reliable and stable models? Analytica chimica acta 704, 47-56 (2011). 

139 Jarvis, R. M. & Goodacre, R. Genetic algorithm optimization for pre-processing and 

variable selection of spectroscopic data. Bioinformatics 21, 860-868 (2005). 

140 Martin, F. L. et al. Distinguishing cell types or populations based on the computational 

analysis of their infrared spectra. Nature protocols 5, 1748-1760 (2010). 

141 Socrates, G. Infrared and Raman characteristic group frequencies: tables and charts.  

(John Wiley & Sons, 2004). 

142 Movasaghi, Z., Rehman, S. & Rehman, I. U. Raman spectroscopy of biological tissues. 

Applied Spectroscopy Reviews 42, 493-541 (2007). 

143 Movasaghi, Z., Rehman, S. & ur Rehman, D. I. Fourier transform infrared (FTIR) 

spectroscopy of biological tissues. Applied Spectroscopy Reviews 43, 134-179 (2008). 

144 Kohler, A. et al. Estimating and correcting Mie scattering in synchrotron-based 

microscopic Fourier transform infrared spectra by extended multiplicative signal 

correction. Applied spectroscopy 62, 259-266 (2008). 

145 Butler, H. J., McAinsh, M. R., Adams, S. & Martin, F. L. Application of vibrational 

spectroscopy techniques to non-destructively monitor plant health and development. 

Analytical Methods 7, 4059-4070 (2015). 

146 Leger, M. N. & Ryder, A. G. Comparison of derivative preprocessing and automated 

polynomial baseline correction method for classification and quantification of narcotics 

in solid mixtures. Applied spectroscopy 60, 182-193 (2006). 

147 Trevisan, J., Angelov, P. P., Carmichael, P. L., Scott, A. D. & Martin, F. L. Extracting 

biological information with computational analysis of Fourier-transform infrared (FTIR) 

biospectroscopy datasets: current practices to future perspectives. Analyst 137, 3202-

3215 (2012). 

148 Dong, A., Huang, P. & Caughey, W. S. Protein secondary structures in water from 

second-derivative amide I infrared spectra. Biochemistry 29, 3303-3308 (1990). 

149 Kumar, S. et al. Raman and infra-red microspectroscopy: towards quantitative 

evaluation for clinical research by ratiometric analysis. Chemical Society Reviews 45, 

1879-1900 (2016). 

150 Lasch, P. & Kneipp, J. Biomedical vibrational spectroscopy.  (John Wiley & Sons, 

2008). 



52 
 

151 Jolliffe, I. in Wiley StatsRef: Statistics Reference Online     (John Wiley & Sons, Ltd, 

2014). 

152 Cowe, I. A. & McNicol, J. W. The Use of Principal Components in the Analysis of 

Near-Infrared Spectra. Applied Spectroscopy 39, 257-266 (1985). 

153 Kelly, J. G. et al. Biospectroscopy to metabolically profile biomolecular structure: a 

multistage approach linking computational analysis with biomarkers. Journal of 

proteome research 10, 1437-1448 (2011). 

154 Harvey, T. et al. Factors influencing the discrimination and classification of prostate 

cancer cell lines by FTIR microspectroscopy. Analyst 134, 1083-1091 (2009). 

155 Trevisan, J. et al. Measuring similarity and improving stability in biomarker 

identification methods applied to Fourier‐transform infrared (FTIR) spectroscopy. 

Journal of biophotonics 7, 254-265 (2014). 

156 Krafft, C., Steiner, G., Beleites, C. & Salzer, R. Disease recognition by infrared and 

Raman spectroscopy. Journal of biophotonics 2, 13-28 (2009). 

157 Gajjar, K. et al. Fourier-transform infrared spectroscopy coupled with a classification 

machine for the analysis of blood plasma or serum: a novel diagnostic approach for 

ovarian cancer. Analyst 138, 3917-3926 (2013). 

158 Stone, N., Kendall, C., Smith, J., Crow, P. & Barr, H. Raman spectroscopy for 

identification of epithelial cancers. Faraday discussions 126, 141-157 (2004). 

159 Bhargava, R., Fernandez, D. C., Hewitt, S. M. & Levin, I. W. High throughput 

assessment of cells and tissues: Bayesian classification of spectral metrics from infrared 

vibrational spectroscopic imaging data. Biochimica et Biophysica Acta (BBA)-

Biomembranes 1758, 830-845 (2006). 

160 Goodacre, R. Explanatory analysis of spectroscopic data using machine learning of 

simple, interpretable rules. Vibrational Spectroscopy 32, 33-45 (2003). 

161 Beleites, C. & Salzer, R. Assessing and improving the stability of chemometric models 

in small sample size situations. Analytical and bioanalytical chemistry 390, 1261-1271 

(2008). 

162 Gromski, P. S. et al. A tutorial review: Metabolomics and partial least squares-

discriminant analysis--a marriage of convenience or a shotgun wedding. Anal Chim Acta 

879, 10-23 (2015). 

163 Shaw, R. A. & Mantsch, H. H. Vibrational biospectroscopy: from plants to animals to 

humans. A historical perspective. Journal of Molecular Structure 480–481, 1-13 (1999). 

164 Byrne, H. J. et al. Spectropathology for the next generation: Quo vadis? Analyst 140, 

2066-2073 (2015). 

165 Baker, M. J. et al. Developing and understanding biofluid vibrational spectroscopy: a 

critical review. Chemical Society Reviews 45, 1803-1818 (2016). 



53 
 

166 Heredia-Guerrero, J. A. et al. Infrared and Raman spectroscopic features of plant 

cuticles: a review. Frontiers in plant science 5, 305 (2014). 

167 Stewart, D. Fourier transform infrared microspectroscopy of plant tissues. Applied 

Spectroscopy 50, 357-365 (1996). 

168 Schulz, H. & Baranska, M. Identification and quantification of valuable plant substances 

by IR and Raman spectroscopy. Vibrational Spectroscopy 43, 13-25 (2007). 

169 Kumar, J. K. & Prasad, A. D. Identification and comparison of biomolecules in 

medicinal plants of Tephrosia tinctoria and Atylosia albicans by using FTIR. Romanian 

J Biophys 21, 63-71 (2011). 

170 Li, Y.-q., Kong, D.-x. & Wu, H. Analysis and evaluation of essential oil components of 

cinnamon barks using GC–MS and FTIR spectroscopy. Industrial Crops and Products 

41, 269-278 (2013). 

171 Stewart, D., McDougall, G. J. & Baty, A. Fourier-transform infrared microspectroscopy 

of anatomically different cells of flax (Linum usitatissimum) stems during development. 

Journal of agricultural and food chemistry 43, 1853-1858 (1995). 

172 Merk, S., Blume, A. & Riederer, M. Phase behaviour and crystallinity of plant cuticular 

waxes studied by Fourier transform infrared spectroscopy. Planta 204, 44-53 (1997). 

173 Fernández, V. et al. New insights into the properties of pubescent surfaces: Peach fruit 

as a model. Plant Physiology 156, 2098-2108 (2011). 

174 Ramirez, F., Luque, P., Heredia, A. & Bukovac, M. Fourier transform IR study of 

enzymatically isolated tomato fruit cuticular membrane. Biopolymers 32, 1425-1429 

(1992). 

175 Chen, L. et al. A rapid method to screen for cell‐wall mutants using discriminant 

analysis of Fourier transform infrared spectra. The Plant Journal 16, 385-392 (1998). 

176 Tapp, H. S., Defernez, M. & Kemsley, E. K. FTIR spectroscopy and multivariate 

analysis can distinguish the geographic origin of extra virgin olive oils. Journal of 

agricultural and food chemistry 51, 6110-6115 (2003). 

177 Rodriguez-Saona, L. & Allendorf, M. Use of FTIR for rapid authentication and detection 

of adulteration of food. Annual review of food science and technology 2, 467-483 

(2011). 

178 Yu, P. Molecular chemistry imaging to reveal structural features of various plant feed 

tissues. Journal of Structural Biology 150, 81-89 (2005). 

179 Yu, P. et al. Use of synchrotron FTIR microspectroscopy to identify chemical 

differences in barley endosperm tissue in relation to rumen degradation characteristics. 

Canadian journal of animal science 84, 523-527 (2004). 

180 Yu, P., McKinnon, J. J., Christensen, C. R. & Christensen, D. A. Using synchrotron 

transmission FTIR microspectroscopy as a rapid, direct, and nondestructive analytical 



54 
 

technique to reveal molecular microstructural-chemical features within tissue in grain 

barley. Journal of agricultural and food chemistry 52, 1484-1494 (2004). 

181 Yu, P., Mckinnon, J. J., Christensen, C. R. & Christensen, D. A. Using synchrotron-

based FTIR microspectroscopy to reveal chemical features of feather protein secondary 

structure: comparison with other feed protein sources. Journal of agricultural and food 

chemistry 52, 7353-7361 (2004). 

182 Yu, P. et al. Chemical imaging of microstructures of plant tissues within cellular 

dimension using synchrotron infrared microspectroscopy. Journal of agricultural and 

food chemistry 51, 6062-6067 (2003). 

183 Heraud, P. et al. Focal plane array infrared imaging: a new way to analyse leaf tissue. 

New Phytologist 173, 216-225 (2007). 

184 Kristensen, J. B., Thygesen, L. G., Felby, C., Jørgensen, H. & Elder, T. Cell-wall 

structural changes in wheat straw pretreated for bioethanol production. Biotechnology 

for biofuels 1, 1 (2008). 

185 Abidi, N., Cabrales, L. & Haigler, C. H. Changes in the cell wall and cellulose content of 

developing cotton fibers investigated by FTIR spectroscopy. Carbohydrate Polymers 

100, 9-16 (2014). 

186 Ricci, A., Olejar, K. J., Parpinello, G. P., Kilmartin, P. A. & Versari, A. Application of 

Fourier Transform Infrared (FTIR) Spectroscopy in the Characterization of Tannins. 

Applied Spectroscopy Reviews 50, 407-442 (2015). 

187 Monti, F. et al. A multivariate statistical analysis approach to highlight molecular 

processes in plant cell walls through ATR FT-IR microspectroscopy: The role of the α-

expansin PhEXPA1 in Petunia hybrida. Vibrational Spectroscopy 65, 36-43 (2013). 

188 Warren, F. J. et al. Infrared microspectroscopic imaging of plant tissues: spectral 

visualization of Triticum aestivum kernel and Arabidopsis leaf microstructure. The Plant 

Journal 84, 634-646 (2015). 

189 Ribeiro da Luz, B. Attenuated total reflectance spectroscopy of plant leaves: a tool for 

ecological and botanical studies. New Phytologist 172, 305-318 (2006). 

190 Ivanova, D. G. & Singh, B. R. Nondestructive FTIR monitoring of leaf senescence and 

elicitin‐induced changes in plant leaves. Biopolymers 72, 79-85 (2003). 

191 Gierlinger, N. & Schwanninger, M. The potential of Raman microscopy and Raman 

imaging in plant research. Spectroscopy 21, 69-89 (2007). 

192 Agarwal, U. P. Raman imaging to investigate ultrastructure and composition of plant cell 

walls: distribution of lignin and cellulose in black spruce wood (Picea mariana). Planta 

224, 1141-1153 (2006). 

193 Gierlinger, N., Keplinger, T. & Harrington, M. Imaging of plant cell walls by confocal 

Raman microscopy. Nature protocols 7, 1694-1708 (2012). 



55 
 

194 Gierlinger, N. et al. Cellulose microfibril orientation of Picea abies and its variability at 

the micron-level determined by Raman imaging. Journal of experimental botany 61, 

587-595 (2010). 

195 Gierlinger, N. & Schwanninger, M. Chemical imaging of poplar wood cell walls by 

confocal Raman microscopy. Plant Physiology 140, 1246-1254 (2006). 

196 Sene, C. F., McCann, M. C., Wilson, R. H. & Grinter, R. Fourier-transform Raman and 

Fourier-transform infrared spectroscopy (an investigation of five higher plant cell walls 

and their components). Plant Physiology 106, 1623-1631 (1994). 

197 Edwards, H., Farwell, D. & Webster, D. FT Raman microscopy of untreated natural 

plant fibres. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 53, 

2383-2392 (1997). 

198 Rösch, P., Popp, J. & Kiefer, W. Raman and surface enhanced Raman spectroscopic 

investigation on Lamiaceae plants. Journal of molecular structure 480, 121-124 (1999). 

199 Zeiri, L. SERS of plant material. Journal of Raman Spectroscopy 38, 950-955 (2007). 

 



56 
 

Chapter 2 

 

 

Using Fourier transform IR spectroscopy to analyze biological 

materials 

Matthew J. Baker, Júlio Trevisan, Paul Bassan, Rohit Bhargava, Holly J. Butler, 

Konrad M Dorling, Peter R. Fielden, Simon W. Fogarty, Nigel J. Fullwood, Kelly Heys, 

Caryn Hughes, Peter Lasch, Pierre L. Martin-Hirsch, Blessing Obinaju, Ganesh D. 

Sockalingum, Josep Sulé-Suso, Rebecca J. Strong, Michael J. Walsh, Bayden R. Wood, 

Peter Gardner and Francis L Martin 

 

Nature Protocols 9(8): 1771-1791 (2014) 

 

Contribution: 

I wrote the ‘Instrumentation’ and ‘Spectral Acquisition’ sections 

I produced figures 1 and 3, and table 3 

Júlio Trevisan and I, compiled manuscript feedback from other authors and prepared 

manuscript for publication 

 

 

 

Professor F. L Martin Dr. Martin. R. McAinsh

  

H. J. Butler 

 

 

 

_____________________ 

 

 

 

_______________________ 

 

 

 

____________________ 

 



57 
 

 



58 
 

 



59 
 

 



60 
 

 



61 
 

 



62 
 

 



63 
 

 



64 
 

 



65 
 

 



66 
 

 



67 
 

 



68 
 

 



69 
 

 



70 
 

 



71 
 

 



72 
 

 



73 
 

 



74 
 

 



75 
 

 



76 
 

 



77 
 

 



78 
 

 

 



79 
 

 

 



80 
 

 

 

 



81 
 

 

 



82 
 

 

 

 



83 
 

 

 

 



84 
 

 

 



85 
 

 

 

 



86 
 

 

 

 



87 
 

 

 

 



88 
 

 

 

 



89 
 

 

 

 



90 
 

 

 

 

 



91 
 

 

 

 

 

 



92 
 

 

 

 

 



93 
 

 

 

 

 

 



94 
 



95 
 

Chapter 3 

 

 

Using Raman spectroscopy to characterise biological materials 

Holly J. Butler, Lorna Ashton, Benjamin Bird, Gianfelice Cinque, Kelly Curtis, Jennifer 

Dorney, Karen Esmonde-White, Nigel J. Fullwood, Benjamin Gardner, Pierre L. Martin-

Hirsch, Michael J. Walsh, Martin R. McAinsh, Nicholas Stone, and Francis L. Martin 

 

Nature Protocols 11(4): 664-687 (2016) 

 

 

Contribution: 

I wrote and prepared the manuscript for publication 

I acquired all data used throughout  

I prepared all figures 

I coordinated feedback from external authors and compiled the final manuscript 

 

 

Professor F. L Martin Dr. Martin. R. McAinsh

  

H. J. Butler 

 

_____________________ 

 

_______________________ 

 

____________________ 

 

 



96 
 

 



97 
 

 



98 
 

 

 



99 
 

 

 



100 
 

 

 

 



101 
 

 



102 
 

 



103 
 

 



104 
 

 



105 
 

 



106 
 

 



107 
 

 



108 
 

 



109 
 

 



110 
 

 



111 
 

 



112 
 

 



113 
 

 



114 
 

 



115 
 

 



116 
 

 



117 
 

 



118 
 

 



119 
 



120 
 

Chapter 4 

 

 

Application of vibrational spectroscopy techniques to non-destructively 

monitor plant health and development 

Holly J. Butler, Martin R. McAinsh, Steven Adams, and Francis L. Martin 

 

Analytical Methods 7(10): 4015-4378 (2015) 

 

 

Contribution: 

I conducted all experimental work 

I wrote and prepared the manuscript for publication 

I produced the front cover image and all figures 

 

 

 

 

Professor F. L Martin Dr. Martin. R. McAinsh

  

H. J. Butler 

 

 

______________________ 

 

 

____________________   

 

 

_____________________ 

 



121 
 

 



122 
 

 



123 
 

 



124 
 

 



125 
 

 



126 
 

 



127 
 

 



128 
 

 



129 
 

 



130 
 

 



131 
 

 



132 
 

 



133 
 

 



134 
 

Electronic Supplementary 

Information 

 

A critical analysis of vibrational spectroscopy to non-destructively 

monitor plant health and development.  

Holly J. Butler ab, Martin R. McAinsh c, Steve Adams d, Francis L. Martin a 

a Centre for Biophotonics, c Lancaster Environment Centre, Lancaster University, Lancaster LA1 

4YQ, UK 

b Centre for Global Eco-Innovation, Lancaster Environment Centre, Lancaster University, LA1 

4YQ, UK 

d Plant Impact Plc, Rothamsted, West Common, Harpenden, Hertfordshire, AL5 2JQ, UK 

 

*Correspondence to: Prof Francis L Martin, Centre for Biophotonics, LEC, Lancaster 

University, Lancaster LA1 4YQ, UK; Email: f.martin@lancaster.ac.uk; Tel.: +44(0)1524 51020 

 

Number of Pages: 9 

Number of Figures: 3 

Number of Tables: 5  

mailto:f.martin@lancaster.ac.uk


135 
 

 

 

Figure S1. An overview schematic of the experimental procedure for the review of non-

destructive analysis. A new set of plants was introduced each week and is symbolised by 

coloured boxes (‘Plant Set 1’orange, ‘Plant Set 2’green, ‘Plant Set 3’ blue and ‘Plant Set 4 

purple). Individual leaflets are labelled and represent equivalent leaflets between plant sets. 

Greyed out labels show previously analysed leaflet, which are no longer being interrogated at 

that particular week of analysis.  
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Figure S2. ATR-FTIR class means spectra to compare previously analysed and equivalent 

leaflets (full line), as well as differences in systemic leaflets (dashed line). At week 5 (t = 5) of 

development, plants were compared at mature leaflet A (A) and newly expanded leaflet B (B); at 

week 6 (t = 6), plants were compared at leaflet B (C) and newly expanded C (D); and finally at 

week 7 (t = 7), leaflet C (E) and D (F) were compared. Spectra were processed with second 

order differentiation baseline correction and vector normalisation.  
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Figure S3. Raman class means spectra to compare previously analysed and equivalent leaflets 

(full line), as well as differences in systemic leaflets (dashed line). At week 5 (t = 5) of 

development, plants were compared at mature leaflet A (A) and newly expanded leaflet B (B); at 

week 6 (t = 6), plants were compared at leaflet B (C) and newly expanded C (D). Spectra were 

processed with first order differentiation baseline correction and vector normalisation. 
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Table S2. P-values corresponding to cross validated PCA-LDA scores plots in Figure 3 derived 

by one-way ANOVA with Tukey’s multiple comparison test. (A) week 5; (B) week 6; (C) week 

7 of plant development. Significant values are highlighted in bold type and colours correspond to 

 

Table S1.A. Average rate of H2O assimilation (mmol H2O m-2 s-1± standard error ) for equivalent leaflets (A-D) 

in four plant sets over a time course of three weeks (t = 5-7) to determine any detrimental effects of ATR-FTIR 

spectroscopy interrogation. Leaflets previously analysed using the technique are shown in italic. No significant 

responses were determined by statistical analyses.  

 

 

 t = 5 weeks t = 6 weeks t = 7 weeks 

Leaflet A B B C C D 

Plant Set 

1 
0.84 ± 0.12 1.92 ± 0.18  2.04 ± 0.23  1.58 ± 0.16 

2 2.08 ± 0.40 2.40 ± 0.62 1.09 ± 0.23 1.31 ± 0.18  2.02 ± 0.32 

  3 2.32 ± 0.30 1.47 ± 0.26 1.32 ± 0.25 1.63 ± 0.29 

    4 0.77 ± 0.27 1.18 ± 0.21 

 

 

Table S1.B. Average rate of stomatal conductance (mmol m-2 s-1 ± standard error ) 

 

 t = 5 weeks t = 6 weeks t = 7 weeks 

 A B B C C D 

1 89.25 ± 27.16 106.50 ± 19.37  47.56 ± 8.45  73.83 ± 8.49 

2 64.50 ± 16.59 70.83 ± 13.59 120.67 ± 20.59 70.56 ± 14.73  101.83 ± 20.23 

  3 93.67 ± 18.49 42.78 ± 8.50 62.33 ± 15.83 80.67 ± 17.95 

    4 33.33 ± 13.14 50.83 ± 10.54 

 

 

Table S1.C. Average rate of internal CO2 (μmol mol-1 ± standard error ) 

 

 t = 5 weeks t = 6 weeks t = 7 weeks 

 A B B C C D 

1 206.36 ± 30.66 108.22 ± 9.30  135.00 ± 29.00  122.33 ± 23.98 

2 133.11 ± 19.57 187.25 ± 37.30 155.71 ± 24.78 214.75 ± 43.17  293.33 ± 132.29 

  3 208.57 ± 42.27 267.67 ± 38.40 77.75 ± 9.26 191.75 ± 39.32 

    4 372.33 ± 99.15 289.17 ± 64.62 

 

 

Table S1.D. Average rate of vapour pressure deficit (mPa Pa-1 ± standard error ) 

 

 

 t = 5 weeks t = 6 weeks t = 7 weeks 

 A B B C C D 

1 25.27 ± 0.73 23.22 ± 0.99  24.09 ± 0.42  23.08 ± 0.32 

2 26.87 ± 0.63 23.67 ± 0.87 25.67 ± 0.57 23.24 ± 0.63  22.13 ± 1.03 

  3 23.29 ± 0.59 21.99 ± 1.01 23.17 ± 1.03 22.45 ± 0.72 

    4 25.57 ± 0.77 24.38 ± 0.68 
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specific plants sets highlighted in Figure 3 (red = ‘Plant Set 1’, green ‘Plant Set 2’, blue = ‘Plant 

Set 3’, purple = ‘Plant Set 4’). Columns and rows in full colour represent comparison of leaves 

previously analysed and bordered cells represent comparisons of systemic leaves.  

 

  Leaflets   

(A) Week 5  A A B ̶ ̶ 

 A P >0.05 ̶ ̶ ̶ ̶ 

 B P >0.05 P >0.05 ̶ ̶ ̶ 

  C P >0.05 P >0.05 P >0.05 ̶ ̶ 

(B) Week 6  B B C C ̶ 

 B P >0.05 ̶ ̶ ̶ ̶ 

 B P >0.05 P >0.05 ̶ ̶ ̶ 

 C P >0.05 P >0.05 P >0.05 ̶ ̶ 

  C P >0.05 P >0.05 P >0.05 P >0.05 ̶ 

(C) Week 7  C C D D D 

 C P >0.05 ̶ ̶ ̶ ̶ 

 D P >0.05 P >0.05 ̶ ̶ ̶ 

 D P >0.05 P >0.05 P >0.05 ̶ ̶ 

 D P >0.05 P >0.05 P >0.05 P >0.05 ̶ 

  D P >0.05 P >0.05 P >0.05 P >0.05 P >0.05 
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Table S3. P-values corresponding to cross validated PCA-LDA scores plots in Figure 4 derived 

by one-way ANOVA with Tukey’s multiple comparison test. Table (A) week 5; (B) week 4 of 

plant development. Significant values are highlighted in bold type and colours correspond to 

specific plants sets highlighted in Figure 3 (red = ‘Plant Set 1’, green ‘Plant Set 2’, blue = ‘Plant 

Set 3’, purple = ‘Plant Set 4’). Columns and rows in full colour represent comparison of leaves 

previously analysed and bordered cells represent comparisons of systemic leaves.  

 

  Leaflets        

(A) Week 5  A A B ̶ 

 A P >0.05 ̶ ̶ ̶ 

 B P >0.05 P >0.05 ̶ ̶ 

  B P >0.05 P >0.05 P >0.05 ̶ 

(B) Week 6  B B C C 

 B P >0.05 ̶ ̶ ̶ 

 C P >0.05 P >0.05 ̶ ̶ 

 C P >0.05 P >0.05 P >0.05 ̶ 

  C P >0.05 P >0.05 P >0.05 P >0.05 
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Table S4.  P-values corresponding to cross validated PCA-LDA scores plots of Figure 5C (A) 

and Figure 5D (B) deduced by one-way ANOVA with Tukey’s multiple comparison test. 

Significant values are highlighted in bold type and colours correspond to classes (days) as shown 

in Figure 5. 

 

 

 Days           

(A) ATR-

FTIR 
1 2 3 4 5 7 9 10 11 13 14 

 
2 

P > 

0.05 
̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ 

 
3 

P > 

0.05 

P > 

0.05 
̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ 

 
4 

P < 

0.05 

P > 

0.05 

P > 

0.05 
̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶ 

 
5 

P < 

0.05 

P > 

0.05 

P > 

0.05 

P > 

0.05 
̶ ̶ ̶ ̶ ̶ ̶ ̶ 

 
7 

P > 

0.05 

P > 

0.05 

P > 

0.05 

P > 

0.05 

P > 

0.05 
̶ ̶ ̶ ̶ ̶ ̶ 

 
9 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.05 

P < 

0.05 

P < 

0.001 
̶ ̶ ̶ ̶ ̶ 

 
10 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.05 

P < 

0.05 

P < 

0.001 

P > 

0.05 
̶ ̶ ̶ ̶ 

 
11 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.01 

P < 

0.01 

P < 

0.001 

P > 

0.05 

P > 

0.05 
̶ ̶ ̶ 

 
13 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P > 

0.05 

P > 

0.05 

P > 

0.05 
̶ ̶ 

 
14 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P > 

0.05 

P > 

0.05 

P > 

0.05 

P > 

0.05 
̶ 

 
17 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P > 

0.05 

P > 

0.05 

P > 

0.05 

P > 

0.05 

P > 

0.05 

(B) Raman 1 2 3 4 5 7 9 10 13   

 
2 

P < 

0.01 
̶ ̶ ̶ ̶ ̶ ̶ ̶ ̶   

 
3 

P > 

0.05 

P > 

0.05 
̶ ̶ ̶ ̶ ̶ ̶ ̶   

 
4 

P < 

0.01 

P > 

0.05 

P > 

0.05 
̶ ̶ ̶ ̶ ̶ ̶   

 
5 

P < 

0.001 

P > 

0.05 

P > 

0.05 

P > 

0.05 
̶ ̶ ̶ ̶ ̶   

 
7 

P > 

0.05 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 
̶ ̶ ̶ ̶   

 
9 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 
̶ ̶ ̶   

 
10 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 
̶ ̶   

 
13 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 
̶   

 
15 

P < 

0.001 

P > 

0.05 

P > 

0.05 

P > 

0.05 

P > 

0.05 

P < 

0.001 

P < 

0.001 

P < 

0.001 

P < 

0.001 
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Table S5. P-values for linear regression curve analysis in most discriminating wavenumbers, 

calculated at 95% confidence rates, with significant values highlighted in bold, derived from 

Figure 10. Colours correspond to Figure 8.  

  Wavenumber (cm-1) NE M S 

ATR-FTIR 1107 P <0.01 P <0.05 P >0.05 

 1639 P <0.0001 P <0.0001 P >0.05 

  1015 P <0.0001 P <0.001 P >0.05 

Raman 1328 P >0.05 P >0.05 P >0.05 

 1158 P >0.05 P >0.05 P >0.05 

  1529 P >0.05 P >0.05 P <0.05 
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Abstract 

Foliar application of nutrient fertilisers is standard practice in agricultural environments, 

and has been shown to increase crop yield and quality more efficiently and economically 

than soil-based fertilisers. The adsorption of macro- and micro-nutrients through the 

upper epidermis of leaves is largely species dependent; reliant upon penetration through 

the cuticle and stomata, and also upon the plant’s ability to translocate the nutrient. 

Herein we describe a method to observe calcium (Ca) uptake at the adaxial leaf surface 

to determine the efficacy of foliar fertilisers. We use Raman microspectroscopy as a 

sensitive approach to indirectly monitor Ca, through the use of nitrate (NO3
-) associated 

vibrational modes, complemented by ion probe measurements and measurements of leaf 

nutrient status using flame atomic absorption spectroscopy. Our results show that Ca 

uptake can be observed down to concentrations as low as 15 mM using Raman 

microspectroscopy over a defined surface area, and that the rate of Ca uptake can also be 

quantified using this approach. We believe that Raman microspectroscopy provides a 

novel method for monitoring nutrient movement throughout plant tissue, and provides a 

potential tool for nutrient screening. 
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Introduction 

In order to produce optimum yield and quality, it is essential that crops receive adequate 

levels of macro- (N, P, K, Ca, Mg and S) and micro- (B, Cl, Cu, Fe, Mn, Mo, N and Zn) 

nutrients during cultivation. The application of nutrient fertilisers is a practice well-

exercised through time, traditionally centred around the three primary macronutrients, N, 

P and K, which have the greatest immediate effect on crop yield1. This is in accordance 

with Liebig’s Law of the Minimum, where nitrogen can be considered the most limiting 

nutrient for crop growth2. In 2013, as much as 140 kg of nitrogen-based fertiliser was 

applied to each hectare of arable land in the UK as a prerequisite for cultivation3. Whilst 

this process has been shown to have positive impacts on overall crop yield, quality and 

shelf life; this is by no means an efficient process. Over-application of these nutrients 

does not meet the additional nutrient requirements of the crop, which can result in 

equally detrimental nutrient deficiencies of other macro- and micro-nutrients. 

Furthermore, as well as the considerable carbon footprint that is associated with fertiliser 

production, N losses through leaching and denitrification present a significant 

environmental impact to the land surrounding agricultural sites and the human water 

supply4, 5. Due to the threat of continued population growth, the maintenance of global 

food security demands a drastic increase in agricultural productivity and thus a 

movement away from such agricultural customs6. 

An alternative approach is application of fertilisers via a foliar spray; where a 

single or mixture of solutions (as well as pesticides and herbicides) can be applied 

directly onto the leaf and fruit tissue7. In providing nutrients directly to the crop rather 

than the growth medium, a reduced volume of fertiliser is required, presenting a more 

efficient process that has been shown to increase the nutrient recovery rate in crops8, 9. 

Foliar fertiliser application also has the added benefit of reduced lag time between 

application and uptake by the plant, as well as overcoming issues surrounding poor 

absorption from nutrient complex in the soil10, 11.  As the majority of fertiliser application 

protocols are soil-based, the analysis of nutrients in the soil has been particularly 

valuable to determine the nutrient availability in different environments12. However, this 

is not always reflective of the uptake into the plant, as some nutrients are fixed within 

the soil and therefore not available for uptake, whilst some are only partially utilised, and 

some are readily lost within the environment1. By focusing upon foliar applications of 
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nutrient fertiliser, it is possible to directly observe the effect of product formulation on 

net elemental uptake. 

Foliar sprays do not however provide a magic bullet for the application of 

nutrients. The efficiency of foliar sprays is variable depending upon environmental 

conditions, the crop species and fertiliser formulations; all of which have substantial 

impact on nutrient penetration through the cuticle surface and subsequent translocation, 

see Fernàndes and Eichert13. As with soil application of fertilisers, environmental 

conditions such as humidity, temperature and light availability all can prevent the 

efficient uptake of nutrient at the leaf surface, due to the effect these conditions have on 

rates of transpiration and photosynthesis, as well as the effects upon stomatal aperture14, 

15. 

The exact composition of the fertiliser applied will also have distinct effects on 

nutrient uptake at the leaf surface, primarily dependent upon the exact nutrient that is 

being provided. Whilst all essential elements should be able to pass through the leaf 

cuticle, the movement to systemic regions of the plant may be inhibited16. Translocation 

in the leaf is predominantly through the apoplastic or symplastic pathway; either through 

the extracellular material and the cell wall, or through the cell cytoplasm via 

plasmodesmata, respectively14. It has been shown that the rate of translocation within 

plant tissues differs between each essential nutrient, with Cl, Na, K and N being 

considered more mobile than Fe, and Ca being relatively immobile17. This may be 

associated with the charge associated with the ionic form of the nutrient in solution, due 

to accumulations of negative charges within the plant apoplast. Foliar fertilisers often 

contain a number of complementary components in addition to the nutrient content, that 

are added to aid the absorption process. Wetting agents, or surfactants, reduce the 

surface tension of the solution and allow maximum dispersal across the foliage, thus 

utilising the entire surface area of the crop wherever possible18. Furthermore, penetrants 

can be applied to improve uptake through the waxy cuticle, pH modifiers can be used to 

alter the ionic composition of specific nutrient and thus aid uptake, humectants are used 

to prolong the drying process, and adjuvants are utilised to extend the time the fertiliser 

remains on the leaf surface, preventing run off in wet conditions19. 

The cuticle is the primary site of nutrient uptake via foliar sprays and therefore its 

composition is a significant factor in the rate of nutrient uptake20. The purpose of the 
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cuticle is to prevent water loss, and thus the composition of the epicuticular wax is 

variable between crop species, dependent upon the natural environment of the plant. As 

such, the efficiency of a foliar fertiliser is variable across different crop species. 

Moreover, the total leaf surface area of a crop will also impact the overall efficacy of a 

foliar fertiliser, as a lesser surface area will result in reduced application. The presence of 

leaf trichomes, hair-like projections on the leaf surface, will increase the surface 

available for uptake and may result in enhanced absorption21. In addition, the stage of 

leaf development, will play a role in uptake, as will the general tissue and plant health. 

Due to the contribution of these factors to the variable efficacy of foliar 

fertilisers, this method of nutrient supplementation is not yet considered a direct 

replacement of soil-based fertilisers22. However, a step change in fertiliser technology, or 

the development of rapid screening methods to assess the potency of foliar fertiliser may 

increase the adoption of this approach. One such method that may be able to contribute 

to nutrient uptake studies is Raman microspectroscopy. Based on the phenomena of 

inelastic light scattering, Raman microspectroscopy is a highly sensitive technique that 

can be used to detect and monitor single molecules by observing the interaction of light 

with the chemical bonds within a sample23. The occurrence of Raman scatter is an 

inherently low probability process, which can be problematic in samples with intrinsic 

fluorescence, such as plants, where Raman information can be swamped by stronger 

fluorescence signals 24. The development of alternative Raman modes such as stimulated 

Raman spectroscopy has helped overcome some of these restrictions to plant based 

applications. In addition, it has recently been shown that spontaneous Raman can be 

applied in vivo to derive spectral information from leaves, due to the quenching effect of 

water found ubiquitously through the plant25-27. 

In this study, we employ Raman microspectroscopy as a novel method of 

monitoring Ca at the adaxial leaf surface using tomato (Solanum lycopersicum) as a 

model plant, complemented by ion probe and flame atomic absorption spectroscopy 

(FAAS) measurements conventionally used as alternatives. Ca is an essential 

macronutrient required for successful plant growth, and low availabilities can result in 

deficiencies that are known to manifest across a range of crop species and cause 

significant yield losses28. Foliar nutrient supplementation is one way in which such 

deficiencies have been combatted, with frequent applications of Ca fertilisers preventing 

the incidence of deficiency and also increasing overall Ca content in fruits29-31. However, 
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as mentioned previously, Ca has been shown to be relatively immobile within plant 

tissues following absorption through the leaf cuticle, and it is thought that Ca 

transportation is solely unidirectional in the flow of the transpiration stream via the 

xylem32, 33. The lack of mobility is associated with the toxicity of Ca at high 

concentrations in the cell, and the tightly linked signalling pathways that have developed 

as a consequence of this active control of Ca in biological systems34. Currently, the 

mechanism by which foliar Ca sprays are able to improve a crops tolerance to nutrient 

stress is not therefore fully understood given translocation to affected tissues is not 

possible. 

Our aim is to use the three-pronged Raman microspectroscopy, ion probe and 

FAAS approach in order to observe and quantify Ca uptake at the leaf surface. This will 

present a novel assay for assessing the efficacy of a foliar fertiliser, by observing its rate 

of uptake and subsequent mobility within the plant.  

 

 

 

Figure 1.  A schematic overview of the experimental procedure described in this study to measure uptake 

of supplementary Ca at the adaxial leaf surface of Solanum lycopersicum samples. Measurements using 

Raman microspectroscopy () were conducted upon dry leaves in order to detect residual traces of 

Ca(NO3)2 on the surface. Upon application of Ca(NO3)2 solution, and subsequent rehydration with H2O, 

ion probe measurements () were made by aspirating the solution directly from the leaf. This process 

was repeated over a 72-hour period (T0, T24, T48, T72) before finally harvesting the remaining leaflets, 

separating the ‘banded area’ (outlined in red) and the ‘remaining leaflet’ (outlined in black), and 

analysing both separating using flame atomic absorption spectroscopy (FAAS) to determine overall Ca 

content. 
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Materials & Methods 

Calcium compound characterisation 

Ca can be delivered to the crop via a range of compounds such as calcium nitrate 

[Ca(NO3)2], calcium chloride (CaCl2), calcium sulphate (‘Gypsum’; CaSO4), calcium 

oxide (CaO) and calcium carbonate (CaCO3). In order to investigate the uptake of Ca at 

the leaf surface, Ca(NO3)2 was chosen as a model compound due to its widespread use in 

agriculture as both a Ca and nitrate fertiliser, and as well as its distinct Raman 

vibrational modes. 

Ca(NO3)24H2O at 99% reagent grade (Sigma-Aldrich Ltd, Dorset, UK) was 

characterised using an InVia Raman spectrometer with a 785 nm excitation laser and 

charge coupled device (CCD) detector (Renishaw Plc, Gloucestershire, UK) with a 

microscope attachment (Leica Microsystems, Buckinghamshire, UK). Spectral 

calibration was conducted using a silicon source prior to spectral acquisition. 500 mg of 

solid Ca(NO3)24H2O was applied onto an Au-coated slide (Platypus Technologies, WI, 

USA); even pressure was applied to produce a flattened surface for analysis. This was 

repeated three times for each sample, with 10 spectra obtained per repeat. A 1 M 

Ca(NO3)24H2O solution was prepared using Milli-Q filtered water up to a volume of 

500 mL for increased accuracy. To investigate the effects of Ca chelation, 

ethylenediaminetetraacetic acid (EDTA) was prepared at 1, 0.5 and 0.25 M using filtered 

water, and this was mixed 1:1 with 1 M Ca(NO3)24H2O., resulting in 0.5 M 

Ca(NO3)24H2O-EDTA solution. For each solution, 50 µl was applied onto an Au-

coated slide and 10 spectra were obtained per solution, with each solution repeated three 

times. Spectra were obtained using a 50× magnification (0.75 numerical aperture), 1200 

mm-1 grating, 50% laser power (13 mW at the sample) and a 10 second exposure time. 

Spectra were visualised across the 2000 - 500 cm-1 region, accounting for regions of 

overlap with plant associated vibrational modes, using Matlab 2016a software (The Math 

Works, MA, USA). 

Plant growth conditions 

The tomato plant, Solanum lycopersicum cv. Moneymaker (Moles Seeds, Essex, UK), was 

chosen as a model species to observe Ca uptake at the leaf surface due to its susceptibility 

to Ca deficiencies in the form of ‘blossom end rot’, as well as the presence of trichomes 
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on the leaf surface and relatively fast growth rate. This crop variety had been previously 

used in spectroscopic studies and had been shown to display no signs of damage following 

Raman interrogation27. Seeds were germinated in M3 compost (Levington Horticulture, 

Suffolk, UK) and watered daily in a controlled environment growth room with relative 

light intensity of 150 ± µmol m-2 s-1 provided by 600 W metal halide lamps (Osram Ltd, 

Merseyside, UK) with a 16 h / 25 ± 2°C day, 8 h / 20 ± 2°C night cycle. To account for 

time dependent alterations in rates of CO2 and H2O assimilation that may affect nutrient 

translocation, all experimentation was conducted during the middle of light period where 

the plants were assumed to be in a stabilise state. Plants were grown for 8 weeks following 

germination, before being selected for this study. 

Raman Microspectroscopy and Ion Probe measurements 

An overview of the experimental procedure is illustrated in Figure 1. In brief, the uptake 

of six Ca(NO3)2 solutions at defined concentrations of 0, 5, 10, 15, 20 and 25 mM were 

monitored using parallel Raman microspectroscopy and ion probe measurements. A 

circular banded area, 1.77 cm2 (r = 0.75 cm), was isolated using silicone grease and all 

treatments were applied to this defined area throughout. A total of 60 plants were used 

for this study; 10 per Ca treatment. On each plant, five leaflets were banded and used for 

this study. Only mature leaflets of a similar morphological stage were chosen, as these 

were fully expanded and less prone to movement resulting in treatment run-off. 

Throughout this study, live plant systems were analysed and no leaflets were removed at 

any point. 

All solutions were prepared using filtered water, a calibrated balance and made 

up to volumes of 500 mL. All solutions contained 0.01% Silwet L-77 wetting agent (de 

Sangosse Ltd, Cambridgeshire, UK), to optimise spread of the nutrient solution across 

the banded area, which was shown in preliminary studies to reduce variability with 

uptake across the leaf surface. An InVia Raman spectrometer with Leica microscope 

attachment was used to obtain Raman spectra, using a 50× objective, 1200 mm-1 grating, 

50% laser power, and a 15 second exposure time. A minimum of 5 spectra was obtained 

per sample, spanning across the whole of the banded area. LAQUAtwin compact Ca2+ 

and a NO3
- meters (Horiba Instruments Ltd, Northamptonshire, UK; models B-751 and 

B-741 respectively) were used as ion-selective electrodes, to monitor alterations in these 

ions. Each probe was washed with deionised water between all measurements. 
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Initially, a control Raman measurement was taken from four randomly chosen 

leaflets at T0 to derive the plant biochemical fingerprint prior to Ca application. 

Immediately following this, the 30-µL Ca treatment was applied onto the leaf surface 

within the banded area. This volume was chosen as it sufficiently covered the banded 

area, whilst not affecting leaf stabilisation and therefore preventing run-off. On four 

randomly selected leaflets, this solution was aspirated off the leaflet after 30 seconds and 

analysed using the ion-selective probes. Once a leaflet had been analysed, it was 

excluded from the study. The solutions were then allowed to dry overnight. The 

following day (T24), 24-hours post the initial Raman measurement, a second Raman 

measurement was obtained from a further four randomly selected leaflets. In order to re-

suspend any remaining Ca(NO3)2 upon the leaflet, 30 µL of distilled water was applied 

and gently dispersed across the banded area. The contribution of specific gravity at such 

small volumes of dilute solution was deemed to be too small to quantify accurately, and 

so rehydration of the remaining Ca(NO3)2 was maintained at 30 µL and compared 

against measurements made from reference materials, glass and plastic, that were 

conducted in parallel. Again, the solution on four leaflets was aspirated from the surface 

30 seconds following H2O application, and analysed using the ion probes. This process 

of Raman interrogation followed by rehydration of the banded area and subsequent ion 

probe measurement, was repeated at T48 and T72. 

At each time point, four leaflets were chosen at random across the sample cohort 

for Raman analysis, and a further four were used for ion probe measurements. Therefore, 

of the total 50 leaflets initially selected for study (10 plants × 5 leaflets) in each 

treatment group, a minimum of 36 leaflets were analysed per treatment across the 72-

hour period. This resulted in a dataset containing over 1080 spectra (36 leaflets × 6 

treatments × 5 spectra). 

Tissue digestion and FAAS 

Following analysis across the four time points using Raman microspectroscopy and ion 

probe measurements, a selection of the remaining leaflets were analysed using FAAS in 

order to determine the overall Ca content of the tissue. FAAS is a common analytical 

method of determining elemental content of plant tissue, and has been used routinely to 

monitor crop nutrient status35. Leaflets were excised from the plant and washed 

thoroughly using deionised water to ensure any residual treatment was adequately 
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removed. The ‘banded area’ from each leaflet was isolated from the ‘remaining’ area 

using a scalpel, and both tissues were dried at 80°C in a drying oven for 3 days in order 

to remove all water content. This tissue was then homogenised into a fine powder, and 

the total mass was recorded. Each sample was digested in 10 mL concentrated, trace 

metal grade HNO3 (Sigma-Aldrich Ltd, Dorset, UK) at 200°C on a digital hot plate 

(Bibby Scientific Ltd, Staffordshire, UK; SD500), in a volumetric flask sealed with a 

‘bubble top’, to allow reflux of the acid for a minimum of 2 h and to guarantee complete 

digestion. When digestion was complete, the tops were removed and the HNO3 was 

allowed to evaporate until near dryness, when the samples were then removed from heat. 

The residual material was re-dissolved in <5 mL of 5% HNO3 and 0.5 mL of 1% LaCl3 

was added to ensure full Ca release from the material. This solution was then filtered 

using a Whatman® 541 hardened, ashless filter paper (Fisher Scientific, Leicestershire, 

UK), and made up to standard volumes of 25 mL. 

These digested samples were then analysed using a AAnalyst 200 flame atomic 

absorption spectrometer (Perkin Elmer, MA, USA) with acetylene gas, compressed air 

and a Ca-Mg lamp (422.7 nm) to provide an absorbance value corresponding to a Ca 

concentration, as determined by a calibration curve obtained prior to acquisition. 

Absorbance above 0.4 arbitrary units (au) is considered outside of the linear range of 

detection for the spectrometer, and thus any samples reading above this value were 

diluted accordingly; as a result, the majority of samples were diluted 1 in 50. Three 

replicates were taken per sample, with a read delay of three seconds. Absorbance values 

were converted to ppm using a calibration curve, and subsequently % Ca values were 

derived by multiplying by the dilution factor, and the total volume, and dividing this by 

the mass of homogenised sample initially used. 

Data Analysis 

Unless otherwise stated, Raman spectra were processed using the IRootLab toolbox for 

Matlab36. All spectra were initially cut to 1700-500 cm-1 as this region encompassed all 

biological information from the leaf samples as well as any overlapping Ca(NO3)2 

vibrational modes. For the purpose of comparison between these two samples, a 

polynomial baseline correction was conducted in order to maintain the conventional 

morphology of a Raman spectrum, whilst reducing any residual background 

fluorescence that can commonly occur when analysing plant materials with intrinsic 
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fluorescence24. It is worth noting, that live plant tissues have been shown to have 

reduced susceptibility to fluorescence, associated with the high water content and 

potential quenching effect27. To characterise the vibrational modes of Ca(NO3)2 spectra, 

a second order derivative (with Savitzky-Golay noise reduction) was conducted followed 

by vector normalisation and a wavelet denoising, in order to effectively highlight subtle 

differences in the scattering intensity of each solution at the 780 – 680 cm-1. Spectra 

obtaining during the Ca treatments were second order differentiated, with vector 

normalisation and wavelet denoising. A second order derivative was chosen so that the 

peak centroid could be obtained, and a Raman scattering intensity value at a specific 

wavenumber could be derived that was reflective of the original spectrum, whilst still 

benefitting from background elimination. 

One-way analysis of variance (ANOVA) with Tukey’s multiple comparison tests 

were conducted in GraphPad Prism 4 software (GraphPad Software Inc, CA, USA). All 

figures were also produced using Prism 4 software.  
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Results & Discussions 

Effects of surfactant on treatment dispersal 

The addition of surfactants to foliar fertiliser sprays, reduces the surface tension of the 

solution and consequently increases the surface area exposed to the solution37. The 

evidence of this can be seen in Figure 2., which displays distinct droplets of solution 

upon the leaflet surface of a S. lycopersicum without the addition of Silwet L-77 (B), and 

the homogenous spread within the banded area as a consequence of Silwet use (C). In 

regards to Ca uptake, an even spread across the adaxial leaf surface means a larger 

surface area for Ca absorption. Upon drying, any residual Ca that remains on the leaf 

surface is also evenly dispersed, preventing concentrated areas of Ca that would make 

consequent Raman measurements highly variable. Due to this, 0.01% Silwet was applied 

in all Ca treatments to ensure reproducibility. 

 

Figure 2. Example of the effects of surfactant use in Ca solution dispersal in a defined area. (A) 

displays the ‘banded area’ defined by silicone grease (photograph versus diagram for emphasis), the 

radius of which is 0.75 cm resulting in an overall area of 1.77 cm2; (B) dispersal of 30 µL Ca 

treatment without a surfactant and; (C) the spread of 30 µL Ca with the use of surfactant on a S. 

lycopersicum leaflet. 
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Ca(NO3)2 characterisation  

Numerous studies have been conducted to characterise solid and aqueous forms of 

Ca(NO3)2 using Raman spectroscopy, of which four distinct vibrational modes have been 

deduced: a double degenerate mode at 1400 cm-1, a symmetric stretch at 1050 cm-1, a 

double degenerate mode at 720 cm-1, as well as a Raman inactive band at 830 cm-1 38-41. 

These same modes were visible in this study, in both solid and aqueous forms (Figure 

3). The peak at 1050 cm-1 is synonymous with NO3
- stretching and show a clear 

concentration effect when observing a varying range of Ca(NO3)2. The subtle peak at the 

720 cm-1 region is intriguing as it may provide further details towards the physical state 

of the compound and its related ions. In solution, this peak is known to split into 743 and 

719 cm-1, associated with ‘bound’ and ‘free’ NO3
- respectively40. Bound NO3

- refers to 

the [CaNO3]
+ complex, whilst free is related to NO3

-  interaction with H2O
39. 

 

 

 

Figure 3. Proof of concept 

study observing spectra 

derived from solid (s) 

Ca(NO3)2, 1 M Ca(NO3)2 

solution (aq) and the 

subsequent effect of this 

upon the standard 

spectrum derived from a 

Solanum lycopersicum 

leaf. The symmetric 

stretch of NO3
- at 1050 

cm-1 appears strongly in 

the presence of Ca(NO3)2, 

as well as the subtle mode 

at 743 cm-1. 
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The Raman spectrum of a S. lycopersium leaf is also shown, as well as the 

consequent spectra following application of 1 M Ca(NO3)2 solution upon the adaxial 

surface. The νsym(NO3)
- can be seen strongly additional to the underlying plant spectrum, 

where there would be potential overlap with ʋ(CO) and δ(CO) modes of leaf 

polysaccharides42; however, no specific Raman band within plant tissues is known to be 

present at this specific wavenumber43, 44. There is also evidence of a Ca(NO3)2 peak at 

around 740 cm-1
, although there is thought to be some overlap in this region with 

chlorophyll scattering45. 

As a consequence of this investigation, it is clear that there is the capability to 

detect trace residues of Ca(NO3)2 upon the leaf surface, through monitoring scattering 

associated predominantly with the NO3
- component of the compound. However, Ca2+ 

ions would not have a Raman signature, therefore we investigated the possibility that 

NO3
- may be an indirect indicator of the presence of Ca. To this end, we investigated the 

effect of the Ca chelator, ethylenediaminetetraacetic acid (EDTA), at this lower 

wavenumber region in order to determine whether Ca can be monitored via NO3
- peaks. 

EDTA will essentially sequester Ca2+ ions and thus it was predicted that in its presence 

there should be a higher proportion of free NO3
- in solution. Figure 4 illustrates 

Ca(NO3)2 solutions in the presence of varying concentrations of EDTA in the 780 – 690 

cm-1 region, encompassing the bound and free NO3
- bands. In the absence of EDTA, the 

peak at 743 cm-1 is slightly lower than the peak at 719 cm-1, highlighting that NO3
- is 

found both in complex with Ca2+ ions and as a free ion. As EDTA is added, the 

relationship between these two peaks alters, with a reduction in bound NO3
- peak and an 

increase in the free peak at 719 cm-1. The effect of this is markedly larger in the more 

concentrated EDTA solution. This indicates that the theoretical loss of Ca2+ ions 

mimicked by the addition of EDTA, can be monitored indirectly by observing NO3
- 

associated Raman bands. Therefore, all subsequent in all subsequent experiments, Ca 

was monitored via indirect measurements as described above. 
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Raman spectroscopy as a monitor of Ca uptake 

The ability of Raman spectroscopy to determine the presence of Ca on the leaf surface 

was initially demonstrated using a 1 M solution of Ca(NO3)2; a relatively high 

concentration in regards to standard nutrient fertiliser compositions. Determining an 

agriculturally relevant concentration range is challenging as application levels are 

dependent upon the manufacturer of choice, as well as the growers own preference. 

Commercially available Ca fertilisers are sold as stock solutions, often containing 

between 5-30% Ca w/v, and have varied recommended dilution levels (1 in 50-500)46. 

The concentration range used in this study was based upon recommended values and 

previous studies into fertiliser efficacy47-50. 

Figure 4. Second derivative Raman spectra of aqueous Ca(NO3)2 with and without varying 

concentrations of ethylenediaminetetraacetic acid (EDTA), a known calcium chelator, in the 

780 – 690 cm-1 region. The fourth vibrational mode of Ca(NO3)2 can be found in this region, 

and this double degenerate is known to appear in concentrated solutions, associated with 

‘bound’ nitrate at 743 cm-1 and ‘free’ nitrate at 719 cm-1. Spectra have been off-set for clarity. 
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Following the experimental 

procedures previously defined, Raman 

spectral measurements were obtained from 

the adaxial leaf surface, following treatment 

with six Ca(NO3)2 treatments (0, 5, 10, 15, 

20, 25 mM) over a 72-hour time course (T0, 

T24, T48, T72). Figure 5 represents the Raman 

scattering intensity at the νsym(NO3)
- region 

(1050 cm-1) at each time point, in order to 

compare each Ca treatment and determine a 

concentration dependent effect. At T0, no 

treatment has been applied and is therefore 

an indicator of generic variance between 

each sample. Some slight differences are 

apparent between each of the samples that 

may be due to slight differences in leaf age, 

but importantly no treatment pattern is 

observed at this time point. Raman spectra 

obtained at T24 depict the leaf surface 

following application of each treatment and 

subsequent drying, and should therefore 

represent the time point when the 

concentration gradient should be most 

evident.  

The Raman intensity at 1050 cm-1 

overall show an upward trend with 

increasing Ca concentration, with the two 

highest treatments, 20 and 25 mM, 

displaying the most significant differences. 

Although the 10 mM treatment is not 

statistically significant, there is an overall 

increase in the mean that obeys the 

concentration gradient. The interquartile 

Figure 5. Raman intensity at 1050 cm-1 

representative of Vsym(NO3
-) at four 

individual time points (T0, T24, T48, T72 

hours), displaying spectral alterations as a 

consequence of increasing Ca(NO3)2 

concentration. Intensity values were 

obtained from second derivative, vector 

normalised and wavelet smoothed data in 

order to standardise comparisons between 

individual leaf samples. *P<0.05, 

**P<0.01, ***P<0.001. 
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range between treatments is relatively consistent, whereas the upper extremes are 

considerably more variable, indicating that there are numerous intensity values that are 

higher than the mean of each data point. Such variability between data points may indicate 

that residual Ca(NO3)2 upon the leaf surface is not spread evenly across the leaf surface. 

At T48, this concentration gradient is still visible, however at a lower intensity than the 

previous time point, and only statistically significant at 15, 20 and 25 mM treatments. This 

suggests that there is still Ca remaining upon the leaf surface, but that some has been 

absorbed through the cuticle into the underlying tissue.  

The data range within each treatment also supports this there are fewer extreme 

data points associated with areas of high Ca content. The final time point, T72, displays 

some indication of a concentration effect, although at lower levels of significance, and 

with much variability between treatments. In contrast to T24, the upper extremes for all 

treatments are almost equivalent, whereas lower extremes depict the greatest differences, 

possibly the reason for the statistical difference between 15 and 20 mM treatments. 

Figure 6. Alterations of the Raman intensity at 1050 cm-1, representative of Vsym(NO3
-), over a 

72-hour period (T0, T24, T48, T72 hours) at a range of Ca(NO3)2 treatments. Intensity values were 

obtained from second derivative, vector normalised and wavelet smoothed data in order to 

standardise comparisons between individual leaf samples. 
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As there is some overlap at the 1050 cm-1 peak 

with plant polysaccharides, this lower limit 

may be indicative of slight differences in the 

leaf age, as older leaves are known to have 

increased levels of cellulose due to secondary 

cell wall expansion27, 51. The spectral intensity 

values are parallel with T0 measurements, 

showing a reduction in the Raman scattering 

over time, indicating that the majority of the 

remaining Ca on the leaf surface 72 hours post 

application.  

As alternative view through the data, 

Figure 6 displays each individual Ca 

treatment monitored over the 72-hour period, 

in order to show a rise in Ca on the leaf 

surface following application and a sequential 

decline, indicative of uptake. The control 

treatment, 0 mM presents some distinct 

variance between each time point, which 

consequently shows the typical range of 

Raman scattering intensity at 1050 cm-1. 5 and 

10 mM treatments, display very small 

increases in scattering range at T24, post-Ca 

application, but not to an extent significantly 

different to that of the overall variance shown 

in the 0 mM treatment. At the higher 

concentrations, 15, 20 and 25 mM however, 

there is a much more marked increase from 

T0-24, when focusing on the range of intensity 

values derived, a successive decrease over the 

remainder of the time course. Although, the 

higher of these treatments does not depict this 

pattern to the same extend as 15 and 20 mM, 

Figure 7. Raman intensity at 743 cm-1, 

representative of bound NO3
-, at four 

individual time points (T0, T24, T48, T72 

hours), displaying spectral alterations as 

a consequence of increasing Ca(NO3)2 

concentration. Intensity values were 

obtained from second derivative, vector 

normalised and wavelet smoothed data 

in order to standardise comparisons 

between individual leaf samples. 

*P<0.05, **P<0.01, ***P<0.001. 
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there is still some subtle time dependent alterations, showing potential uptake of Ca at 

the leaf surface.  

When observing purely the mean of all the data points, the time related pattern of 

an increase in absorbance between T0 and T24 and then a progressive reduction at T48 and 

T72, is not shown significantly and suggests that the information specific to Ca uptake is 

relatively inconsistent. This may be due uneven drying on the leaf surface of Ca(NO3)2 

despite the addition of a wetting agent, that is subsequently resulting in salt deposits at 

distinct locations. Additionally, the overlap of the 1050 cm-1 with underlying plant cell 

components, such as cellulose, may influence the reproducibility of the spectra derived. 

Although leaflets of a similar morphological stage were chosen, small differences in 

growth rate, position and general health would have significant impacts on the spectral 

baseline of this study. There is also the possibility that by providing increased Ca(NO3)2 

to the area, there may be some stimulatory effects on cell growth; however, the relatively 

short time frame makes this suggestion unlikely. 

The Raman peak at 743 cm-1, corresponding to bound NO3
-, are apparent within 

the leaf spectral fingerprint following foliar application of Ca(NO3)2 in a region where 

only broad underlying Raman bands were visible. Therefore, to observe Ca uptake 

spectral intensities from this band were extracted and analysed using the same approach 

as shown previously with the νsym(NO3)
- region. Initially, it is evident that a 

concentration dependent relationship can be seen at T24, highlighting that following 

application of the nutrient treatment the residual Ca(NO3)2 salt can be monitored on the 

leaf surface (Figure 7). Interestingly, the range of values is noticeably less than 

portrayed in 1050 cm-1 values, potentially inferring that this peak is less prone to 

reproducibility issues.  

Mean values of these data further support this relationship, which show a clear 

upwards trend. This could be attributed to the lack of overlap with other scattering 

bands, particularly those which are sensitive to morphological differences, such as the 

1050 cm-1 peak. The control time point T0, shows the expected variance from the 743 

cm-1 band and as anticipated, no concentration effects are evident. At T48, the scattering 

intensity increases in a concentration dependent manner, to an extent not dissimilar to 

that of T24, suggesting that Ca absorption is low between these two time points. It is 

more likely in reality that this artefact is due to inconsistency in the Raman spectra, 
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rather than a reduced absorption rate, which is later clarified by data from ion selective 

probes. At T72, there is also residual evidence of the Ca treatment indicated by 

significant differences in the intensity of values for 15, 20 and 25 cm-1, although closer 

to the intensities displayed at T0. A distinctly higher lower limit for the data points may 

be responsible for the significant differences shown, which again may occur due to the 

spectral baseline from the leaf itself. This spectral region is where DNA associated bond 

vibrations occur, as well as contributions from chlorophyll42. The latter of these 

molecules could be found at differing levels within tissues of varying ages, 

morphologies and growth status in relation to their photosynthetic capability52. The 

application of fertiliser could also have a direct effect on chlorophyll content in plant 

cells, corresponding to elevated scattering intensities seen in higher treatments53. 

 

In contrast, when comparing individual treatments over the 72-hour time course, 

the pattern of Ca uptake is not as clear as earlier observations, even at higher 

concentrations (Figure 8). The first slight indication of an increase in scattering intensity 

from T0 to T24 is only evident in the 25 mM treatment, and even so, this effect is not 

Figure 8. Alterations of the Raman intensity at 743 cm-1, representative of bound NO3
-, over a 

72-hour period (T0, T24, T48, T72 hours) at a range of Ca(NO3)2 treatments. Intensity values were 

obtained from second derivative, vector normalised and wavelet smoothed data in order to 

standardise comparisons between individual leaf samples. 
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significant across the four time points. This could be largely attributed to the relatively 

high intensity of the T0 measurements, which is mimicked across nearly all of the 

different treatments, including the control. This suggests at this particular time point, 

regardless of foliar Ca(NO3)2 application, the starting Raman intensity at 743 cm-1 was 

higher than at the end of the study. As this peak can be associated with chlorophyll, this 

may be due to a heightened rate of photosynthesis on this particular date, despite the 

environmental conditions within the glasshouse being actively controlled 54. 

 

Ion selective probes to monitor Ca2+ and NO3
- 

In parallel to Raman microspectroscopy measurements, Ca2+ and NO3
- selective probes 

were used to elucidate the relative quantities of each ion remaining on the leaf surface 

over the course of the study. Ion selective electrodes have proven useful tools within 

plant research, allowing the accurate measurement of ionic fluxes within plant tissues, as 

well as to determine ionic content of xylem sap55-57. These standard commercial probes 

were utilised to measure differences in ionic content of the nutrient solution remaining 

upon the leaf surface in aqueous format. 

Figure 9 depicts Ca2+-selective probe measurements derived from the adaxial 

leaf surface (A) and also from control surfaces; plastic (B) and glass (C). At T0, 

immediately following application upon the leaf surface, the concentration determined 

by the probe correlated to the known concentrations of the treatment solutions (0 – 1000 

ppm). After drying, and subsequent Raman measurements, the banded area of the leaflet 

was rehydrated and reanalysed at T24. Here, there is a clear reduction in the levels of 

Ca2+ in the eluate from the leaf surface, implying that there is less Ca on the leaf surface 

as a consequence of uptake of the foliar treatment. In comparison to this time point in 

both the glass and plastic controls, no alteration in the ionic content is displayed showing 

that this effect is specific to absorption upon the leaf surface. The rate of Ca uptake was 

determined to be at its highest during this initial 24-hour period, with the highest 

concentrations showing the fastest rate of uptake (Table 1). Interestingly, 20 and 25 mM 

treatments display an almost identical rate of Ca uptake that infers the maximum 

absorption across the leaf surface had been achieved at this concentration. After this 

initial time period, the levels of Ca remaining on the leaf continues to diminish at T48, at 

a much reduced rate, and again at T72, where almost all treatments are at similar resting 
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level. This indicates that across the 72-hour time period, the majority of the applied 

Ca(NO3)2 has been actively absorbed into the leaf tissue and is no longer present upon 

the adaxial leaf surface.  

 

Figure 9. Ca2+ ion concentration (ppm) on; (A) the adaxial leaf surface; (B) a plastic surface; 

and (C) a glass surface, across a 72-hour period determined by the use of a Ca2+ ion probe 

(Horiba Scientific, UK) as consequence of Ca(NO3)2 treatment. Standard error bars are shown to 

present the variation within acquisitions. 

 

Figure 10. NO3
- ion concentration (ppm) on; (A) the adaxial leaf surface; (B) a plastic surface; 

and (C) a glass surface, across a 72-hour period determined by the use of a Ca2+ ion probe 

(Horiba Scientific, UK) as consequence of Ca(NO3)2 treatment. Standard error bars are shown to 

present the variation within acquisitions. 
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This notion is further supported when studying results from the NO3
- selective 

probe, which illustrates an almost identical pattern to the Ca2+ results obtained (Figure 

10). The concentration values derived from the probe again correlate with the known 

concentration of the foliar treatments, displaying double the ppm value of Ca2+ due to 

two molecules of NO3
- being present in the compound. As such, the variability within 

this dataset is marginally higher than previously seen, due to a larger concentration range 

being observed. However, the overall trend of decreasing levels of NO3
- in the eluate 

from the leaf surface over time is still evident. The rate of uptake also correlates with the 

Ca uptake data, with the initial 24-hour time period being the point where highest rates 

Table 1. The overall rate of ion uptake at the adaxial leaf surface of S. lycopersicum samples determined 

using an ion probe following foliar application of Ca(NO3)24H2O solutions. 

 

Ca 

Treatment 

(mM) 

Rate of Ca2+ uptake (ppm cm-1 h-1) Rate of NO3
- uptake (ppm cm-1 h-1) 

0-24 h 24-48 h 48-72 h Overall   0-24 h 24-48 h 48-72 h Overall 

0 

0.000 ± 

0.000 

0.003 ± 

0.000 

0.000 ± 

0.002 

0.000 ± 

0.005  

0.037 ± 

0.000 

0.000 ± 

0.000 

0.000 ± 

0.000 

0.000 ± 

0.000 

5 

1.023 ± 

0.038 

0.084 ± 

0.056 

0.009 ± 

0.009 

1.116 ± 

0.024  

1.12 ± 

0.002 

1.011 ± 

0.002 

0.127 ± 

0.001 

2.258 ± 

0.001 

10 

2.007 ± 

0.015 

0.183 ± 

0.106 

0.037 ± 

0.049 

2.227 ± 

0.028  

2.623 ± 

0.001 

1.678 ± 

0.004 

0.103 ± 

0.002 

4.405 ± 

0.001 

15 

2.975 ± 

0.044 

0.193 ± 

0.192 

0.223 ± 

0.109 

3.391 ± 

0.018  

5.871 ± 

0.002 

0.467 ± 

0.008 

0.308 ± 

0.005 

6.646 ± 

0.001 

20 

3.465 ± 

0.078 

0.659 ± 

0.564 

0.287 ± 

0.284 

4.411 ± 

0.112  

7.530 ± 

0.003 

1.039 ± 

0.024 

0.965 ± 

0.012 

9.159± 

0.005 

25 

3.475 ± 

0.174 

1.730 ± 

0.683 

0.171 ± 

0.171 

5.376 ± 

0.045  

7.019 ± 

0.007 

3.547 ± 

0.028 

0.450 ± 

0.008 

10.94 ± 

0.002 
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of uptake are seen, with some evidence of a saturation point being reached at the 20 and 

25 mM concentration. This rate also reduces over time and is often found to be twice as 

efficient as Ca uptake. 

 

FAAS to monitor Ca uptake 

In preliminary investigations, spectroscopic measurements were taken outside of the 

banded area, in order to determine if Ca supplementation resulted in an increased Ca 

content of the surrounding tissues. Raman spectroscopy was unable to infer any 

information regarding potential Ca translocation, as spectroscopic measurements in the 

banded area were focused upon the leaf surface, rather than penetration into the leaf 

tissue. The same is also true with the ion selective probe approach, which is absolutely 

defined to the leaf surface. 

In order to determine whether foliar application of Ca(NO3)2 resulted in an 

increase in Ca within the leaf tissue, FAAS was employed to analyse the banded area, as 

well as tissue from the remaining leaflet. Increases in total Ca in the banded area would 

substantiate that applied nutrient were in fact absorbed into the plant tissue, whereas 

increases in the surrounding tissue would provide evidence of translocation to regions 

isolated from the area of foliar application. Previous literature suggests that Ca is 

immobile in plant tissues and any increases in this tissue would be unexpected34, 58.  

Figure 11 compares the % Ca content of both tissue samples across the range of 

Ca treatments applied in this study. In tissue derived from the banded area, a net gradual 

increase can be seen across the concentration range, as well as an over increase in 

variability within the data; an observation that has been highlighted by all analytical 

techniques used in this study. Although there are no statistically significant differences 

between each treatment group, this pattern in the data may still suggest that some applied 

Ca has been taken into the plant tissue. In the remaining area of the leaflet however, very 

little difference can be observed between the Ca content of each treatment group. This 

supports the notion that Ca is immobile in plant tissue and is unable to translocate 

following foliar nutrient application. However, it is worth nothing that the remaining 

leaflet surface area was distinctly larger than that of the banded area, with as much as ten 
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times more dried plant material available for FAAS. Such differences may dilute the 

already subtle Ca content alterations, if they had occurred in the tissue.  

 

 

Conclusions  

By better understanding nutrient uptake and translocation in crop species, we can begin 

to alter agricultural practises to achieve an optimum level of efficiency that will allow a 

sustainable supply of food for the growing population1. Current fertiliser procedures do 

not directly address the specific nutrient requirements of the plant, particularly the 

secondary macro-nutrients, and the micronutrient needs, which are known to be common 

Figure 11. % Ca content within the ‘banded area’ and ‘remaining’ area of the leaflet as 

determined using flame atomic absorption spectroscopy across a range of Ca(NO3)2 

concentrations. Standard error bars representative of variance within the dataset are 

shown. 
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and detrimental to crop quality in deficient conditions. In order to understand the 

efficacy and mechanistic action of novel bio-enhancement fertilisers, which move away 

from traditional NPK fertilisers, there is a need for a rapid screening tool to observe 

nutrient movement within plant tissues as well as to determine the effectiveness of 

fertiliser formulations. Current methods require monitoring plant or soil nutrient content 

post-treatment, which often require extended trials and extensive sample preparation12. 

The purpose of this study was to observe and quantify Ca uptake at the adaxial 

leaf surface in S. lycopersicum as a model crop using Raman spectroscopy, ion-selective 

probes and FAAS. By employing these methods, we were able to identify time 

dependent uptake of Ca at the leaf surface at different levels of efficiency. Initially, 

Raman spectroscopy was utilised as a rapid, sensitive and non-destructive approach to 

detect foliar applied Ca(NO3)2 on the leaf surface of live plant samples. The presence of 

this compound could be established using this technique at concentrations as low as 

5mM in isolated experiments. Overall uptake of Ca over time was indirectly measured 

through NO3
- associated vibrational modes, and consequently was able to observe a 

gradual depletion in Ca on the leaf surface over time, indicative of uptake. One 

limitation of this approach however, is that data are extremely variable due to the uneven 

drying of the compound across the surface area, which resulted in 15 mM Ca(NO3)2 

being the detection threshold for repeatable uptake observations over time. One potential 

method to overcome the issues of reproducibility with Raman measurements, is to use an 

imaging approach to observe Ca(NO3)2 deposits within the banded area that the 

treatment was applied. By image mapping a smaller banded region, areas containing 

residual salt deposits can be identified rapidly and in a highly interpretable false colour 

image 24. This may a useful approach to not only assess the efficiency of nutrient uptake 

in live plant systems, but also to assess the efficiency of fertiliser compositions. Despite 

this, single measurements could be acquired in as little as 15 seconds and whole 

screening studies in a few short hours. With the additional benefit of being ideal for in 

situ analysis, Raman spectroscopy could prove a valuable tool for fertiliser screening and 

general crop monitoring in the research and field studies27. Potentially, this technique 

could also be used as a non-destructive analysis method to determine the total nutrient 

status of the plant, as shown previously using near infrared reflectance (NIR) 

spectroscopy 59-61. 
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The use of ion-selective probes for direct quantification of Ca(NO3)2 

demonstrated that the concentration of a given compound could be accurately and 

rapidly determined on the leaf surface over time. This simple methodology proved to be 

a powerful adaption of these common instruments and could be readily implemented for 

fertiliser screening purposes, as rates of uptake can be determined and thus the efficiency 

of different formulations can be interrogated. 

Analytical techniques such as FAAS and inductively coupled plasma mass 

spectrometry (ICP-MS), are two of many approaches that are able to quantify total 

elemental content in plant and soil tissue35. Tests such as these could be considered the 

most informative tools available to growers and fertiliser producers, as valuable 

information regarding total nutrient content of crops can be determined that62. This can 

reflect the efficiency of the nutrient supply system and help to optimise growing 

practises. However, there is a substantial sample preparation burden with such 

approaches, with tissue digestion steps required prior to analysis63, 64. In this study we 

were able to illustrate the net movement of Ca(NO3)2 from the leaf surface into the leaf 

tissue as a consequence of foliar fertiliser application using this technique. These data 

were complementary to the previously acquired Raman spectroscopy and ion selective 

probe measurements and clarified that Ca was effectively being absorbed into the leaf 

tissue. However, the sensitivity of this approach compared to Raman spectroscopy and 

probe techniques was considerably less, and was unable to statistically depict differences 

between treatments. This suggests that FAAS is less effective for fertiliser screening 

studies, than the two novels approaches presented in this investigation. 

Our studies show that the approaches discussed in this article provide a novel 

alternative for the observation and quantification of Ca uptake at the adaxial surface of 

plant leaves, although there are still opportunity for improvements, particularly in 

regards to reproducibility and the detection limit of Raman spectroscopy. The efficiency 

of foliar fertiliser formulation could be assessed using this approach, and in doing so, 

this raises the possibility of elucidating the elusive mechanisms by which Ca is absorbed 

at the leaf surface. Furthermore, we envisage that this methodology could be used to 

detect nutrient deficiencies by in vivo leaf analysis, at a higher sensitivity than current 

techniques, and without the requirement of extensive preparation steps. Taken together, 

the advances we report here will contribute towards the more efficient production of 
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crops that is desperately required to meet the need for increased agricultural productivity 

in order to maintain global food security. 
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Abstract 

By 2050, it is estimated that the global population will have surpassed 9 billion people, 

presenting a significant challenge with regards to food security. In order to provide 

sufficient quantities of nutritious food in the future, it is necessary to improve 

agricultural productivity by several orders of magnitude. Nutrient deficiencies are one 

particular threat to food security that can have a negative impact on crop yield and 

quality. Currently the standard agricultural approach to prevention is to supply an excess 

macronutrient fertiliser, such as nitrate or phosphate, during crop production. However, 

the efficiency of this approach is poor as deficiencies of specific nutrients, such as Ca, 

are not prevented in this circumstance, and fertiliser use is associated with a host of 

adverse environmental impacts. Herein, we describe a novel method to detect Ca 

deficiency using synchrotron radiation-based Fourier-transform infrared (FTIR) 

microspectroscopy in live and fixed tissue of the model plant Commelina communis, as a 

precursor to targeted nutrient remediation in the field.  

 

Keywords: Calcium, Deficiency, Fourier-transform infrared (FTIR) microspectroscopy, 

Nutrient, Plant, Synchrotron radiation 
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1. Introduction 

Food security can be defined as providing a constant supply of nutrition for all, in order 

to live a healthy lifestyle, regardless of social, economic and physical circumstances [1]. 

The expanding global population has increased demand for food of sufficient quality, 

and has further emphasised the challenge of maintaining food security in the modern era 

[2]. Climate change, competition for arable land, and agricultural productivity are 

significant factors affecting global food production [3]. Improving efficiency during crop 

production is an area where small alterations to farming practices, may result in large-

scale yield and quality increases. The difference between the attainable yield and the 

observed yield is known as a yield gap, and it is by reducing this deficit that agricultural 

productivity can be improved [4]. 

Plants require fourteen essential nutrients in order to grow optimally and produce 

the maximum attainable yield; these can be split into macro- (N, P, K, Ca, Mg and S) 

and micro- nutrients (B, Cl, Cu, Fe, Mn, Mo, N and Zn) [5]. Poor availability of one or 

more of these nutrients, can not only reduce the quantity of produce per hectare of land, 

but can also decrease food quality and shelf life. The use of nutrient fertilisers is a 

traditional practice of agricultural intensification that has been shown to increase yield 

(and thus reduce the yield gap) in crop species by between 30-50% [6]. Fertilisers 

containing primary macronutrients (N, P and K) are most commonly applied, as 

deficiencies in these elements are more commonplace in agricultural environments. 

However, it has been shown that use of such fertilisers is relatively inefficient and less 

than 50% of the nutrient applied is recovered in the produce output [7]. Furthermore, the 

use of fertilisers, such as NH4, has a number of detrimental effects on the environment, 

such as eutrophication from nitrate leaching, and also enormous carbon footprints 

associated with their production and application [8]. It is estimated that crop production, 

including farm operations, equates to the generation of around 769.4 kg of CO2, and its 

equivalents (such as N2O), per hectare of farmland each year; of this total, over 90% is 

associated with fertiliser use [9].  It is also important to note that deficiencies in all 

nutrients can occur, with a diverse array of physiological symptoms and severities, 

which would not be remediated by the use of a generic N, P or K containing fertiliser 

[10]. 
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Reduced Ca availability can have a significant impact on crop yield, due to the 

pivotal role this element has in structural stability within the plant tissues[11]. Ca pectate 

is a key component of plant cells walls and thus reduced availability of Ca can often 

result in degradation of the cell walls, particularly in developing and enclosed tissues, 

and those that are supplied predominantly by the phloem [12]. Ca is absorbed into the 

plant via the root system and is transport is unidirectional in the xylem and transport is 

therefore dependent on the rate of transpiration [13, 14]. Consequently, rapidly growing 

tissues and fruit, are particularly susceptible to reduced Ca availability and therefore 

degradation. Ca deficiencies manifest in a range of crop species, from blossom end rot in 

tomatoes, tip burn in lettuce and bitter pit in apples and in some instances can result in 

up to a 50% loss of yield [15, 16]. Although relatively uncommon in nature, due to 

intensive farming practises, Ca deficiencies are increasingly widespread in agricultural 

settings [17]. Due to the detrimental effect of this deficiency, as well as the role that Ca 

plays in fruit ripening, maintaining fruit firmness and reducing postharvest decay, Ca 

supplementation in agriculture is becoming an emerging section of the crop 

enhancement market [18]. This approach not only directly targets the nutrient status of 

the crop, but also reduces environmental impacts associated with N-based fertilisers.  

It has been proposed that accurate determination of the nutrient status of plants 

can be used to better understand and target the specific nutritional needs of crops [19, 

20]. In doing so, nutrient use efficiency would be vastly improved as the appropriate 

nutrient can be applied as and when required, improving the agricultural productivity 

whilst also reducing financial and environmental burdens. Currently, crop nutrient status 

is determined by foliar and soil analyses using analytical techniques such as flame 

photometry and flame atomic absorption spectroscopy [21, 22]. Although these 

approaches derive elemental information to a high degree of sensitivity, they require a 

nutrient extraction step, usually via acid digestion, which can often be time-limiting and 

also removes any information regarding spatial origin and distribution [23]. It is evident 

that there is a need for a novel crop screening approach that is able to detect the effects 

of nutrient deficiency before deterimetal any effects are observed, which can be rapidly 

acquired in the field without any detrimental effects on plants, and without extensive 

sample preparation requirements.  

Vibrational spectroscopy may be such a tool to fill this gap. It has been widely 

shown that infrared (IR) or Raman microspectroscopy can be used to characterise 
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valuable plant substances, but can also be implemented to analyse in vivo and fixed plant 

tissues samples in order to monitor plant health [24-27]. The application of Raman 

microspectroscopy in plant research had been relatively limited due to intrinsic 

fluorescence issues found within tissues. However, analysis of live samples has recently 

been shown to effectively quench fluorescence due to the presence of water allowing the 

acquisition of high quality point spectra and spectral maps [24, 28]. Conversely, Fourier-

transform IR (FTIR) microspectroscopy has been largely restricted to the interrogation 

of fixed plant samples, as water has a detrimental effect on the IR spectrum due to its 

strong dipole moment. This has been overcome by the use of attenuated total reflection 

(ATR) acquisition mode FTIR, which uses a refractive prism to attenuate the IR beam 

into the sample and has recently allowed the investigation of foliar tissues [29, 30]. 

The combination of FTIR microspectroscopy with synchrotron radiation (SR) 

can improve the spatial resolution and signal-to-noise ratio (SNR) achievable in 

comparison to conventional benchtop instruments that employ globar IR sources [31, 

32]. This is because SR is up to 1000 times brighter than thermally produced IR 

radiation, and thus is delivered to the sample at high flux density [33]. SR-based FTIR 

(SR-FTIR) microspectroscopy may therefore shed light upon molecular changes at 

spatial resolutions <10 µm, providing subcellular detail unachievable with traditional 

FTIR microspectroscopy [23, 34]. In plant research, SR-FTIR microspectroscopy has 

been employed to interrogate the molecular composition in a range of tissues including 

kernels, roots, and leaves [35-38]. The imaging capabilities of SR-FTIR have also been 

exploited to image the spatial distribution of cell wall components, and tissue 

microstructures [39-42]. However, in contrast to the biomedical and material science 

fields, SR-FTIR has not been widely in plant-based studies due largely to the 

aforementioned limitations of FTIR with water containing samples, which restricts in 

vivo analyses [35]. Nevertheless, it has been suggested that the high brilliance of a 

synchrotron light source, may overcome interference from water, thus allowing 

improved measurements in fresh or even live plant tissue [43]. 

Herein we investigate the effects of Ca depletion on the model plant species 

Commelina communis using SR-FTIR microspectroscopy for pre-symptomatic detection 

of Ca deficiency. C. communis is commonly used to study intracellular signalling in 

stomatal guard cells due to the ease with which the abaxial epidermis in which the 

stomata are primarily located can be isolated from the leaves of this species [44]. In this 
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investigation, this characteristic is exploited in order to examine the effects of sample 

preparation on deficiency detection by comparing freshly isolated tissue (unfixed) with 

chemically fixed tissue that is conventionally interrogated using FTIR and SR-FTIR 

microspectroscopy. 
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2. Material and Methods 

2.1 Plant growth conditions 

C. communis seeds were sown into rock wool cubes and supplied with distilled water 

until germination (~10 days). Seedlings were then transferred to purpose built 

hydroponic nutrient supply systems containing three distinct Ca concentrations (optimal 

Ca, 200; low Ca, 100, Ca deficient, 0 ppm), supplied using a modified Hoagland’s 

solution for 21 days [45]. These treatments were chosen to mimic common nutrient 

requirements of agriculturally relevant crops such as Solanum lycopersicum. Each Ca 

treatment was replicated in three separate systems, each of which contained 16 L of 

nutrient solution and housed 6 seedlings from which three were randomly selected for 

analysis. Dissolved oxygen levels were maintained at 5.5 ± 0.5 mg/L using aquatic air 

pumps (Boyu, China); conductivity at 2 ± 0.1 mS; and pH 6.1 ± 0.1. Plants were grown 

25 ± 2°C / 20 ± 2°C, day / night; 16 h photoperiod; 150 ± 25 µmol m-2 s-1 using 600W 

metal halide lamps (Osram Ltd, UK) and transferred to the laboratory immediately prior 

to acquisition where they were maintained under similar conditions. The youngest, fully 

expanded leaves were excised from each four-week-old plant and were prepared for SR-

FTIR microspectroscopy or fixation immediately post-excision. 

2.2 Epidermis isolation for unfixed samples 

Isolated epidermis was prepared according to Weyers and Travis [46]. In short, a 

rectangular strip around 8 mm in width was cut from the lamina on either side of the 

major leaf vein using a sharp blade. A small incision was then placed onto the adaxial 

surface, without damaging the lower epidermal surface, creating a tab that can be 

carefully peeled backwards using forceps. The epidermal strip was then trimmed to an 

appropriate size before being mounted on a BaF2 slide (Crystran Ltd, UK), with 50 µL of 

50 mM KCL, 10 mM Mes/KOH, pH 6.15 (KCl-Mes) buffer. Samples were then 

immediately analysed using SR-FTIR microspectroscopy. 

2.3 Sample fixation and embedding 

Formalin fixation followed by paraffin embedding was chosen as a model approach for 

sample preparation prior to SR-FTIR microspectroscopy, as this technique has been well 

implemented in plant and biomedical studies [41]. Rectangular leaf sections were first 

excised and immediately fixed in 10% formalin for 24 h, dehydrated in an ethanol series 
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(70, 90 and 100%) for 6 h, and placed into xylene for 1 h. At each stage of fixation, the 

solution was changed twice. 

To begin the embedding process, samples were transferred to molten paraffin 

wax at 60°C for 24 h to allow for sufficient wax infiltration. Samples were then 

orientated longitudinally in wax moulds in order to isolate the epidermis, and left to cool 

on ice for 30 min. Sections were cut at a thickness of 5 µm using a microtome, and 

placed into a warm water bath to allow expansion of the paraffin wax, before being 

floated onto a BaF2 slide. Samples were dewaxed using xylene for 1 h, and hydrated 

using an ethanol series (100, 90 and 70%) for 6 h. Fixed samples were stored at room 

temperature (20 °C) until analysis. 

2.4 Synchrotron radiation- based FTIR microspectroscopy  

Spectra were obtained using a Bruker Vertex 80 V FTIR spectrometer coupled to a 

Hyperion 3000 microscope (×36 objective and condenser), a LN2 cooled MCT detector, 

and the SR IR source, at the Multimode IR Imaging and Microspectroscopy (MIRIAM) 

beamline at Diamond Light Source, UK. An aperture size of 10 µm × 10 µm was used to 

collect spectra at a spectral resolution of 4 cm-1 with 256 co-additions across the mid-IR 

region (4000 - 600 cm-1). Measurements were acquired in transmission mode as recent 

literature has identified its advantages over reflection measurements [47]. On average, 

10 spectra were obtained per sample each live and fixed sample. A background 

measurement was taken from the substrate for every ten sample spectra to account for 

atmospheric conditions. Spectra were converted to absorbance units using OPUS 8 

software (Bruker, UK). 

2.5 Globar-based FTIR microspectroscopy 

A Thermo Nicolet 6700 FTIR spectrometer coupled to a Nicolet Continuµm microscope 

(Thermo Fisher Scientific, UK) and a LN2 cooled mercury cadmium telluride (MCT) 

detector was employed to acquire transmission IR measurements (4000 - 650 cm-1). 

Spectra were acquired using a 36× objective at a spectral resolution of 4 cm-1, with 256 

co-additions, whilst background spectra were taken after every ten sample spectra. 

Spectra were converted to absorbance units using Omnic spectra software (Thermo 

Fisher Scientific, UK). 

2.6  Spectral pre-processing 
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Spectral analysis was conducted using the IRootLab Matlab toolbox 

(https://github.com/trevisanj/irootlab) unless otherwise stated [48]. Initially, spectra were 

quality tested using in-house written scripts to identify spectra with low SNR and 

potential outliers. The number of features within each spectrum was then reduced by 

focusing on the fingerprint region (1800 - 900 cm-1) as this is where biological molecules 

are known to absorb IR [49]. Spectra were first order differentiated (1st order 

polynomial) with Savitzy-Golay smoothing, and vector normalised to account for 

confounding sample characteristics such as thickness. For biomarker extraction using 

first derivative data, the point at which the spectra cross the zero line will represent the 

peak maxima from the original spectra and thus these values are used throughout.  

2.6  Multivariate analysis 

Exploratory principal component analysis (PCA) was conducted on the mean centred 

data in order to reduce the dataset down to factors that accounted for underlying variance 

in the spectra. This output was then fed in linear discriminant analysis (LDA), to 

minimize intra-class differences and maximises inter-class separation, and therefore give 

optimum separation of the dataset classes. The number of principal components used 

were optimized using the PCA pareto tool in IRootLab; this was determined as the 

‘elbow’ point of the cumulative variance plot and always accounting for >95% of the 

variance in the dataset [50]. This process was cross validated using 10 k-folds and a 

leave-one-out approach, to prevent overfitting of the data. Classification of spectral 

classes was conducted using a PCA-linear discriminant classifier (LDC) with the same 

validation parameters. 

2.7 Statistical Analysis 

A Mann-Whitney ‘U’-test per wavenumber was conducted to compare spectral 

differences in pre-processed data at a confidence interval of 0.01. 

 

  

https://github.com/trevisanj/irootlab
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3 Results & Discussion 

3.1 Synchrotron radiation- versus globar-based FTIR microspectroscopy 

Due to the high flux of photons in a synchrotron produced light beam, it is possible to 

generate high quality spectra with a superior SNR and spatial resolution than in 

comparison to traditional thermal based approaches [51]. Fig. 1 depicts raw mean data 

from a SR and a globar-based FTIR system taken from unfixed abaxial epidermis of C. 

communis, and compares the spectral information and quality between the two 

instrument configurations. Whilst spectra derived from the conventional benchtop 

system are far from featureless, it is evident that SR-FTIR data are acquired at a 

substantially higher signal intensity, which consequently reveals further detail in the 

spectrum. This can be seen consistently across the fingerprint region where subtle 

shoulders of broader absorbance regions can be identified, particularly around the peak 

at ~1335 cm-1 corresponding to plant cell wall polysaccharides such as cellulose and 

pectin [52]. As more information is derived using SR-FTIR at a cellular level, the 

technique represents a powerful tool for plant research and can be exploited in a range of 

stress determination studies, including biotic stresses such as pest and disease and abiotic 

stresses such as nutrient deficiency [53]. 

Additional to the overall improvement in spectral quality and spatial resolution of 

the data obtainable when employing SR radiation, there is also the benefit that samples 

with a high water content can also be interrogated to a higher capability than with a 

traditional benchtop FTIR. Water absorbs strongly at ~1650 cm-1 and thus can result in a 

loss of spectral information in this important spectral region, often associated with the 

amide I of protein structure and composition. It is therefore possible to obtain good 

quality spectra from live samples or samples in aqueous environments, when employing 

SR [54]. Figure 1 clearly shows that the interference of water is negligible when 

investigating monolayers of plant cells, such as found in isolated epidermis. 
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3.2 Unfixed and fixed tissue 

As it is possible to derive meaningful spectra from water containing samples, we look to 

compare the reproducibility and suitability of both fixed and unfixed (ex vivo) plant 

tissue samples for identifying Ca nutrient deficiency. Figure 2A presents representative 

bright field image of freshly prepared isolated abaxial epidermal in which the stomatal 

pores, surounded by a pair of guard cells (GCs; identified with an arrow), and subsidiary 

and epidermal cells (ECs) are clearly visible. This contrasts markedly with the 

representative sample from fixed leaf tissue shown in Figure 2B. In order to produce a 

Figure 1. Unprocessed spectra from the fingerprint region (1800 - 900 cm-1) derived from unfixed 

abaxial epidermis of C. communis grown at optimal (200 ppm) Ca, using a benchtop FTIR 

instrument with a globar source (Thermo Fisher, UK), in comparison to a FTIR with a synchrotron 

radiation source (Bruker, UK; Diamond Light Source, UK). The superior signal to noise ratio can 

be observed when employing synchrotron radiation whilst also uncovering more spectral 

information from the sample. 
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sample appropriate for transmission FTIR measurements, paraffin embedded tissue must 

be sectioned at a thickness no larger than 12 µm [55]. During this process it is 

challenging to construct a sample that contains both epidermal and guard cells. The GCs 

surrounding the open stomatal pore are clearly visible in Figure 2B ; the surrounding 

material is likely to be derived from the spongy mesophyll, which can be recognised by 

the irregular cell architecture of this tissue that is necessary to allow the movement of 

gas within the internal airspaces of the leaf. As a consequence of this, only stomatal GCs 

are probed in fixed leaf tissue samples for the remainder of this study, whilst both guard 

and epidermal cells are investigated in fixed tissue.  

 

 

 

 

Figure 2.  Brightfield images obtained from an unfixed abaxial epidermis (A), and a fixed sample 

(B), of C. communis gown at optimal (200 ppm) Ca. Stomatal guard cells (GCs) can be identified 

in both samples, although at a higher frequency in isolated epidermis, due to the simplicity of this 

approach for their isolation. 
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In regards to the biochemical alterations that occur due to chemical fixation, clear 

differences can be observed between unfixed and fixed samples (Fig. 3, Table 1). It is 

preferable to remove any paraffin wax from samples prior to spectral acquisition due to 

the strong absorbance of the wax in the fingerprint. However, many dewaxing protocols 

have been shown to have significant effects on the resultant spectra obtained, 

particularly in regard to lipids [56]. This is evident when comparing fixed and unfixed 

plant tissue, where a decrease in lipid absorbance at 1740 cm-1 can be seen following 

fixation and dewaxing. The absorbance profiles of key cell wall polysaccharides are also 

stronger in live tissues, shown predominantly at 1416 and 1356 cm-1. GC cell walls 

characteristically contain more phenolic esters of pectins than the surrounding cells, 

which is more effectively differentiated when using unfixed samples [57]. Fixed tissues 

displayed an increased absorbance at the amide II region, whilst live tissues depicted a 

higher absorbance at 1533 cm-1, showing widespread protein alterations in the spectra. 

This effect may be tentatively associated with protein cross-linkages as a consequence of 

formalin fixation [58]. Overall, a slight reduction in signal strength can be observed in 

live tissues, which may be due to underlying water interference and a lower 

concentration of biological material compared to fixed samples which are dehydrated. 

 

Figure 3. A comparison of pre-

processed spectra from unfixed 

isolated abaxial epidermis and 

formalin-fixed paraffin embedded 

tissue from C. communis. Spectra 

were cut to the fingerprint region 

(1800 - 900 cm-1), first order 

differentiated, vector normalised 

and offset for clarity. Dashed 

markers indicate the top five 

statistically significant 

wavenumbers where the gradient 

is maximum (y=0). 
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Table 1. Discriminating spectral regions derived from Figure 3, 4 and 5 with tentative molecular 

assignments, and description of the direction of change in regards to the data class.  

Wavenumber 

(cm-1) Tentative Band Assignment Ref. 

Description 

1740 ʋ(C=O) polysaccharide, esterified pectin, lipids [59, 60] ↑ Live 

↑ GC 

1728 ʋ(C=O) lipid, polysaccharide, esterfied pectin, cutin [29, 60] ↑ Deficient* 

1637 Amide I  [60] ↑ GC 

1635 β-sheet of amide I [41, 60] ↓ Deficient* 

1630 ʋ(C=O) and ring breathing, β-sheet of amide I [41, 61] ↓ Deficient 

1533 Amide II, C=N [62] ↓ Live 

1522 Amide II, C=N, C=C [60] ↓ Deficient 

1487 ʋ(C=C), δ(C-H), Amide II [26, 60] ↓ Deficient 

1416 δ(NH), δ(CH), ʋ(C-N) polysaccharides, unesterfied pectin [57, 60] ↑ Live 

1356 δ(C-OH) polysaccharide [63] ↑ Live  

↓ GC 

1354 ʋ(C-O),  δ(C-H), δ(C-OH), pectin, cellulose [26, 63] ↑ Deficient 

1246 ʋ(C-O) cellulose and hemicellulose, asymmetric  ʋ(PO2
-), [40, 60] ↑ GC  

↓ Deficient 

1242 Asymmetric  ʋ(PO2
-), Amide III [60] ↑ Live 

1097 ʋ(C-O) carbohydrate,  asymmetric  ʋ(PO2
-), [60, 64] ↑ Deficient* 

1049 ʋ(C-O), δ(C-OH) carbohydrate [60, 65] ↑ GC 

1020 ʋ(C-O),  ʋ(C-C), δ(C-OH) polysaccharides, pectin,  [26, 60] ↓ Deficient* 

* in fixed tissue 
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3.3 Guard cells versus epidermal cells 

GCs are crucial for the regulation of gas exchange (uptake of CO2 for photosynthesis and 

loss of water via transpiration) in plants [66]. This is mediated by rapid alterations in the 

water content of the GC in response to external stimuli, driven by fluxes of osmotically 

active anion and cations and controlled by a well characterised signalling network [67]. 

An increase in GC turgor pressure results in the opening of the stomatal pore, thus 

promoting gas and water exchange, whilst a reduction in turgor pressure closes the 

stomatal pore[68]. These cells are therefore key indicators of stress and have been 

studied in response to a range of biotic and abiotic stresses [44, 69-71]. The surrounding 

ECs act as a barrier to internal and external environments and thus have a relatively 

simple function in comparison to GCs and consequently, the biochemical composition of 

stomatal GCs are distinctly different from the surrounding ECs [57]. Here we investigate 

the suitability of GCs as a target in plant monitoring studies using vibrational 

spectroscopy by observing the effects of Ca deficiencies on these tissues.  

When comparing derivative spectra obtained from GCs and ECs in unfixed 

tissue, distinct difference in cell wall materials can be seen, particularly regarding 

cellulosic polysaccharides (Fig. 4A). Increased absorbance at 1740, 1246, and 1049 cm-1 

corresponding to celluloses and lignins in GCs corresponding the differentially thickened 

cell walls in these cells, up to 5 um across compared to the 1-2 um typical of ECs, that is 

essential to GC function (Table 1) [68]. Increased absorbance at the amide I band at 

1637 cm-1, also indicates a markedly different protein structure in GCs compared to ECs 

which may be due to the varying functions of each cell, with GCs responding 

dynamically to changes environmental conditions, whereas epidermal cells require a 

constant protein conformation to maintain overall leaf structure. Interestingly, the levels 

of unesterified pectins, another crucial cell wall component, are considerably higher in 

the epidermis, which has also been observed in other studies [57]. This could be 

indicative of the ordered structure of epidermal tissues, which are maintained by Ca-

pectin cross-linking that provides structural support to the leaf.  
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As a preliminary step to compare the suitability of GCs versus ECs as targets for 

monitoring nutrient deficiencies, exploratory multivariate analysis was conducted on the 

data (Fig. 4B). The 2D PCA-LDA scores plot examines the differences between the 

three Ca treatments, and whether any effects are more apparent in GCs or ECs. It is clear 

that Ca treatments effectively split the classes, showing that there is an observable 

alteration in the spectra as a consequence of Ca depletion, which is further investigated 

later in this study. With regards to the two target tissues, both GC and the epidermis tend 

to separate almost identically with the Ca stress, indicating that both tissues are 

potentially suitable targets for nutrient screening. An optimum level of Ca in this study is 

defined as 200 ppm, and this class of data significantly (P <0.001) separates from 

depleted treatments in LD1, whereas differences between depleted samples separate in 

LD2. Within the control treatment cluster, there are some subtle differences between GC 

and the epidermis although this separation is not visible in lower Ca treatments. This 

may be due to fundamental alterations associated with Ca stress overhauling the 

sensitive variance differences between guard and epidermal cells. 

Figure 4. SR-FTIR spectral analysis of unfixed abaxial epidermis from C. communis. (A) Pre-

processed spectra from guard cells (GCs) that surround the stomatal pore are compared with 

surrounding ECs to identify differences in biomolecular composition. Spectra were cut to the 

fingerprint region (1800 - 900 cm-1), first order differentiated, vector normalised and offset for 

clarity, whilst dashed markers indicate the wavenumber regions that most discriminate between 

the two classes. (B) A 2-dimension scores plot of cross validated PCA-LDA (leave-one-out) to 

compare the suitability GCs (▲ ● ■) and ECs (∆ ○ □) as screening targets for detection of Ca 

deficiencies. 200 ppm is defined as optimal conditions, whereas 0 ppm is defined as Ca deficient. 

 



194 
 

3.4 Ca deficiency 

The effects of Ca availability in the growth environment (optimal Ca, 200 ppm; low Ca, 

100 ppm; Ca deficient, 0 ppm) on the SR-FTIR spectra obtained from living and fixed 

tissues from C. communis was examined to determine the spectral alterations indicative 

of nutrient deficiency, and whether this spectral information is sufficient to accurately 

identify plants undergoing nutrient stress.  

The processed spectra from each of the tissues exposed to three Ca environments, 

depict clear absorbance alterations throughout the fingerprint region (Fig. 5; Table 1). In 

both ex vivo tissues and fixed tissue samples, absorbance bands associated with proteins 

are shown to decrease consistently in response to Ca deficiency, specifically around the 

Amide I region (1635 and 1630 cm-1) and Amide II (1522 and 1487 cm-1) regionsg. This 

observation is more apparent in spectra acquired from unfixed tissues (Fig. 5A and 5B), 

in comparison to fixed tissue (Fig. 5C), which in this case is associated with the formalin 

fixation process. As mentioned previously, this sample preparation step can result in 

protein cross linkages and may therefore increase protein stability at the point of spectral 

acquisition. An overall reduction in protein absorbance may be indicative of a 

compromised structure, and possible be an earlier indicator of senescence [24].  

 

Figure 5. Pre-processed spectra comparing the effects of varying Ca availabilities in guard cells 

(GCs) (A) and epidermal cells (ECs) (B) from unfixed epidermal peels; additional to fixed tissue 

samples (C) samples. Spectra were cut to the fingerprint region (1800 - 900 cm-1), first order 

differentiated, vector normalised and offset for clarity, whilst dashed markers indicate the 

wavenumber regions that most discriminate between the two classes. 
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Furthermore, widespread polysaccharide absorbance differences can be seen 

across all samples as a consequence of Ca stress. Interestingly, in fixed samples, these 

differences are limited to the lower wavenumber region between 1200 - 1050 cm-1, 

whereas in unfixed tissues, both GCs and the epidermis, these alterations manifest around 

1550 - 1250 cm-1. Many valuable plant substances have characteristic IR bond vibrations 

across the whole spectrum and there are few regions specific to a given biomolecule, 

showing that this unlikely to be due to a single molecule. However, this difference may 

again infer details about the chemical fixation process on plant tissue prior to IR 

spectroscopic analysis, as fixation has had a substantial impact on bond vibrations in the 

lower wavenumber region, where simple bending vibrations are found [72]. It is evident 

from Figure 5, that the absorbance of pectin-related IR bands (1728, 1354 and 1097 cm-1) 

increase due to Ca deficiency, and may indicate an increased production of structural 

polymers to accommodate the reduction in structural Ca pectate. In contrast, absorbance 

bands associated with cellulosic compounds (1246 and 1020 cm-1) illustrate a clear decline 

due to Ca deficit. Similar to protein absorbance, this may be symptomatic of a decrease in 

tissue viability, as cell wall growth and expansion is hampered due to lack of Ca. 
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Figure 6. Leave-one-out cross validated PCA-LDA analysis of both fixed and unfixed C. 

communis samples. (A), (C) and (E) display the 2-dimensional scores plots from guard cells 

(GCs), epidermal cells (ECs) and fixed tissue, whilst (B), (D) and (F) show the 

corresponding first and second linear discriminant loadings from GCs, ECs and fixed tissue, 

respectively. The most discriminating wavenumbers are indicated with a dashed line for each 

individual loading. 
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Table 2. Discriminating biomarkers of Ca deficiency as derived from PCA-LDA analysis of SR-

FTIR spectra of unfixed and fixed C. communis samples exposed to low Ca availabilities.  

Wavenumber (cm-1) Tentative Band Assignment 
Ref. 

1740 ʋ(C=O) polysaccharide, esterified pectin, lipids [59, 60] 

1730 ʋ(C=O) ester, lipid, lignin [41, 60] 

1720 ʋ(C=O) unsaturated ester, pectin [27] 

1703 ʋ(C=O)  [73] 

1697 ʋ(C=O) [60] 

1649 ʋ(C=O),  ʋ(C=N) Amide I [40, 62, 74] 

1645 Amide I [60] 

1639 Amide I [60] 

1599 ʋ(COO-) pectin, carboxylic acids, ʋ(C=C) lignin [41, 75, 76] 

1525 Amide II, C=N, C=C [27, 60] 

1497 δ(C-H) Amide II [26] 

1410 δ(NH), δ(CH), ʋ(C-N) polysaccharides [57, 60] 

1355 δ(C-OH) polysaccharide [63] 

1345 Carbohydrate [77] 

1335 δ(CH) polysaccharides, pectin, cellulose [60] 

1306 Amide III [60] 

1161 ʋ(C-OH), ʋ(C-O-C) polysaccharide, cellulose [53, 64, 75] 

1074 ʋ(CO),  ʋ(CC)  [60] 

1070 ʋ(CO),  ʋ(CC) cellulose [78] 

1055 ʋ(CO),  ʋ(CC),  δ(C-OH), pectin [78] 

1040 ʋ(CO),  ʋ(CC), cellulose [78] 

1032 ʋ(O-CH3) cellulose [29, 60] 

1026 ʋ(CO),  ʋ(CC) cellulose [76] 

1011 ʋ(CO),  ʋ(CC),  δ(C-OH), pectin [26, 60] 

933 Carotenoid, carbohydrate [60, 79] 
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Cross-validated PCA-LDA, using a leave-one-out approach, was conducted on 

the spectral data in order to maximise the interclass differences, and separate data based 

upon the nutrient availability [80]. Fig. 6 depicts the 2D scores plots from this data 

reduction step, and the consequent loadings plots transformed from this data, indicating 

spectral regions where variance is apparent in the dataset, as described by Martin et al. 

[81]. Tentative bond assignments for spectral peaks described as accountable for 

variance in the dataset can be seen in Table 2. Initially, spectra obtained from GCs of 

unfixed epidermal peels, separate strongly with regards to Ca depletion (Fig. 6A). The 

control treatment of 200 ppm is almost entirely separated from low Ca treatments in 

LD1, whist low Ca treatments are distinguishable in LD2. This may indicate that the 

general response of the plant to Ca deficiency is readily observable compared to 

optimum Ca conditions, whereas a subtle, yet still discernible, difference may be found 

in the response to different levels of Ca deficiency. With regards to exact wavenumber 

regions where variance can be found between Ca treatments, observations in the 

loadings of LD1 and LD2 may shed light on these subtle differences. LD1 indicates 

major differences around the polysaccharide region at 1055 cm-1, likely to be correlated 

to pectin absorbance (Fig. 6B). A decrease in Ca, would substantially affect the Ca 

pectate levels in the plant tissues, and thus this response is as expected between the 

optimal and Ca deficient treatments. Alterations in ʋ(C=O) are also evident in the 

loadings, which can be assigned to both lignin and protein contributions to the spectrum, 

possibly highlighting a structural compensation as a consequence of integrity loss. The 

same response can be seen in LD2; however, the most discriminatory spectral region in 

this curve is attributed to polysaccharides. This could potentially infer that this region 

may be used to discriminate between levels of Ca deficiency, in this targeted group of 

cells. In order to determine the diagnostic potential of this study, a PCA-LDC was 

conducted on the sample data, which was shown to positively classify Ca deficient, low 

Ca and optimal Ca samples at a rate of 100, 93.75, and 96.15% respectively (Table 3). 

This is promising in regards to future studies on large datasets taken from field data, 

which will likely be highly variable in comparison to a laboratory based investigation. It 

is important to note that the use of SR-FTIR for studies in planta in the field would be 

impossible, and so the use of a less powerful technique, such as standard globar-based 

FTIR microspectroscopy, may not provide such high levels of accuracy. As such it is 
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encouraging that near perfect classification is possible with the highly sensitive SR-FTIR 

approach. Additionally, one difficulty with detection and consequent remediation of 

nutrient deficiencies is that they are often co-dependent upon the availability of other 

nutrients, yet such a high accuracy rate even for intermediate deficiency samples is 

promising [82, 83]. As such, it may be possible to identify nutrient deficiencies in the 

field and instigate a targeted nutrient remediation process. 

 

 

Spectra obtained from living epidermal tissues exhibit a similar degree of 

separation within a 2D PCA-LDA scores plot, although it is the low (100 ppm) Ca 

treatment that separates on LD1, and the optimal (200 ppm Ca) and deficient (0 ppm Ca) 

treatments that separate effectively in LD2 (Fig. 6C & 6D). Loadings derived from this 

dataset correlate with findings in analysis of live GCs, that depict that the low Ca 

treatment is identifiable by protein differences, specifically at the Amide III region, 

shown in LD1. Additionally, deficient and optimal Ca treatments can be primarily 

isolated due to Amide I protein alterations. As shown earlier in this study, epidermal 

tissue has distinctly less polysaccharide content, and thus spectral alterations as a 

consequence of Ca depletion are less likely to be visible in the absorbance of these 

molecules. Despite this, the rate of classification in this dataset remains high at 100, 

93.10 and 95.83% for deficient, low and optimal Ca treatments (Table 3). This indicates 

that epidermal tissue is marginally less efficient at identifying Ca deficiencies than GCs; 

however, this is a minimal reduction in effiency and is likely insignificant. 

In fixed tissue, 2D PCA-LDA scores plots indicate an almost identical separation 

pattern to that seen in multivariate analysis of spectra from live GCs, with the optimal Ca 

Table. 3 Classification rates of each tissue sample and Ca treatment (%) as derived from principal 

component analysis (PCA) fed linear discriminant classifiers, using a leave-one-out approach and 10 

k-folds 

 Classification Rate (%) ± SE 

 0 ppm 100 ppm 200 ppm 

Unfixed Guard Cell 100.0 ± 0.0 93.75 ± 4.49 96.15 ± 3.92 

Unfixed Epidermis 100.0 ± 0.0 93.10 ± 4.96 95.83 ± 4.26 

Fixed Tissue 75.84 ± 6.30 91.49 ± 4.30 99.43 ± 0.06 
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treatment effectively separating in LD1 (Fig. 6E). There is a larger degree of overlap 

between Ca treatment groups in fixed tissue, and may indicate enhanced difficulty at 

detecting subtle biological changes as a consequence of Ca depletion. This is further 

highlighted in looking at the classification accuracy within this dataset in Table 3, which 

depicts reduced identification of samples grown in Ca deficient conditions, at a rate of 

75.84%. This class is particularly spread in the scatterplot, indicating increased 

variability in these samples which may suggest that the fixation process had a greater 

detrimental effect upon the Ca deficient samples. The optimal Ca treatment groups 

together relatively tightly in comparison, reflected by a high classification rate of 

99.43%. 

Interestingly, loading plots derived from this dataset exhibit a striking response in 

LD1 and 2, with the former highlighting spectral alterations solely below 1200 cm-1, and 

the latter exclusively above 1300 cm-1 (Fig. 6F). As a consequence, the optimal Ca 

treatment that is clearly distinguishable in LD1, is primarily segregated due to variance 

in polysaccharides, particularly cellulose. The differences between the Ca deficient and 

low Ca treatments shown in LD2, can be correlated predominantly with protein 

alterations, and also pectin and lignin molecules. The pattern displayed here in fixed 

tissue correlates with the differences observable in spectra derived from in vivo 

measurements of GCs, that show that the major differences in spectra explained by LD1, 

are largely attributed to polysaccharide alterations. This is intuitive due to the known 

effect of Ca deficiency on tissue structure; that as the Ca availability reduces, less Ca 

pectate is found in tissues, which may be responsible for the large polysaccharide 

changes we observe here. Also, alterations in cellulose and other cell wall carbohydrates 

such as arabinose and galactose levels may be an indicator of increased production to 

account for weaknesses in tissue structure as a consequence of Ca depletion [84]. 

4 Conclusions 

The use of SR-FTIR for plant-based studies has, to date, been relatively underdeveloped 

as the strong absorption of water in the fingerprint region can often conceal spectral 

information, particularly in live tissue samples. In this study, we investigated the ability 

of such an approach to identify Ca deficiencies in both living and fixed tissue, to 

determine how accurately this can be determined prior to the appearance of nutrient 

deficiency symptoms. Due to the high flux density of SR, the interference from water 
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can be minimised, allowing sampling from isolated epidermal tissues. The ability to 

sample from living tissues, is promising for further investigations using SR-FTIR in 

planta, and also prevents the need to fix tissue samples, which is both time consuming 

and detrimental to the spectral output, including the ability to detect Ca deficiencies. 

Using this approach, it is possible to differentiate between specific cell types on 

the abaxial leaf surface of leaves by observing increased levels of absorbance in 

cellulosic compounds in GCs compared to ECs. In order to determine a standard 

approach for crop screening in the field, it is first important to establish an ideal target 

for spectroscopic analysis. Initially, leaves are an ideal focus as they are relatively 

disposable, and readily exhibit symptoms of stress; however, the heterogeneity of such 

tissues indicates the need to identify a sole target for screening. Using the highly specific 

approach of SR-FTIR, both GCs and ECs performed equally well in detection of Ca 

deficiency prior to symptom onset, and were able to identify both low Ca and Ca 

deficient treatments at above 90% classification accuracy. As both cell types were 

uniform in their suitabiity, it could indicate that the whole epidermis of a leaf could be 

an ideal target for field trials observing nutrient deficiencies. As a prerequisite for such 

trials, the proficiency at which a globar based FTIR study is able to accurately detect Ca 

deficiencies is needed.  

In this study, we show that SR-FTIR as a crop screening tool, is able to accurately 

determine the Ca nutrient status of C. communis leaf samples grown at a range of Ca 

availabilities. Such a technique would not only be highly beneficial for wider nutrient 

screening applications, but also for identifying other abiotic stresses such as ozone 

damage, and biotic stresses including pest infestations [30]. In doing so, the overall 

efficiency of our agricultural practises can be improved with targeted remediation, that 

will increase yield and contribute towards the global food security. 
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Abstract 

Precision farming relies upon the supply of required macro- and micro-nutrients only, 

thus preventing excessive fertiliser application, nutrient specific deficiencies and 

environmental impacts, whilst also improving crop efficiency, with increased produce 

yield and quality. This requires the rapid determination of crop nutrient requirements to 

allow targeted nutrient supplementation in agricultural environments, whilst avoiding 

symptoms of nutrient deficiency, thereby contributing towards global food security. In 

this study, Raman and Attenuated total reflectance Fourier-transform infrared 

spectroscopy (ATR-FTIR) were used to detect calcium (Ca) deficiency in Solanum 

lycopersicum prior to the onset of symptoms of ‘blossom-end rot’(BER) associated with 

Ca deficiency. In vivo Raman microspectroscopy was able to detect severe Ca deficiency 

following 4-week exposure to deficient environments, whilst ATR-FTIR spectroscopy of 

dried plant material could distinguish even subtle deficiency in this time frame. The 

effect of nutrient remediation was also discernible using these approaches, as well as 

alterations to the overall Ca content (%) in the plant tissues as determined by flame 

atomic absorption spectroscopy (FAAS). Analysis of differential expression of genes 

between Ca deficient and Ca remediated plants revealed novel insights into the 

transcriptional response to Ca deficiency in plants further increasing understanding crop-

nutrient relationships. 

This study highlights Raman and ATR-FTIR spectroscopy as a system to pre-

symptomatically detect nutrient deficiencies, such as BER in tomato, allowing the crop 

specific nutrient status to be determined, fuelling the drive towards targeted nutrient 

supplementation and overall improvements in agricultural productivity. 
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Introduction 

Crops require a nutrient supply that delivers sufficient levels of essential macro- and 

micro-nutrients for optimal growth, defined as nitrogen (N), Potassium (K), calcium 

(Ca), sulphur (S), magnesium (Mg), and zinc (Z), copper (Cu), iron (Fe), manganese 

(Mn), boron (B), chlorine (Cl), molybdenum (Mo) and cobalt (Co) 1. Nutrient 

deficiencies can arise when there is an inadequate supply of any of these key elements; a 

frequent occurrence in agricultural environments, where intense farming practises and 

inefficient fertiliser use are commonplace due to the limited availability of arable land 2. 

The onset of nutrient deficiency is dependent upon the limiting nutrient, crop species, 

genotype, co-dependence with other nutrients and light, as well as water and CO2 

availability 3. Due to the diversity of deficiency symptoms between crop species, as well 

as delayed, non-specific symptoms, the management of an efficient nutrient supply is 

challenging. However, there is an increasing pressure to manage crop nutrient 

availability efficiently in order to achieve the increases in agricultural productivity 

necessary to meet the food demands of the growing global population, estimated to reach 

9 billion people by 2050 4,5. 

Ca is a secondary macronutrient crucial for plant growth, development and 

nutrition due to its function in a plethora of fundamental biological processes 6. These 

can be broadly divided into signalling and structural roles 7. Ca is also ubiquitous second 

messenger in plant signal transduction, thought to be an evolutionary development 

coupled to maintaining sub-toxic intracellular Ca levels, where it plays an essential role 

in a variety of plant responses to environmental and developmental stimuli 8,9. The 

resting cytosolic Ca2+ concentration within plants cells is 100 – 200 nM, which can be a 

significant difference compared to the surrounding extracellular material 7,8. Ca is also 

an essential component of the plant cell wall where it forms complexes with pectin 

polysaccharides, that provide structural stability to the cell and tissue 10. Specifically, Ca 

ions are able to cross-link the negatively charged carboxyl groups of pectins and 

consequently provide increased rigidity of the cell wall at high Ca availabilities, 

particularly in low-ester pectins 11. Conversely at low levels of Ca, the cell wall can 

become weakened and permeable, due to insufficient Ca-pectate interactions 10.  

In newly formed tissues, the majority of deposited pectins are in low-ester form 

and therefore require Ca more readily than highly esterified tissues. Symptoms of Ca 
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deficiency can be often visible in these tissues, with ‘tip burn’ in lettuce a prime 

example, where insufficient Ca results in a degradation of the cell wall shown by areas 

of necrosis at the tip of leaf tissue 12. Ca deficiencies can also arise in tissues with low 

rates of transpiration, often resulting in the necrosis of fruit, such as BER in 

tomatoes13,14. This essential nutrient is considered immobile in the phloem and thus 

dependent upon the unidirectional flow of the transpiration stream in the xylem6. 

Rapidly transpiring tissues such as mature leaves, can be found to accumulate high levels 

of Ca, whereas tissues and fruits with low rates of transpiration, can develop Ca 

gradients and thus display symptoms of deficiency15. Furthermore, as transport is only 

possible with the flow of transpiration, Ca cannot be translocated, resulting in 

differential Ca concentrations throughout the plant 16. In line with these fundamental 

roles of Ca in plants, Ca deficiencies are significantly detrimental to crop yields and can 

manifest in across a range of crop species 15.  

One major issue with the prevention of Ca deficiency disorders in crops, is that 

visual symptoms often do not become apparent until the deficiency has already had a 

detrimental effect upon crop quality and yield 17. In the case of BER, the first truss does 

not appear until around 6 weeks post-germination, dependent upon the cultivar and 

environmental conditions, by which point a significant amount of time and resources 

have been inputted18. Additionally, visual symptoms are not always unique to deficiency 

of a specific nutrient and therefore it is not always possible to determine the crop’s 

nutrient requirements by visual inspection alone 19.  

Analyses of soil and tissue nutrient content, and crop growth responses, provide 

an alternative to the use of visual symptoms to diagnose nutrient deficiencies 20. The soil, 

or other growth medium, is the primary source of nutrients, therefore the elemental 

content can be used infer the levels of nutrients available to the plant 21-23. A number of 

analytical techniques are available to identify the relative abundancies of key nutrients 

from soil samples, such as flame atomic absorption photometry and spectroscopy, as 

well as highly sensitive inductively coupled plasma (ICP) based approaches, like ICP – 

mass spectrometry (ICP-MS) 24,25. Whilst these provide vital information regarding the 

nutrient status of the environment, this does not necessarily infer the nutrient status of 

the crop, as uptake is also affected by additional environmental factors 26. Alternatively, 

these approaches can be applied to plant tissues providing an insight into the specific 

nutrient content of the crop 22,27. Nutrient deficiencies can also be monitored through 
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their impact on plant tissue structure using histochemical and microscopic methods 28. In 

addition, biochemical methods can be used to determine crop nutrient status, based 

largely around measuring enzymatic activity of key biological processes in both soil and 

plant tissues 1,29. Furthermore, whole genome transcriptome analysis can be employed to 

study the molecular impacts of environmental factors, such as nutrient deficiency in 

crops 30,31,32,33. However, although highly informative, the RNA sequencing approaches 

used require extensively sample preparation protocols, additional to a substantially high 

cost-burden.  

Despite the availability of the aforementioned approaches for determining plant 

nutrient status, crop-specific nutritional information in not however routine in the field 

due to technical limitations inherent in these approaches including their destructive 

nature, substantial sample preparation time, and confinement to a laboratory setting, 

which contributes to extended delays in analysis 34. Therefore, non-destructive and high 

throughput approaches are urgently required for the accurate and rapid determination of 

plant nutrient status 35. 

Light based methodologies are potential non-destructive alternatives to 

traditional chemical analyses. In particular near infrared (NIR) and visible-NIR 

reflectance spectroscopy has been widely implemented as a tool for plant composition 

studies 36. Although this technique has been used to elucidate the nutrient status of crops, 

and also as a presymptomatic detection method 37-39, the derived spectral data are limited 

and do not provide high enough resolution to infer specific biochemical alterations 40. In 

contrast, application of mid-IR based spectroscopies such as Fourier transform IR 

(FTIR) and Raman spectroscopy may provide this additional detail, whist still delivering 

non-destructive, rapid and in situ measurements to be obtained 41,42. Both spectroscopic 

approaches are based upon the principle that chemical bonds have discrete vibrational 

modes which can be observed when biological samples are irradiated with IR light 43. 

FTIR spectroscopy is dependent a change in the dipole moment of a chemical bond and 

monitors the absorption of energy as electrons are elevated to vibrational energy modes 

44,45. This energy absorption is equivalent to the transition energy of the bond, allowing 

specific bond identification via absorbance spectra 46. In contrast, Raman spectroscopy is 

based upon the principle of inelastic light scattering, where the molecule of interest is 

excited to a virtual energy state via the incoming photon, but returns to a higher (Stokes) 
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or a lower (Anti-Stokes) energy level 47,48. Whereas FTIR is dependent upon the dipole 

of a chemical bond, Raman spectroscopy is reliant upon the change in polarisability 49. 

As such, some bonds that are considered IR inactive are often distinguishable using 

Raman spectroscopy and vice versa, resulting in two complementary techniques 50.  

Fourier transform infrared (FTIR) spectroscopy has been used previously to 

observe plant cell structure and fruit quality, as well as to identify and quantify valuable 

plant constituents, including polysaccharides and essential oils 51-55. Due to the dipole 

moment of water, FTIR analysis of plant tissue has been largely restricted to fixed 

sample analysis 56-59. However, the development of attenuated total reflectance (ATR)-

FTIR has facilitated the interrogation of plant tissues without the interference of water, 

thus allowing in vivo measurements to be acquired 60-62. In contrast to IR, water has a 

relatively weak Raman scattering effect and consequently the analysis of in vivo plant 

tissues that contain large amounts of water is possible 63. Nevertheless, the application of 

Raman spectroscopy in plant research is limited by the issue of autofluorescence that is 

prominent in plant tissues that contain intrinsic fluorophores 64. This issue has been 

shown to be overcome by the use of NIR laser sources, but is also shown to be less 

apparent in in vivo samples due to the fluorescence quenching effects of water 61,65,66. 

Consequently Raman spectroscopy has been a powerful technique for investigation of 

plant cell walls and monitoring plant metabolites 67.  

Here we describe a study employing ATR-FTIR and Raman spectroscopy to 

presymptomatically detect Ca deficiency in Solanum lycopersicum, prior to the onset of 

BER. Specifically, the use of Raman spectroscopy for in vivo spectroscopic analysis of 

plant material is investigated, in comparison to the efficiency of ATR-FTIR for fixed 

sample analysis of nutrient status. Complementary elemental analysis by flame atomic 

absorption spectroscopy (FAAS) is used to compare to the exact Ca content of the tissue. 

The effects of Ca deficiency, and subsequent Ca remediation, on gene expression has 

also been investigated using RNA sequencing technology in order to understand the 

transcriptional changes underpinning the growth and spectral responses to the differing 

Ca nutrition of plants.  
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Materials & Methods 

 

Cultivation conditions 

S. lycopersicum cv. Moneymaker (Moles Seeds, Essex, UK) were sown into rock wool 

cubes and grown for 10 days with a distilled water supply. Once germinated, these 

seedlings were transferred to purpose-built hydroponic systems, containing 16 L of four 

modified Hoagland’s solutions 68. Full-strength Hoagland’s solution provided a Ca 

concentration of 200 ppm, determined as optimum for tomato growth, and sub-optimal 

levels of 100, 50 and 0 ppm were also used. Dissolved oxygen levels were maintained at 

5.5 ± 0.5 mg/L using aquatic air pumps (Boyu, China) with an electrical conductivity at 

2 ± 0.1 mS; and pH 6.1 ± 0.1. The solution was refreshed every 3-7 days, when the 

levels of conductivity were reduced. Plants were grown at 25 ± 2°C / 20 ± 2°C, day / 

night; 16 h photoperiod; 150 ± 25 µmol m-2 s-1 using 600W metal halide lamps (Osram 

Ltd, UK).  

The investigation was separated into two approaches; a 4-week full Ca depletion 

study, and a 4-week remediation study. For the former, plants were exposed to the 

different Ca conditions for the full 4-week period, with interrogation at both 2- and 4-

week time points with ATR-FTIR, Raman spectroscopy and FAAS to monitor the 

progress of deficiency. For the latter, plants were exposed to Ca conditions for the initial 

2-week period and then provided with optimum levels of Ca for the final 2-week time 

period, to mimic the remediation process of fertiliser application. Plants were again 

interrogated using the aforementioned techniques at the 2- and 4-week time points.  

Each Ca treatment was replicated in 3 separate hydroponic systems, each 

containing 4 seedlings, resulting in a total of 48 plants for the full depletion study, and a 

further 48 plants for the remediation study.  

In vivo Raman microspectroscopy 

Raman spectroscopic measurements were obtained using a InVia Raman spectrometer 

(Renishaw Plc, Gloucestershire, UK) with a 785 nm excitation laser and charge coupled 

device (CCD) detector and a microscope attachment (Leica Microsystems, 

Buckinghamshire, UK). A x 50 magnification (0.75 numerical aperture), 1200 mm-1 
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grating, 50% laser power (13 mW at the sample) and a 15 second exposure time were 

utilised for optimal spectral acquisition across the 2000 – 400 cm-1 region. Wavenumber 

spectral calibration was conducted using a silicon source prior to spectral acquisition. 

S. lycopersicum plants were carefully positioned adjacent to the 

microspectrometer and leaves were held in positon above a gold-coated glass slide; the 

penetration depth of the laser was not expected to fully transmit through the leaflet and 

therefore  the use of a substrate was precautionary 69. 10 spectra were acquired at both 

the 2- and 4-week time point from newly expanded leaflets at the same developmental 

stage in each live S. lycopersicum sample. Outliers were removed using in house 

developed quality tests that detected insufficient spectral quality (signal-to-noise<10) 

and any evidence of saturation. Cosmic rays were removed using the ‘Zap’ function in-

built into the Wire 4.0 software (Renishaw Plc, Gloucestershire, UK). 

ATR-FTIR spectroscopy 

Although proven to be a non-destructive technique in principle, the effects of ATR-FTIR 

interrogation can be seen upon the surface of a living plant leaf, due to the pressure that 

is required to bring the sample into contact with the internal reflection element (IRE), 

which can cause localised necrosis 61. For this reason, ATR-FTIR was used only for 

fixed measurements of fixed plant samples, and compared to the efficiency of in vivo 

Raman spectroscopic measurements which have been shown to have no localised or 

systemic effects 61. 

Prior to ATR-FTIR spectroscopic interrogation, the mass of fresh tissue was 

measured using a calibrated balance, before being dried at 80 ° for 48 hours and the mass 

was further measured to account for dry material weight. Leaf tissue was then isolated 

and homogenised using a mortar and pestle until a homogenous powder was created. 

This sample was then carefully deposited upon a low-E mirrIR reflective slide (Kevley 

Technologies, OH, USA) before spectral analysis. A Bruker TENSOR 27 FTIR 

spectrometer with Helios ATR attachment (Bruker Optics, Coventry, UK) containing a 

diamond crystal with approximately a 250 × 250 μm sampling area was employed to 

acquired IR spectra. Spectra were obtained at a spectral resolution of 8 cm-1, and a zero-

filing option resulting in 3.84 cm-1 data spacing, with 32 co-additions and a mirror 

velocity of 2.2 kHz for optimum signal to noise ratio 45. A background spectra was 

acquired prior to each sample measurement. Five spectra were obtained from separate 
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locations of each sample with the diamond crystal cleaned using distilled water and dried 

between each measurement.  

As ATR-FTIR spectral acquisition was conducted upon dried samples, a number 

of plant samples were required to be excluded from the remaining experiment at the 2-

week time point. As such, only one single plant was analysed from each hydroponic 

system, resulting in 3 samples per treatment at this time point (rather than 9 at 4-weeks). 

This did not affect Raman interrogation as this step did not require sample exclusion.  

Spectral pre-processing 

Spectral processing was conducted within the IRootLab Toolbox 

(https://github.com/trevisanj/irootlab) developed for MATLAB (The Math Works, MA, 

USA), unless otherwise stated 70. For Raman data, spectra were cut to 1700 – 500 cm-1 

wavenumbers to account for the scattering regions of known biological constituents of 

plant material. A polynomial baseline correction (fifth order) was applied to remove any 

baseline features associated with background fluorescence. This was followed by a 

vector normalisation step to account for any technical variation between samples, and a 

wavelet denoising step to smooth any residual noise in the spectra 71.  

For IR data, spectra were cut to the 1800 – 900 cm-1 fingerprint region where 

biological bonds are known to vibrate 72. A second order differentiation step, with a 

polynomial order of two and 9 filter coefficients, was applied to deconvolute spectral 

regions from the numerous overlapping bands of this complex spectrum. This was then 

followed by a vector normalisation step.  

Multivariate Analysis 

The complexity of IR and Raman spectra can often require additional processing steps in 

order to extract discriminatory information, whilst simultaneously reducing the 

computational burden associated with such large datasets. Principal component analysis 

(PCA) was implemented technique to unearth underlying spectral variance between test 

classes, by reducing each spectrum down to a defined number of principal components 

(PCs), each of which accounting for a decreasing proportional of variance in the dataset 

73. This unsupervised technique was coupled to a supervised technique called linear 

discriminant analysis (LDA), that takes into account class information as well as spectral 

covariance as derived from PCA 74. The result of this multi-stage analysis process is 

https://github.com/trevisanj/irootlab
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between-class (inter) differences are maximised, whilst within-class (intra) differences 

are minimised, producing more efficient spectral classification.  

In this approach, the optimum number of PCs was determined for each dataset 

using a Pareto function to account for the point at which the percentage variance 

explained reached a plateau. This was found to be between 12-13 PCs for each dataset 

and accounted for 94 – 99% of the spectral variance in each dataset. A leave-one-out 

cross validation step with 10 k-folds was then conducted using the optimum PC number 

in conjunction with LDA 75. The output of this was visualised as a 1-dimensional (1D) 

scores plot, to illustrate separation between Ca treatments solely down to variance within 

the spectra.  

To quantify the capabilities of both Raman and ATR-FTIR spectroscopy for 

detection of nutrient status, a support vector machine (SVM) classification algorithm 

was implemented. The c and gamma values were optimised during this process, and a 

leave-one-out cross validation system was used; the output of this was visualised as 

sensitivity and specificity (%) between the Ca treatment class and the control. Binary 

classifiers were chosen as the control treatment of 200 ppm, can be considered the 

baseline prior to deficiency and consequently moderate to severe deficiency were 

compared against this value.  

Flame Atomic Absorption Spectroscopy  

Around 500 mg of dried tissue from each Ca treatment and time point was initially 

digested in 10 cm3 of concentrated HNO3 (Sigma-Aldrich Ltd, Dorset, UK) at 200°C on 

a digital hot plate (Bibby Scientific Ltd, Staffordshire, UK; SD500). This was allowed to 

reflux in the sealed volumetric flask for around 2 h, or until full digestion had been 

completed, visualised by no coloured fumes. Once complete, the remaining HNO3 was 

allowed to evaporate, and the residual material was re-dissolved in 24.5 cm3 of 5% 

HNO3 and 0.5 cm3 of 1% LaCl3 to ensure full Ca extraction, and filtered using a 

Whatman® 541 hardened, ashless filter paper (Fisher Scientific, Leicestershire, UK). An 

AAnalyst 200 flame atomic absorption spectrometer (Perkin Elmer, MA, USA) with 

acetylene gas, compressed air and a Ca-Mg lamp (422.7 nm) was employed to determine 

the Ca concentration in each digested sample. Samples were digested accordingly to 

fulfil the linear range of the spectrometer. Three replicates were taken per sample, with a 
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read delay of three seconds, and each absorbance value was converted to ppm using a 

calibration curve, and subsequently % Ca values were derived. 

RNA-sequencing 

Whole transcriptome sequencing was conducted at the 4-week time point, upon 3 control 

(200 ppm), 3 full-deficiency (0 ppm) and 3 remediated treatments (0 ppm for two weeks, 

followed by 200 ppm for remaining two weeks) S. lycopersicum samples. Newly 

expanded leaflets were excised and immediately freeze dried using liquid N and 

homogenised into a powder. RNA was extracted using the RNeasy Plant Mini Kit 

(Qiagen, Manchester, UK), following the Qiagen protocol with input from previous 

literature 76. The RNA quantity per sample was determined using spectrophotometry, 

with the absorbance at 260 nm (A260) used for quantification and the ratio between A260 

and A280 used to establish adequate RNA purity.  

Samples were analysed at The Genome Analysis Centre (TGAC), Norwich, UK 

for RNA-sequencing using the Illumina HiSeq 2000 (Illumina, CA, USA), with a 50 

base pair (bp) single end read metric, with a minimum yield of 100 million reads. 

Quality control was conducted using FastQC (Babraham Bioinformatics, 

Cambridgeshire, UK) to check for the basic metric of quality control in the raw data, and 

the TGAC in-house contamination screening ‘Kontaminant’ was run to identify any 

adulterated samples. RNA samples were mapped to a reference sequence, provided by 

The International Tomato Genome Sequencing Consortium, using TopHat (Centre for 

Computational Biology, John Hopkin University, MD, USA) and differential expression 

levels across the three experimental treatments were constructed using Cufflinks 2.2.1 

(Trapnell Lab, University of Washington, WA, USA). The outputs of this was visualised 

using the CummeRbund package (Bioconductor, USA).  

 The mapped sequence tool SeqMonk (Babraham Bioinformatics, 

Cambridgeshire, UK) was also used to visualise gene expression between Ca treatments. 

Initially data store trees were used to visualise the clustering of biological replicates as 

an additional form of quality control. Hierarchical clustering was then used to generate 

heat maps of differentially expressed genes based on the intensity differences. These 

gene clusters were then annotated using the PANTHER Classification System to 

determine specific gene function 77,78. 
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Results & Discussion 

Fresh and dry weight analysis 

Determination of nutrient status of crops is currently reliant upon visual symptoms of 

deficiency, or chemical analyses of crop or soil samples 19,22. Although visual symptoms 

may take time to manifest, such as the rotting of fruit in BER, the effects of nutrient 

deficiency may be observable in simple growth parameters which may indicate 

underlying stress. Figure 1 shows the effects of Ca Treatments and Ca remediation on 

plant fresh and dry weight. The effect of Ca deficiency should be most evident in plants 

exposed to reduced Ca levels for 4 weeks (‘Full Treatment’), particularly by the week 4 

and to a lesser extent at 2-weeks. It is clear that after 2 weeks of reduce Ca availability, 

there is a distinct difference in weights between the 0 and 200 ppm Ca, representing fully 

deficient and optimum Ca (control), respectively, although this is not statistically 

significant. This pattern is almost identical for both fresh and dry weight, suggesting that 

the water content in each sample was not affected by the reduced Ca level.  

 

 

 

Figure 1. Fresh and dry weights of S. lycopersicum plants grown in modified Hoagland’s 

solution containing 0, 50, 100 and 200 ppm Ca for 4 weeks (Full Treatment) or for 2 

weeks followed by a further 2 weeks growth at 200ppm Ca (Remediated Treatment). 

Values are mean +/- with standard deviation. A one-way analysis of variance (ANOVA) 

with Tukey’s post-hoc test were implemented to determined statistical difference between 

treatment groups. *P<0.05, **P<0.01 
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A similar response is evident after 4-weeks exposure to reduced Ca levels, with 

the fully deficient treatment (0 ppm) displaying much lower weights in comparison to 

the other Ca treatments. Interestingly, the dry weight of this extreme deficiency is only 

significantly different from the 50 and 100 ppm Ca treatments suggesting these 

intermediate Ca treatments have increased growth compared to the control treatment. 

Comparison between fresh and dried material indicates that this could be due to increase 

water content in the tissues, as this effect is reduced following drying. This may be a 

stress response due to Ca depletion, as the plant begins to increase rates of transpiration 

to transport Ca from the nutrient solution. Again however, no statistical significance can 

be extracted from the control and intermediate treatments, showing how inefficient this 

approach is for detecting the onset of nutrient deficiencies.  

It was envisaged that by exposing S. lycopersicum samples to reduced Ca 

treatments for two weeks and subsequently resupplying the Ca supply for an additional 

two weeks, plants may be able to recover from nutrient stress and return to a healthy 

state. Although the growth of the 2-week Full Treatment and 2-week Remediated 

Treatment should be comparable, there was a marked reduction in both the fresh and dry 

weights in the remediation investigation in comparison to the full treatment 

investigation, which depicts the highly variable growth rate due to the Ca depleted 

environments despite identical growth environments. However, in the Remediated 

Treatment after 4-weeks, both the fresh and dry weights of the 0 ppm treatment were 

again significantly different from the reduced Ca treatments, but not from the 200 ppm 

control treatment. Considering these samples had been supplemented with optimum 

levels of Ca for 2 weeks, surprisingly the differences between the treatments were more 

significant than in the Full Treatment plants after 4 weeks. This may be associated with 

the fact that Ca depletion may be having a more complex effect on plant growth, that is 

not simply observable by physiological measurements such as fresh and dry weight. 

FAAS Analysis 

In order to correlate the physiological effects observed on overall plant mass, in terms of 

fresh and dry weights, and the subsequent spectral and sequencing data with a known 

depletion in Ca at the tissue level, FAAS was conducted to derive exact Ca 

concentrations from sample leaves (Figure 2). During the full deficiency investigation, it 

is evident that at the 2-week time point the effects of Ca depletion are already reflected 
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in the overall Ca content in the tissues, with a significant drop of around 2% between 

control and extreme deficiency. This effect is further exaggerated at the 4-week time 

point where all reduced Ca treatments display a highly significant diminution in overall 

Ca content compared to the 200 ppm plants. FAAS is considered one of the most 

sensitive measures available to determine overall crop nutrient status and this result 

provides evidence for its sensitivity 79.  

 

 

 

Figure 2. Ca content (%) as determined by flame atomic absorption spectroscopy (FAAS) 

from acid digested leaf samples of S. lycopersicum plants grown in modified Hoagland’s 

solution containing 0, 50, 100 and 200 ppm Ca for 4 weeks (Full Treatment) or for 2 

weeks followed by a further 2 weeks growth at 200ppm Ca (Remediated Treatment). A 

one-way analysis of variance (ANOVA) with Tukey’s post-hoc tests were implemented to 

determined statistical difference between 0, 50 and 100 ppm treatment groups with the 

200 ppm control group. (*P<0.05, **P<0.01) 
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In the remediation investigation, at the 2-week time point, an almost identical 

response is seen in overall Ca content of leaf samples as in the full deficiency 

experiment. The Ca content of plants exposed to extreme Ca deficiency (0 ppm) is 

significantly different from the control (200 ppm) plants, and 50 ppm plants are also 

discernible using this approach. Following remediation for the remaining 2-week period, 

the overall Ca content between each treatment becomes equivalent, with no significant 

differences identifiable. This indicates that remediation has effectively re-supplied Ca in 

the plant tissues in over this time period.  

It is clear from this approach that FAAS can effectively determine the overall Ca 

content of a plant and observe when supplementation, such as by a nutrient fertiliser, has 

been effective. However, when comparing to our measurements for fresh and dry 

weights, there appears to be residual effects of Ca deficiency that are not sufficiently 

addressed using this approach. Additionally, the sample preparation involved in this 

analysis is time-consuming and not easily implemented by growers who would benefit 

from such an approach.    

Ca deficiency detection with Raman spectroscopy 

Raman spectroscopy was applied as an in vivo screening tool to determine the nutrient 

status of S. lycopersicum plants exposed to the aforementioned concentrations of Ca. The 

effects of a 4-week exposure to deficient conditions are shown in Figure 3. The 

processed mean spectra at both the 2- and 4-week time point all show very little 

variation between the four treatments. At 2-weeks it is evident that there is a variable 

region that can be seen at 876 and 852 cm-1. These alterations do not follow a Ca 

concentration dependent pattern, potentially indicating that they are not severity linked.  

However, 852 cm-1 is a characteristic Raman band identified in pectin studies, 

and is noticeably lower in the 0 ppm treatment, compared to the 200 ppm treatment 

which displays the highest level of scattering at this peak 80. Reduced scattering of a 

pectin related Raman band, may be indicative of a reduction in Ca pectate levels in the 

tissue, which would be expected in Ca deficient environments 81. At the end of the 4-

week treatment, the Raman spectra display less band specific differences, but do depict a 

spectrum wide difference in scattering intensity, particularly between 0 and 50 ppm 

treatments. As seen previously in the fresh weight measurements, it appears as though 50 

ppm treatment may have accumulated water in the tissue which may begin to explain,  
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the increased scattering intensity. Due to intrinsic fluorescence, it is challenging to 

derive Raman spectra from dried tissue and it is thought that increased water content can 

contribute to fluorescence quenching in these tissues 48,61,66. With this is in mind, 

increased water content could influence the spectra between Ca treatments.  

 

 

 

As no single spectral feature can be immediately identified by eye or by simple 

univariate techniques, it is warranted to conduct multivariate analyses to try and extract 

only the discriminatory variables in the dataset. PCA-LDA was conducted on each 

dataset to observe separation of each Ca of the treatments as a consequence of their 

inherent variance (Figure 3). In these 1D scatterplots, separation in the y-axis infers 

Figure 3. Processed Raman mean spectra (top panels) and corresponding 1D PCA-LDA 

scatterplots (bottom panels) for S. lycopersicum samples exposed to Ca deficient 

environments (0, 50, 100 and 200 ppm Ca) for 4-week time period. Left panels depict 

the 2-week time point, and right panels show the 4-week time point. (a.u., arbitrary units; 

LD, linear discriminant) 
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difference between the Ca treatments. At the 2-week time point, there is very little 

difference discernible between 0, 50, 100 and 200 ppm Ca availabilities, demonstrating 

that after a 2-week exposure, Raman spectroscopy is unable to effectively detect any 

indicators of Ca deficiency. This is reflected in the sensitivity and specificity values 

derived by a validated SVM classifier, which indicate highly variable classification 

performances (Table 1 and 2).  

 

 

Although a sensitivity of 100% is achieved between 0 and 200 ppm treatments, 

the corresponding specificity is 0%, displaying that the classification was able to 

consistently detect the extreme deficiency, but not the control, which is an unreliable 

model. However, after the full 4-week Ca treatment, it is evident that the 0 ppm 

treatment becomes significantly more separated in LD1, showing that it may be possible 

to differentiate this data group as a consequence of the Ca treatment. The classification 

Table 1. Sensitivity and specificity values of binary SVM classifiers, distinguishing Ca treatments from control 

Solanum lycopersicum samples grown at 200 ppm.  

 
  Sensitivity (%) Specificity (%) 

 
  100 50 0 100 50 0 

Raman 

Full 
2 64.81 92.59 100.00 60.42 54.17 0.00 

4 57.38 63.93 68.85 67.12 66.67 72.00 

Remediated 
2 84.31 62.75 66.67 29.79 58.70 68.89 

4 50.94 45.28 79.25 72.73 95.74 65.22 

ATR-

FTIR 

Full 
2 75.00 80.00 90.00 36.25 83.33 93.33 

4 56.19 81.90 100.00 71.48 87.50 97.50 

Remediated 
2 0.00 40.00 100.00 100.00 66.67 100.00 

4 44.44 44.44 48.89 40.00 40.00 57.92 

Table 2. Standard deviation of sensitivity and specificity values of binary SVM classifiers, distinguishing Ca 

treatments from control Solanum lycopersicum samples grown at 200 ppm.  

 
  Sensitivity (%) Specificity (%) 

 
  100 50 0 100 50 0 

Raman 

Full 
2 48.20 26.44 0.00 49.42 50.35 0.00 

4 49.86 48.42 46.69 47.30 47.45 45.20 

Remediated 
2 50.47 50.25 40.94 44.95 20.40 48.15 

4 36.73 48.83 47.61 46.23 49.78 46.82 

ATR-

FTIR 

Full 
2 46.31 15.82 0.00 20.49 23.75 7.07 

4 50.00 28.28 20.00 33.50 28.87 16.33 

Remediated 
2 0.00 28.28 0.00 0.00 30.55 0.00 

4 26.03 26.03 38.87 41.40 41.40 34.87 
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performance is markedly more stable in this instance, with a rate of 68.85% and 72% 

sensitivity and specificity respectively between the control and 0 ppm treatments. 

Moderate Ca depletion treatments, 50 and 100 ppm are also detected by this 

classification process, although to lesser efficiencies dependent upon the severity of the 

treatment. 

The effects of the Remediation Treatment are shown in Figure 4, first comparing 

processed spectra at week 2 and 4 and the corresponding PCA-LDA 1D scatterplots. In 

this instance, spectra again display little variation by eye at each time point. 

Interestingly, in the 4-week dataset, there is again alteration around the 876 and 852 cm-1 

bands, previously associated with pectic compound, and this observation does follow a 

concentration dependent reduction in scattering from the 200 ppm Ca control. At this 

time point, the plants have been re-supplied with optimum Ca levels and should thus 

return to a healthy state, mirroring the normalised Ca content determined by FAAS. 

These spectral alterations, although small, indicate that further biochemical changes may 

have occurred due to deficiency and may represent residual effects of Ca depletion. 

 

Figure 4. Processed Raman mean spectra (top panels) and corresponding 1D PCA-LDA 

scatterplots (bottom panels) for S. lycopersicum samples exposed to Ca deficient environments 

(0, 50, 100 and 200 ppm Ca) for a 2-week time period, followed by 2-weeks in a remediated 

environment. Left panels depict the 2-week time point, and right panels show the 4-week time 

point. (a.u., arbitrary units; LD, linear discriminant) 
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However, PCA-LDA scatterplots show no significant separation between Ca 

treatments following nutrient remediation, illustrating that these spectral alterations, may 

in fact be artefacts that do not contribute to the overall variance in the dataset. By 

comparing the sensitivity and specificity of this dataset, it is evident that following 

nutrient remediation SVM classifiers are able to distinguish between control and 2-week 

deficient plants prior to remediation at levels as high as 68.89% for 0 ppm plants. Across 

other Ca treatments the sensitivity and specificity vary markedly and are less consistent; 

for example, an 84.31% sensitivity rate versus a 29.79% specificity rate for 

distinguishing 100 and 200 ppm treatments. This may be indicative of the similarity 

between these spectra, as likely the effects of Ca stress will be moderate at this time 

point and between these two treatments. At week 4, this large variability across 

sensitivity and specificity values is again visible, although larger values can be seen. 

This infers that despite remediation, there are residual biochemical alterations present in 

the plant tissues that are distinguishable between spectral classes.  

Ca deficiency detection with ATR-FTIR spectroscopy 

The effect of Ca stress on S. lycopersicum plants was also investigated using ATR-FTIR 

spectroscopy on dried, fixed, leaf tissues. Due to the use of homogenised samples and 

the larger sampling area provided by the ATR diamond crystal, larger macro 

measurements are provided using this approach and an overall indicator of biochemical 

changes can be derived. From looking at the processed IR spectra, a plethora of spectral 

alterations can be see between all Ca treatment during the progression of deficiency, 

from analysis at 2- to 4-weeks.  (Figure 5). Between these two time points, the spectral 

differences occur in the same absorbance band regions, although to a larger extent at the 

4-week time point, associated with the increased exposure to deficient conditions.  

Using the 4-week spectra, the majority of spectral alterations can be seen around 

the Amide I region between 1600 – 1700 cm-1, related to the absorption of protein 

content. Previous literature suggests that protein differences can be identified in plant 

leaves following Ca stress environments, specifically reduction in protein structure 

pointing towards leaf senescence, but also through the increased expression of 

pathogenesis-related proteins 61,82. Control treatment samples display lower absorbance 

values at the Amide I and Amide II peaks that are assigned to ν(CN) and δ(NH), when 

compared to the intermediate and extreme Ca deficient samples. This effect was also 
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visible in in cadmium stress of clover leaves and may be associated with increased 

protein production due to provide additional stability to the tissue, due to the reduction 

on available Ca pectate 83. 

 

 

A reduction in Ca pectate is visible at the absorbance bands at 1609 and 1408 cm-

1
, which have been characterised in Ca pectate studies as νasy(COO-) and νsy(COO-) 

stretches of phenolic compounds respectively 63,65,84. This shows a direct observation of 

the known effects of Ca deficiency in tomato leaves, prior to the onset of visual 

symptoms 6. Increased absorbance of singular pectin molecules at 1103 cm-1
 in samples 

exposed to Ca stress, also complement this observation, as increased levels of non-Ca 

associated pectin are present in the tissue 62,85. As the symptoms of BER manifest in the 

fruit tissue because of the Ca gradient that is developed in the tissue, the detection of this 

Ca stress effect in the leaves in useful as a potential presymptomatic screening 

technique.  

Figure 5. Processed ATR-FTIR mean spectra (top panels) and corresponding 1D PCA-LDA 

scatterplots (bottom panels) for S. lycopersicum samples exposed to Ca deficient environments 

(0, 50, 100 and 200 ppm Ca) for 4-week time period. Left panels depict the 2-week time point, 

and right panels show the 4-week time point. (a.u., arbitrary units; LD, linear discriminant) 
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Figure 5 presents the 1D PCA-LDA scatterplots of this dataset and also 

illustrates the efficiency of the technique to identify the onset of Ca deficiency. After 2 

weeks exposure to Ca deficient conditions, 0 and 50 ppm treatments are significantly 

separated from the control treatment. After 4 weeks, this separation can also be extended 

to the moderate deficiency treatment of 100 ppm. This performance is also represented 

in the sensitivity and specificity values from binary SVM classifiers (Table 1). At the 2-

week time point, extreme (0 ppm Ca) deficiency can be diagnosed at rates of 90 – 93% 

sensitivity and specificity, whilst the 50 ppm can be distinguished at levels of 80 – 83%. 

This is further exemplified at the 4-week time point, where the full deficiency had a 

prolonged effect on the samples and subsequently classification levels reached highs of 

100%. Although values of this level should always be treated tentatively, the high 

performance of all treatment shows the potential of this technique for crop nutrient 

screening. 

 

Figure 6. Processed ATR-FTIR mean spectra (top panels) and corresponding 1D PCA-LDA 

scatterplots (bottom panels) for S. lycopersicum samples exposed to Ca deficient environments 

(0, 50, 100 and 200 ppm Ca) for a 2-week time period, followed by 2-weeks in a remediated 

environment (200 ppm Ca). Left panels depict the 2-week time point, and right panels show the 

4-week time point. (a.u., arbitrary units; LD, linear discriminant) 
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Observing the effects of nutrient remediation with optimum Ca levels, also shows 

the sensitivity of this approach. The effects of 2-week exposure to reduce Ca 

availabilities, can be seen in the processed IR spectra from this study and mimic the 

previously identified spectral differences of the full deficiency study (Figure 6). In 

overview, this is a reduction in the absorbance of Ca pectate residues at 1609 cm-1 as a 

consequence of reduced Ca availability, and widespread variation in protein related 

peaks. Following 2-weeks of remediation however, the effects of Ca deficiency become 

undefinable in the IR spectra, with hardly any spectral differences noticeable by eye. 

This is reflected in PCA-LDA scatterplots of this data, as no significant separation can 

be identified. Furthermore, the performance of SVM classification between each 

treatment falls away markedly, with sensitivity and specificity generally falling below 

50% (Table 1).  

Although, this approach required a drying step, and therefore had increased 

sample preparation times, this is still a much simpler approach in comparison to 

analytical techniques such as FAAS. Whilst the drying process in this instance was 

conducted over a 48-hour period, this process is still less labour intensive than 

approaches that require acid digestion of samples, that would require specialist users. 

With the advancement towards hand-held and portable devices, the use of ATR-FTIR for 

nutrient status screening is inexpensive and rapid, whilst the ease of use allows 

widespread implementation 86. 

RNA-Sequencing analysis 

Whole genome sequencing has provided insight into plant stress pathways in 

crops in response to nutrient deficiency, including Ca 31-33,87. For this study, a 

comparison was made between plants grown at optimum Ca (200 ppm Ca), extreme Ca 

deficiency (0 ppm), and Ca remediated conditions (0 ppm for two weeks, 200 ppm 

subsequently) for four weeks, in order to establish alterations in gene expression due to 

Ca stress. Initially, the mapped genomic data was visualised as a data store tree in order 

to cluster together known biological replicates (Figure 7A). In this example, the first 

branch on this tree effectively separates deficient treatments apart from control and 

remediated treatments, suggesting that the greatest gene differences can be identified by 

these two groupings. Unfortunately, one deficient replicate was not differentiated in this 

process, which has been related back to reduced RNA quality prior to sequencing 
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analysis. Despite this, all control and remediated replicates separate at the next branch of 

the decision tree, indicating a distinct difference in gene expression.  

PCA analysis of differentially expressed genes between treatments reveals a 

separation between the Ca treatments, with deficiency showing greatest variance 

compared to the control and remediated treatments (Figure 7B). Again, the ‘Deficient 3’ 

sample does not follow this pattern and clusters more centrally in the plot with some 

control replicates due to the aforementioned quality insufficiency. As one may expect, 

there is overlap between control and remediated replicates which may represent a return 

to normal gene expression as a consequence of returned Ca levels. In regards to 

presymptomatic detection of deficiency, this approach appears to be highly sensitive to 

the effects of nutrient stress, with a plethora of gene-specific changes observable.  

 

In order to compare differential expression between each Ca treatment, 

hierarchical clustering was conducted on genes displaying intensity differences and was 

visualised using a heat map. This approach clusters together genes that are expressed at 

differing levels between treatments and often identifies genes with similar 

functionalities, resulting in aided biological interpretation 88. The heat map portrayed in 

Figure 8 depicts 6 distinct clusters of genes that are differentially expressed between 

control, deficient and remediated. Clusters 1 and 4 are representative of genes that are up  

Figure 7. Separation of replicate control, deficient and remediated Ca treatment replicates based 

upon gene expression values derived from RNA-sequencing analysis. (A) Data store tree to 

observe biological clustering of Ca treatments; (B) PCA plot displaying the expression of all 

gene probes in the genome with sample distribution illustrated.  
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Figure 8. Hierarchical cluster map of gene probes displaying intensity differences in expression 

between Ca treatments at a P value > 0.05. Clusters have been numerically identified and relate 

to Tables 3 and 4.  
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and downregulated respectively between deficient and control samples sets, whereas 

Clusters 3 and 6 highlight down and upregulation respectively as a consequence of 

remediation. The two smallest clusters of genes, Cluster 2 and 5, are indicative of up- 

and downregulation that is evident across both deficient and remediated treatments. This 

suggests that alterations to the plant transcriptome as a consequence of deficiency and 

remediation are distinctly processes, that results in separate genome responses.  

A breakdown of gene functionality within each cluster can be seen in Table 3, 

primarily indicating that catalytic pathways and binding proteins are targeted in response 

to Ca deficiency. Each gene contained within each cluster and its respective protein 

annotation is identified in the supplementary information (SI). An overview of the five 

genes exhibiting the largest expression differences within each cluster is presented in 

Table 4.  

 

Table 3. Functional overview of genes identified within each cluster identified 

using hierarchical cluster analysis of all genes presenting an intensity difference 

between Ca treatments 

Hierarchical Cluster % of Genes General Function 

Cluster 1 63.2% Catalytic Activity 

 21.1% Binding 

 14.0% Transporter Activity 

 1.8% Receptor Activity 

Cluster 2 100% Catalytic Activity 

Cluster 3 77.1% Catalytic Activity 

 12.5% Transporter Activity 

 8.3% Binding  

 2.1% Antioxidant Activity 

Cluster 4 48.8% Catalytic Activity 

 39.0% Binding  

 7.3% Transporter Activity 

 2.4% Receptor Activity 

 2.4% Structural Molecule Activity 

Cluster 5 80.0% Catalytic Activity 

 20.0% Binding 

Cluster 6 58.1% Binding 

 27.9% Catalytic Activity 

 9.3% Structural Molecule Activity 

 4.7% Transporter Activity 



233 
 

Table 4. Top 5 differentially expressed genes with known gene function from each hierarchical cluster derived 

from probes displaying intensity differences between control, deficient and remediated Ca treated S. 

lycopersicum samples. Cluster 2 only yielded 3 genes with known protein functions and thus only contains 3 

genes.  

Cluster Expression Gene ID Gene Family Gene Function 

1 

U
p

re
g
u

la
te

d
 i

n
 D

ef
ic

ie
n

t Solyc12g098540.1 NTPASE, ISOFORM F Transcription regulation98 

Solyc04g007760.2 MLP-LIKE PROTEIN 165-RELATED Plant defence99 

Solyc04g016470.2 BETA-1,3-GLUCANASE 4-RELATED 
Control of plasmodesmatal 

transport90 

Solyc06g005310.2 
TRANSCRIPTION FACTOR MYB48-

RELATED 

Transcription factor involved in 

abiotic stress regulation 89 

Solyc03g005980.2 AQUAPORIN NIP1 RELATED Cell water uptake100 

 
    

2 

D
o
w

n
re

g
u

la
te

d
 i

n
 

D
ef

ic
ie

n
t 

a
n

d
 

R
em

ed
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d

 

Solyc02g094040.2 
TRIACYLGLYCEROL LIPASE 2 Lipid breakdown 101 

Solyc06g048410.2 SUPEROXIDE DISMUTASE 1 
 Antioxidant 97 

Solyc03g119540.2 
CCT MOTIF FAMILY PROTEIN-

RELATED  Transcription regulation 102 

   

3 

D
o
w

n
re

g
u

la
te

d
 i

n
 

R
em

ed
ia

te
d

 

Solyc11g022590.1 DR4 PROTEIN-RELATED 
Auxin sensitive transcription 

factor in fruit development103 

Solyc03g095650.2 MLO-LIKE PROTEIN 12-RELATED Plant defence 104 

Solyc12g099780.1 
RPM1-INTERACTING PROTEIN 4 

(RIN4) 
Plant defence regulator 105 

Solyc11g021060.1 PROTEINASE INHIBITOR TYPE-2 TR* 
Plant defence due to wounding 
106 

Solyc01g096320.2 HOMEOBOX-LEUCINE ZIPPER 

PROTEIN ATHB-12-RELATED 

Plant defence, symptom 

development 107 

     

4 

D
o
w

n
re

g
u

la
te

d
 i

n
 D

ef
ic

ie
n

t Solyc03g005280.2 ASPARTYL PROTEASE Negative regulator of defence 

mechanisms 108 

Solyc02g080210.2 
PECTINESTERASE/PECTINESTERASE 

INHIBITOR 18-RELATED 
Promotion of cell wall 

degradation 91 

Solyc05g009270.2 
3-KETOACYL-COA SYNTHASE 5-

RELATED Cuticular wax biosynthesis 109 

Solyc05g053850.2 
PROTEIN FLOWERING LOCUS T-

RELATED Promotion of flowering 92 

Solyc02g071000.1 
CHLOROPYLL A-B BINDING 

PROTEIN BINDING FAMILY ABA sensitivity 110 
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Cluster 1 contains genes that are upregulated in deficient treatment and the 

increased of expression of transcription factors specifically relating to plant defence and 

stress mechanisms, portray the response of the plant to Ca stress. MYB transcription 

factors have been shown to mediate plant responses to abiotic stresses, such as the Ca 

deficiency presented here 89. Increased expression of plant defence proteins has been 

isolated in Ca deficiency and here upregulation of MLP-like proteins mirrors this 82. 

Furthermore, upregulation of proteins involved in plasmodesmatal transport and water 

uptake reveal that plants in deficient conditions are actively attempting to increase Ca 

transport, as Ca transport is predominantly through the transpiration stream 6. The 

plasmodesmata span adjacent cells control symplastic transport through the plant and β-

1-3-glucanase activity is known to increase permeability of this transport pathway 90. As 

such, increased activity in this protein family indicate increase symplastic transport to 

aid Ca transportation in deficient plants.  

 
 

   

5 
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a
n

d
 R

em
ed

ia
te

d
 

Solyc07g064380.2 AMINOTRANSFERASE-LIKE 
Protein biosynthesis 111 

Solyc05g047680.2 CYTOCHROME P450-RELATED Involvement in biosynthetic and 

detoxification pathways 112 

Solyc08g074620.1 OSMOTIN-LIKE PROTEIN 
Abiotic stress response 95 

Solyc10g045240.1 BETA-GLUCOSIDASE 33 
Cellulosic breakdown 93 

Solyc09g008380.2 PECTATE LYASE 12-RELATED 
Pectate cleavage 113 

     

6 

U
p

re
g
u

la
te

d
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n
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em
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d
 

Solyc02g070180.1 BERBERINE BRIDGE ENZYME-LIKE  
Wound response 114 

Solyc01g109670.2 KINESIN-LIKE PROTEIN KIF15 
Cell wall development 94 

Solyc09g072770.1 
POLLEN OLE E 1 ALLERGEN AND 

EXTENSIN FAMILY  Developmental regulators 115 

Solyc01g107370.2 
GIBBERELLIN-REGULATED 

GASA/GAST/SNAKIN FAMILY 
Hormone mediated stress 

tolerance 116 

Solyc12g011030.1 
GLYCOSYL HYDROLASE FAMILY Cell wall breakdown 117 
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Genes downregulated in the deficient treatment are encompassed in Cluster 3. 

Cell wall degradation is reduced by under expression of pectinesterase inhibitors and is a 

clear response to reduced Ca availability 91. As structural integrity is compromised due 

to reduced Ca, and therefore Ca-pectate, the maintenance of the existing cell wall is 

crucial to survival. Additionally, decreased expression of proteins that promote 

flowering suggest that onset of flowering, and subsequently fruit set, is delayed as a 

consequence of Ca deficiency 92. As Ca specifically manifests in tomato fruit, this 

response prevents the immediate onset of BER. 

Remediated Ca treatments exhibit increased expression of proteins largely 

involved in cell wall development and maintenance as well as a continued expression of 

stress response proteins (Cluster 6). Contrastingly, both hydrolase proteins that are 

involved with cell wall breakdown, and kinesin-like proteins that are involved with cell 

wall generation are over expressed in this treatment 93,94. However, this may be an 

indicator of degradation of compromised tissues versus synthesis of healthy tissues, due 

to the resumed availability of Ca. Cluster 3 depicts proteins related to plant defence 

mechanisms are the principal targets of downregulation in this Ca treatment and 

illustrates that the plant is no longer in a nutrient stressed state.  

Fewer genes are shown to be upregulated in both deficient and remediated Ca 

treatment, yet there is a distinct overlap in binding and catalytic activity genes (Cluster 

4). Osmotin-like proteins are expressed in response to abiotic stress, specifically water 

and pathogens, and their expression in both treatments here indicate that both immediate 

and long-term Ca stress responses are regulated by this pathway 95. Increased expression 

of protein biosynthesis genes, such as aminotransferases, correlate to ATR-FTIR data 

shown in this investigation, as Ca deficiency results in increased protein absorbance in 

leaves. As there is reduced stability in the leaf tissue, this may be an attempt by the plant 

to restore structural rigidity. In regards to downregulation between both Ca treatments, 

only three genes could be isolated that exhibited the same response. Somewhat 

surprisingly, superoxide dismutase is shown to be downregulated by both Ca treatments, 

despite role in the breakdown of reactive oxygen species produced as consequence of Ca 

stress 96. However, a similar response was also observed by Schmitz-Eiberger et al. 

although this may be due expression of difference splice isoforms 97.   
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Conclusions 

The purpose of this study was to determine if spectroscopic methodology was able to 

presymptomatically detect Ca deficiency in S. lycopersicum prior to the onset of BER. 

Specifically, Raman spectroscopy and ATR-FTIR spectroscopy were compared with 

standard approaches of determining crop nutrient status. FAAS is one such example 

where sensitive measures of single elemental content can be derived, however require 

extensive sample preparation to yield univariate values of deficiency. 

Raman spectroscopy is a potentially powerful tool for in vivo diagnostics in an 

agricultural setting, as a novel method for nutrient status determination. Using this 

approach, biochemical information can be derived without the need for extensive sample 

preparation. In this study, we show that Ca deficiency can be identified in S. 

lycopersicum leaf samples, prior to the production of fruit and thus providing 

presymptomatic detection. For in vivo measurements, severe deficiency can be isolated 

at reasonable levels between 72-69% sensitivity and specificity. However, there is 

further development required to develop a sensitive classifier suitable for this 

application, as variability between comparisons is high. Despite this, Raman 

spectroscopy is able to not only differentiation between treatments, but also 

simultaneously provides biochemical information.  

ATR-FTIR spectroscopy provides a sensitive approach to nutrient screening that 

is able to identify severe and moderate Ca stress after as little as two weeks’ exposure to 

deficient conditions. Although a sample preparation step was used in this instance to 

compare fixed tissue analysis to in vivo analysis with Raman spectroscopy, this 

technique could potentially be employed as an in vivo monitoring tool 60,62. It is 

important to note that ATR-FTIR analysis of plant tissue can lead to localised damage of 

tissue, which may not be preferably for fruit analysis, but may be acceptable for leaf 

tissue 61.  

The differential expression of genes involved in nutrient stress response 

pathways are analysed and compared between deficient and remediated crops. This 

approach was able to complement spectroscopic information, whilst also effectively 

isolating deficient samples. In regards to a nutrient status screening tool, the precise 

sample preparation and high-cost of such an approach may not be readily translatable. 
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However, the wealth of information that is extracted using this approach is highly 

beneficial in a research setting for further understanding crop-nutrient relationships.  

In conclusion, vibrational spectroscopic measurements are able to detect nutrient 

deficiencies rapidly, without extensive sample preparation steps and damage to the crop 

under investigation. This approach could contribute to precision farming, where the only 

the exact nutrient requirements of the crop are provided, reducing the environmental 

impacts of excessive fertiliser use. Movement towards more efficient crop production 

will increase agricultural productivity and help to tackle the threat of global food 

security. 

  



238 
 

References 

1 Marschner, H. Marschner's mineral nutrition of higher plants.  (Academic press, 2011). 

2 Cakmak, I. in Progress in Plant Nutrition: Plenary Lectures of the XIV International 

Plant Nutrition Colloquium.  3-24 (Springer). 

3 van der Ploeg, R. R. & Kirkham, M. On the origin of the theory of mineral nutrition of 

plants and the law of the minimum.  (1999). 

4 Godfray, H. C. J. et al. Food security: the challenge of feeding 9 billion people. science 

327, 812-818 (2010). 

5 Tilman, D., Cassman, K. G., Matson, P. A., Naylor, R. & Polasky, S. Agricultural 

sustainability and intensive production practices. Nature 418, 671-677 (2002). 

6 White, P. J. & Broadley, M. R. Calcium in Plants. Annals of Botany 92, 487-511 (2003). 

7 Hirschi, K. D. The calcium conundrum. Both versatile nutrient and specific signal. Plant 

physiology 136, 2438-2442 (2004). 

8 Clapham, D. E. Calcium signaling. Cell 80, 259-268 (1995). 

9 Rudd, J. & Franklin-Tong, V. Calcium signaling in plants. Cellular and Molecular Life 

Sciences CMLS 55, 214-232 (1999). 

10 Hepler, P. K. Calcium: a central regulator of plant growth and development. The Plant 

Cell 17, 2142-2155 (2005). 

11 Hepler, P. K. & Winship, L. J. Calcium at the Cell Wall‐Cytoplast Interface. Journal of 

integrative plant biology 52, 147-160 (2010). 

12 Collier, G. F. & Tibbitts, T. W. in Horticultural Reviews     49-65 (Springer, 1982). 

13 Ho, L., Belda, R., Brown, M., Andrews, J. & Adams, P. Uptake and transport of calcium 

and the possible causes of blossom-end rot in tomato. Journal of Experimental Botany 

44, 509-518 (1993). 

14 Simon, E. The symptoms of calcium deficiency in plants. New phytologist 80, 1-15 

(1978). 

15 Bangerth, F. Calcium-related physiological disorders of plants. Annual review of 

phytopathology 17, 97-122 (1979). 

16 Malone, M., White, P. & Morales, M. A. Mobilization of calcium in glasshouse tomato 

plants by localized scorching. Journal of Experimental Botany 53, 83-88 (2002). 

17 Lucena, J. in III International Symposium on Mineral Nutrition of Deciduous Fruit Trees 

448.  179-192. 

18 Hatirli, S. A., Ozkan, B. & Fert, C. Energy inputs and crop yield relationship in 

greenhouse tomato production. Renewable Energy 31, 427-438 (2006). 

19 Reuter, D. Plant analysis: an interpretation manual.  (CSIRO publishing, 1997). 



239 
 

20 Fageria, N., Filho, M. B., Moreira, A. & Guimaraes, C. Foliar fertilization of crop plants. 

Journal of plant nutrition 32, 1044-1064 (2009). 

21 Jones Jr, J. B. Laboratory guide for conducting soil tests and plant analysis.  (CRC 

press, 2001). 

22 Wolf, B. A comprehensive system of leaf analyses and its use for diagnosing crop 

nutrient status. Communications in Soil Science and Plant Analysis 13, 1035-1059 

(1982). 

23 Bray, R. H. A nutrient mobility concept of soil-plant relationships. Soil Science 78, 9-22 

(1954). 

24 White, J. G. & Zasoski, R. J. Mapping soil micronutrients. Field crops research 60, 11-

26 (1999). 

25 Tan, K. H. Soil sampling, preparation, and analysis.  (CRC press, 2005). 

26 Fried, M. & Dean, L. A concept concerning the measurement of available soil nutrients. 

Soil Science 73, 263-272 (1952). 

27 Oliveira, S. R., Neto, J. A. G., Nobrega, J. A. & Jones, B. T. Determination of macro-

and micronutrients in plant leaves by high-resolution continuum source flame atomic 

absorption spectrometry combining instrumental and sample preparation strategies. 

Spectrochimica Acta Part B: Atomic Spectroscopy 65, 316-320 (2010). 

28 Vesk, M., Possingham, J. & Mercer, F. The effect of mineral nutrient deficiencies on the 

structure of the leaf cells of tomato, spinach, and maize. Australian Journal of Botany 

14, 1-18 (1966). 

29 Bouma, D. in Inorganic plant nutrition     120-146 (Springer, 1983). 

30 Zeng, H. et al. Role of microRNAs in plant responses to nutrient stress. Plant and soil 

374, 1005-1021 (2014). 

31 Zhao, W. et al. RNA-Seq-based transcriptome profiling of early nitrogen deficiency 

response in cucumber seedlings provides new insight into the putative nitrogen 

regulatory network. Plant and Cell Physiology, pcu172 (2014). 

32 Hsieh, L.-C. et al. Uncovering Small RNA-Mediated Responses to Phosphate 

Deficiency in Arabidopsis by Deep Sequencing. Plant Physiology 151, 2120-2132 

(2009). 

33 Shankar, A. et al. Whole genome transcriptome analysis of rice seedling reveals 

alterations in Ca 2+ ion signaling and homeostasis in response to Ca 2+ deficiency. Cell 

calcium 55, 155-165 (2014). 

34 Macy, P. The quantitative mineral nutrient requirements of plants. Plant physiology 11, 

749 (1936). 

35 Besford, R. A rapid tissue test for diagnosing phosphorus deficiency in the tomato plant. 

Annals of Botany 45, 225-227 (1980). 



240 
 

36 Batten, G. D. Plant analysis using near infrared reflectance spectroscopy: the potential 

and the limitations. Australian Journal of Experimental Agriculture 38, 697-706 (1998). 

37 Foley, W. J. et al. Ecological applications of near infrared reflectance spectroscopy–a 

tool for rapid, cost-effective prediction of the composition of plant and animal tissues 

and aspects of animal performance. Oecologia 116, 293-305 (1998). 

38 Menesatti, P. et al. Estimation of plant nutritional status by Vis–NIR spectrophotometric 

analysis on orange leaves [Citrus sinensis (L) Osbeck cv Tarocco]. Biosystems 

engineering 105, 448-454 (2010). 

39 Shi, J. et al. Pre-visual diagnostics of phosphorus deficiency in mini-cucumber plants 

using near-infrared reflectance spectroscopy. Applied spectroscopy 66, 1426-1432 

(2012). 

40 Yang, H., Irudayaraj, J. & Paradkar, M. M. Discriminant analysis of edible oils and fats 

by FTIR, FT-NIR and FT-Raman spectroscopy. Food Chemistry 93, 25-32 (2005). 

41 Sene, C. F., McCann, M. C., Wilson, R. H. & Grinter, R. Fourier-transform Raman and 

Fourier-transform infrared spectroscopy (an investigation of five higher plant cell walls 

and their components). Plant Physiology 106, 1623-1631 (1994). 

42 Kačuráková, M. & Wilson, R. Developments in mid-infrared FT-IR spectroscopy of 

selected carbohydrates. Carbohydrate Polymers 44, 291-303 (2001). 

43 Sathyanarayana, D. N. Vibrational spectroscopy: theory and applications.  (New Age 

International, 2015). 

44 Griffiths, P. R. & De Haseth, J. A. Fourier transform infrared spectrometry. Vol. 171 

(John Wiley & Sons, 2007). 

45 Baker, M. J. et al. Using Fourier transform IR spectroscopy to analyze biological 

materials. Nature protocols 9, 1771-1791 (2014). 

46 Stuart, B. Infrared spectroscopy.  (Wiley Online Library, 2005). 

47 Keresztury, G. Raman spectroscopy: theory. Handbook of vibrational spectroscopy 

(2002). 

48 Butler, H. J. et al. Using Raman spectroscopy to characterize biological materials. 

Nature protocols 11, 664-687 (2016). 

49 Larkin, P. Infrared and Raman spectroscopy; principles and spectral interpretation.  

(Elsevier, 2011). 

50 Schrader, B. Infrared and Raman spectroscopy: methods and applications.  (John Wiley 

& Sons, 2008). 

51 Harborne, A. Phytochemical methods a guide to modern techniques of plant analysis.  

(Springer Science & Business Media, 1998). 



241 
 

52 McCann, M. C., Hammouri, M., Wilson, R., Belton, P. & Roberts, K. Fourier transform 

infrared microspectroscopy is a new way to look at plant cell walls. Plant Physiology 

100, 1940-1947 (1992). 

53 Kacurakova, M., Capek, P., Sasinkova, V., Wellner, N. & Ebringerova, A. FT-IR study 

of plant cell wall model compounds: pectic polysaccharides and hemicelluloses. 

Carbohydrate polymers 43, 195-203 (2000). 

54 Pandey, K. A study of chemical structure of soft and hardwood and wood polymers by 

FTIR spectroscopy. Journal of Applied Polymer Science 71, 1969-1975 (1999). 

55 Mohamed, G. F., Shaheen, M. S., Khalil, S. K., Hussein, A. & Kamil, M. Application of 

FTIR spectroscopy for rapid and simultaneous quality determination of some fruit 

products. Nat Sci 9, 21-31 (2011). 

56 Heraud, P. et al. Focal plane array infrared imaging: a new way to analyse leaf tissue. 

New Phytologist 173, 216-225 (2007). 

57 Naumann, A. & Polle, A. FTIR imaging as a new tool for cell wall analysis of wood. 

New Zealand Journal of Forestry Science 36, 54 (2006). 

58 Brown, D. M., Zeef, L. A., Ellis, J., Goodacre, R. & Turner, S. R. Identification of novel 

genes in Arabidopsis involved in secondary cell wall formation using expression 

profiling and reverse genetics. The Plant Cell 17, 2281-2295 (2005). 

59 Kim, S. et al. Taxonomic discrimination of flowering plants by multivariate analysis of 

Fourier transform infrared spectroscopy data. Plant cell reports 23, 246-250 (2004). 

60 Ivanova, D. G. & Singh, B. R. Nondestructive FTIR monitoring of leaf senescence and 

elicitin‐induced changes in plant leaves. Biopolymers 72, 79-85 (2003). 

61 Butler, H. J., McAinsh, M. R., Adams, S. & Martin, F. L. Application of vibrational 

spectroscopy techniques to non-destructively monitor plant health and development. 

Analytical Methods 7, 4059-4070 (2015). 

62 Ribeiro da Luz, B. Attenuated total reflectance spectroscopy of plant leaves: a tool for 

ecological and botanical studies. New Phytologist 172, 305-318 (2006). 

63 Schulz, H. & Baranska, M. Identification and quantification of valuable plant substances 

by IR and Raman spectroscopy. Vibrational Spectroscopy 43, 13-25 (2007). 

64 Baranska, M., Roman, M., Schulz, H. & Baranski, R. Recent advances in Raman 

analysis of plants: alkaloids, carotenoids, and polyacetylenes. Current Analytical 

Chemistry 9, 108-127 (2013). 

65 Schulz, H., Baranska, M. & Baranski, R. Potential of NIR‐FT‐Raman spectroscopy in 

natural carotenoid analysis. Biopolymers 77, 212-221 (2005). 

66 Baranski, R., Baranska, M. & Schulz, H. Changes in carotenoid content and distribution 

in living plant tissue can be observed and mapped in situ using NIR-FT-Raman 

spectroscopy. Planta 222, 448-457 (2005). 



242 
 

67 Gierlinger, N. & Schwanninger, M. The potential of Raman microscopy and Raman 

imaging in plant research. Spectroscopy 21, 69-89 (2007). 

68 Hoagland, D. R. & Arnon, D. I. The water-culture method for growing plants without 

soil. Circular. California Agricultural Experiment Station 347 (1950). 

69 Butler, H. J., McAinsh, M. R., Adams, S. & Martin, F. L. Application of vibrational 

spectroscopy techniques to non-destructively monitor plant health and development. 

Anal. Methods 7, 4059-4070 (2015). 

70 Trevisan, J., Angelov, P. P., Scott, A. D., Carmichael, P. L. & Martin, F. L. IRootLab: a 

free and open-source MATLAB toolbox for vibrational biospectroscopy data analysis. 

Bioinformatics, btt084 (2013). 

71 Butler, H. J. et al. Using Raman spectroscopy to characterize biological materials. Nat. 

Protoc. 11, 664-687 (2016). 

72 Martin, F. L. et al. Distinguishing cell types or populations based on the computational 

analysis of their infrared spectra. Nature protocols 5, 1748-1760 (2010). 

73 Lasch, P. Spectral pre-processing for biomedical vibrational spectroscopy and 

microspectroscopic imaging. Chemometrics and Intelligent Laboratory Systems 117, 

100-114 (2012). 

74 Trevisan, J., Angelov, P. P., Carmichael, P. L., Scott, A. D. & Martin, F. L. Extracting 

biological information with computational analysis of Fourier-transform infrared (FTIR) 

biospectroscopy datasets: current practices to future perspectives. Analyst 137, 3202-

3215 (2012). 

75 Chen, L. et al. A rapid method to screen for cell‐wall mutants using discriminant 

analysis of Fourier transform infrared spectra. The Plant Journal 16, 385-392 (1998). 

76 MacRae, E. Extraction of plant RNA. Protocols for Nucleic Acid Analysis by 

Nonradioactive Probes, 15-24 (2007). 

77 Mi, H., Poudel, S., Muruganujan, A., Casagrande, J. T. & Thomas, P. D. PANTHER 

version 10: expanded protein families and functions, and analysis tools. Nucleic acids 

research 44, D336-342 (2016). 

78 Mi, H., Muruganujan, A., Casagrande, J. T. & Thomas, P. D. Large-scale gene function 

analysis with the PANTHER classification system. Nat. Protocols 8, 1551-1566 (2013). 

79 Bradfield, E. & Spincer, D. Leaf analysis as a guide to the nutrition of fruit crops. VI—

Determination of magnesium, zinc and copper by atomic absorption spectroscopy. 

Journal of the Science of Food and Agriculture 16, 33-38 (1965). 

80 Synytsya, A., Čopı́ková, J., Matějka, P. & Machovič, V. Fourier transform Raman and 

infrared spectroscopy of pectins. Carbohydrate Polymers 54, 97-106 (2003). 



243 
 

81 Nightingale, G., Addoms, R. M., Robbins, W. & Schermerhorn, L. Effects of calcium 

deficiency on nitrate absorption and on metabolism in tomato. Plant physiology 6, 605 

(1931). 

82 Baboulène, L., Silvestre, J., Pinelli, E. & Morard, P. Effect of Ca deficiency on growth 

and leaf acid soluble proteins of tomato. Journal of plant nutrition 30, 497-515 (2007). 

83 Wei, Z., Dong, L. & Tian, Z. Fourier transform infrared spectrometry study on early 

stage of cadmium stress in clover leaves. Pak J Bot 41, 1743-1750 (2009). 

84 Mimmo, T., Marzadori, C., Montecchio, D. & Gessa, C. Characterisation of Ca– and Al–

pectate gels by thermal analysis and FT-IR spectroscopy. Carbohydrate Research 340, 

2510-2519 (2005). 

85 McCann, M. C. et al. Neural network analyses of infrared spectra for classifying cell 

wall architectures. Plant Physiology 143, 1314-1326 (2007). 

86 Kazarian, S. G. & Chan, K. A. ATR-FTIR spectroscopic imaging: recent advances and 

applications to biological systems. Analyst 138, 1940-1951 (2013). 

87 Lu, Y.-B. et al. Identification of boron-deficiency-responsive microRNAs in Citrus 

sinensis roots by Illumina sequencing. BMC plant biology 14, 1 (2014). 

88 Liu, P. & Si, Y. in Statistical Analysis of Next Generation Sequencing Data     191-217 

(Springer, 2014). 

89 Roy, S. Function of MYB domain transcription factors in abiotic stress and epigenetic 

control of stress response in plant genome. Plant Signaling & Behavior 11, e1117723 

(2016). 

90 Levy, A., Guenoune-Gelbart, D. & Epel, B. L. β-1,3-Glucanases: Plasmodesmal Gate 

Keepers for Intercellular Communication. Plant Signaling & Behavior 2, 404-407 

(2007). 

91 Tucker, G. A., Robertson, N. G. & Grierson, D. Purification and changes in activities of 

tomato pectinesterase isoenzymes. Journal of the Science of Food and Agriculture 33, 

396-400 (1982). 

92 Cao, K. et al. Four Tomato FLOWERING LOCUS T-Like Proteins Act Antagonistically 

to Regulate Floral Initiation. Frontiers in plant science 6, 1213 (2015). 

93 Minic, Z. & Jouanin, L. Plant glycoside hydrolases involved in cell wall polysaccharide 

degradation. Plant physiology and Biochemistry 44, 435-449 (2006). 

94 Zhong, R., Burk, D. H., Morrison, W. H. & Ye, Z.-H. A kinesin-like protein is essential 

for oriented deposition of cellulose microfibrils and cell wall strength. The plant cell 14, 

3101-3117 (2002). 

95 Zhu, B., Chen, T. H. & Li, P. H. Activation of two osmotin-like protein genes by abiotic 

stimuli and fungal pathogen in transgenic potato plants. Plant Physiology 108, 929-937 

(1995). 



244 
 

96 Tewari, R. K., Kumar, P., Tewari, N., Srivastava, S. & Sharma, P. N. Macronutrient 

deficiencies and differential antioxidant responses—influence on the activity and 

expression of superoxide dismutase in maize. Plant Science 166, 687-694 (2004). 

97 Schmitz-Eiberger, M., Haefs, R. & Noga, G. Calcium deficiency-Influence on the 

antioxidative defense system in tomato plants. Journal of Plant Physiology 159, 733-742 

(2002). 

98 Borowski, P. et al. NTPase/helicase of Flaviviridae: inhibitors and inhibition of the 

enzyme. ACTA BIOCHIMICA POLONICA-ENGLISH EDITION- 49, 597-614 (2002). 

99 Selvakumar, P., Gahloth, D., Tomar, P. P., Sharma, N. & Sharma, A. K. Molecular 

evolution of miraculin-like proteins in soybean Kunitz super-family. Journal of 

molecular evolution 73, 369-379 (2011). 

100 Kamiya, T. et al. NIP1;1, an aquaporin homolog, determines the arsenite sensitivity of 

Arabidopsis thaliana. The Journal of biological chemistry 284, 2114-2120 (2009). 

101 El-Kouhen, K. et al. Identification and characterization of a triacylglycerol lipase in 

Arabidopsis homologous to mammalian acid lipases. FEBS letters 579, 6067-6073 

(2005). 

102 Sun, C.-W., Chen, L.-J., Lin, L.-C. & Li, H.-m. Leaf-specific upregulation of chloroplast 

translocon genes by a cct motif–containing protein, cia 2. The Plant Cell 13, 2053-2061 

(2001). 

103 Wang, H. et al. Characterisation of a ux/iaa like genes expressed in tomato fruit. Biology 

and Biotechnology of the Plant Hormone Ethylene III 349, 309 (2003). 

104 Büschges, R. et al. The barley Mlo gene: a novel control element of plant pathogen 

resistance. Cell 88, 695-705 (1997). 

105 Liu, J., Elmore, J. M. & Coaker, G. Investigating the functions of the RIN4 protein 

complex during plant innate immune responses. Plant Signaling & Behavior 4, 1107-

1110 (2009). 

106 Pēna-Cortés, H., Sánchez-Serrano, J. J., Mertens, R., Willmitzer, L. & Prat, S. Abscisic 

acid is involved in the wound-induced expression of the proteinase inhibitor II gene in 

potato and tomato. Proceedings of the National Academy of Sciences 86, 9851-9855 

(1989). 

107 Park, J. et al. The Arabidopsis thaliana homeobox gene ATHB12 is involved in 

symptom development caused by geminivirus infection. PloS one 6, e20054 (2011). 

108 Simões, I. & Faro, C. Structure and function of plant aspartic proteinases. European 

journal of biochemistry 271, 2067-2075 (2004). 

109 Schnurr, J. & Shockey, J. The acyl-CoA synthetase encoded by LACS2 is essential for 

normal cuticle development in Arabidopsis. The Plant Cell 16, 629-642 (2004). 



245 
 

110 Xu, Y.-H. et al. Light-harvesting chlorophyll a/b-binding proteins are required for 

stomatal response to abscisic acid in Arabidopsis. Journal of experimental botany 63, 

1095-1106 (2012). 

111 Maloney, G. S. et al. Characterization of the Branched-Chain Amino Acid 

Aminotransferase Enzyme Family in Tomato. Plant Physiology 153, 925-936 (2010). 

112 Bolwell, G. P., Bozak, K. & Zimmerlin, A. Plant cytochrome P450. Phytochemistry 37, 

1491-1506 (1994). 

113 Marín‐Rodríguez, M. C., Orchard, J. & Seymour, G. B. Pectate lyases, cell wall 

degradation and fruit softening. Journal of Experimental Botany 53, 2115-2119 (2002). 

114 Cheong, Y. H. et al. Transcriptional profiling reveals novel interactions between 

wounding, pathogen, abiotic stress, and hormonal responses in Arabidopsis. Plant 

Physiology 129, 661-677 (2002). 

115 Hu, B. et al. Epigenetic control of Pollen Ole e 1 allergen and extensin family gene 

expression in Arabidopsis thaliana. Acta physiologiae plantarum 36, 2203-2209 (2014). 

116 Nahirñak, V., Almasia, N. I., Hopp, H. E. & Vazquez-Rovere, C. Snakin/GASA 

proteins: Involvement in hormone crosstalk and redox homeostasis. Plant Signaling & 

Behavior 7, 1004-1008 (2012). 

117 Saladié, M., Rose, J. K., Cosgrove, D. J. & Catalá, C. Characterization of a new 

xyloglucan endotransglucosylase/hydrolase (XTH) from ripening tomato fruit and 

implications for the diverse modes of enzymic action. The Plant Journal 47, 282-295 

(2006). 

 

 

 

 

 



246 
 

Chapter 8 

 

 

General Discussion 

 

Holly J. Butler 

 

 

 

 

 

 

 

 

 

  



247 
 

8. General Discussion 

 

Currently available methods to derive informative data on plant health and function are 

limited to specialised approaches that require extensive sample preparation steps and are 

thus not readily implemented in the field. Consequently, there is a need for a robust 

analytical technique that is able to rapidly provide equivalent information.  In this series 

of studies, the viability of vibrational spectroscopy as a method to elucidate valuable 

chemical information from plant samples is addressed. 

 Initially, the application of ATR-FTIR and Raman spectroscopy as non-

destructive methods to monitor plant health was investigated. In order to obtain 

information that was specific to the physiological condition of the plant at a specific time 

point, measurements were acquired from S. lycopersicum leaflets whilst still attached to 

the whole plant. This is contrary to previous studies that have employed ATR-FTIR for 

in situ analysis 1-3. Primarily, it was evident that Raman spectra could be obtained from 

in vivo plant leaves, despite contributions from autofluorescence and Raman 

background. This affect was attributed to the fluorescence quenching effect of water 

contained within the leaves, and also the ability of water to facilitate light penetration 

through the sample. Water content had no negative impacts on the signal obtained from 

ATR-FTIR spectroscopy. 

 By monitoring the IR and Raman spectral signature of samples over time, the 

non-destructive nature of these approaches was interrogated. Due to the necessity of the 

IRE being placed in contact with the sample, localised damage can be seen when used 

upon the adaxial leaf surface. Using chemometric feature extraction, this was shown to 

have a detrimental effect on the leaf tissue over time, although had no effect upon 

systemic tissues. No effect of Raman sampling could be observed both locally and 

systemically to the area of analysis. To further investigate the validity of the data 

obtained, spectral alterations indicative of healthy plant growth were inspected. These 

changes were known to correlate with known biochemical changes that occur during 

plant growth, including cell wall expansion and leaf senescence. This indicates that both 

techniques could be employed for in vivo crop monitoring.  
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With the capabilities of these methods for plant-based analysis established, 

vibrational spectroscopy techniques were employed in several crop screening 

investigations. Due to the negative impacts of traditional fertiliser use, the use of foliar 

fertiliser sprays for nutrient supplementation was investigated as a novel system for crop 

screening. Primarily, Raman microspectroscopy was employed to monitor the uptake of 

Ca from the leaf surface, complementary to ion specific measurements. The uptake of Ca 

solutions down to 15 mM concentrations could be monitored using this spectroscopic 

approach, whist ion probe measurements yielded specific information regarding the rate 

of uptake. A combination of these approaches thus could be used a method of 

monitoring the effects of fertiliser composition on rate of uptake and may be of use in 

the agrochemical and bio-enhancement industry 4. Furthermore, this approach could be 

used to better understand the mechanisms of nutrient uptake and translocation, by 

observing alterations in nutrient uptake in transgenic species 5,6. 

An additional application of vibrational spectroscopy screening of crops is for the 

determination of crop nutrient status. Nutrient deficiencies are a primary cause of 

reduced crop yields, crop quality and shelf life; all of which are substantially the 

efficiency of the food production line 7. The use of NIR reflectance technologies have 

shown that a method of rapidly determining the nutrient requirements of a crop is useful 

in agriculutral settings 8. IR and Raman spectroscopy can similarly provide detection of 

nutrient stress, whilst also exposing further spectral, and therefore biochemical, detail. 

The result of this is the potential to presymptomatically detect nutrient deficiencies from 

crops, by interrogation of the spectral fingerprint. Ca deficiency was employed as model 

nutrient stress due to the element’s fundamental role in plant structure and function 9. 

The symptoms of Ca deficiency are analogous with other immobile plant nutrient 

deficiencies and often do not manifest until fruit set in species such as BER in tomato 10.  

The effects of Ca deficiency were first typified in C. communis plants using SR-

FTIR microspectroscopy. The purpose of this was two pronged; firstly, to extract 

information regarding the deficiency, but also to assess if SR could overcome the issues 

of water interference in IR measurements. SR-FTIR microspectroscopy was also able to 

distinguish between cell types in fresh tissue that had a significant water content, 

showing that plant-based investigations should not always be confined to fixed samples, 

where biochemical differences due to the fixation process can be seen. Using 

chemometrics, Ca deficiency could be detected in freshly prepared, Ca stressed tissues at 
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a classification accuracy above 90%, without the need of considerable sample 

preparation steps. This showed that presymptomatic detection of Ca deficiencies could 

be determined using FTIR microspectroscopy, albeit an extremely powerful SR-based 

approach. 

To further interrogate this finding, the use of benchtop ATR-FTIR spectroscopy 

and spontaneous Raman microspectroscopy were employed to presymptomatic detect Ca 

deficiency in the model system S. lycopersicum. In vivo measurements using Raman 

microspectroscopy were able to distinguish extreme levels of deficiency without the 

need for sample preparation, such as required for alternative elemental analyses 11. 

Complementary ATR-FTIR of dried plant tissues was able to further distinguish these 

biochemical symptoms at high rates of sensitivity and specificity. Both of these 

approaches were also able to characterise the successful remediate of deficiency by the 

addition of an optimum Ca level. The addition of RNA-sequencing analysis to this 

biochemical information provides a compelling insight into plant stress mechanisms. 

From these studies, it is evident that there is much potential for all of the 

techniques discussed to have a significant role in the field of plant and agricultural 

sciences. Whilst Raman microspectroscopy has been substantially limited in such plant 

based samples, here it is shown that biological information can be extracted simply and 

robustly, without the need for extensive preparation steps. The performance of the 

Raman approach however, is observably lower than alternative techniques employed in 

these studies, particularly in comparison to ATR-FTIR. Utilising powerful light sources 

in a SR-FTIR approach, also showed the potential of overcoming water absorption in 

aqueous samples. Despite this, a significant limitation of this technique in plant research 

is the dependency on large facilities which often do not have plant growth amenities. 

Furthermore, from an agriculutral and crop screening viewpoint, synchrotron facilities 

are not readily accessible.  

With all this is mind, this study shows that the most powerful technique, that is 

readily available for plant investigations on the macroscale, is ATR-FTIR. This approach 

is able to distinguish plant growth characteristics as well as sensitively and pre-

symptomatically detect nutrient deficiency, whilst having no systemic effects on the 

crop. Although some local damage can be seen, due to the reliance upon crystal-to-

sample contact, this is often not significant in the field as leaves and even single fruit 



250 
 

could be easily sacrificed for the purpose of crop screening. As the sampling area is 

limited to 250 x 250 µm, an overall spectrum from the leaf rather than from specific 

tissues can be obtained, which may prove more useful in real-world analyses. FTIR and 

Raman microspectroscopy would be suitable for when tissue specific information is 

required, and also for the latter, when a greater penetration depth is needed.  

8.1 Future Perspectives 

The results of these investigations show promise towards implementation in the field, 

where the efficiency of the techniques can be truly assessed on a real-world sample set. 

Thanks to the collaboration between Lancaster University and Plant Impact Plc., this has 

already begun, with fertiliser compositions being assessed based on the rate of uptake at 

the leaf surface. However, for the applications of nutrient status screening, there are a 

number of key considerations and studies required prior to this happening.  

 In a controlled environment such as in a research greenhouse, the effects of 

humidity, temperature and nutrient availability can be readily manipulated, whereas this 

is not the case in the field. The relationship between Ca and other essential plant 

nutrients must be considered before field trials could be conducted 12,13. Furthermore, for 

use as a generic screening tool, there would be a requirement to investigate additional 

crop species additional to S. lycopersicum, as well as the other nutrient deficiencies.  

 More widely, these investigations highlight the capabilities of vibrational 

spectroscopies for plant-based research. Although sophisticated techniques have been 

developed to overcome some of the well characterised issues with FTIR and Raman 

spectroscopy for fresh plant tissue analysis, here it is shown that informative 

biochemical data can be produced from simple, rapid and non-destructive approaches. 

As such, it is hoped that further studies continue to apply these approaches for plant 

biology and contribute towards our understanding of crop responses in the fight for food 

security.  
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Spec2014, Krakow, PL – August 2014 – Poster Presentation 

IR and Raman spectroscopy to detect presymptomatic biomarkers of nutrient 

deficiency during crop production. 

 

Holly J. Butler1,2, Martin R. McAinsh2, and Francis L. Martin2* 

1Centre for Global Eco-Innovation, Lancaster University, Lancaster, LA1 4YQ UK 

2 Lancaster Environment Centre, Lancaster University, Lancaster, LA1 4YQ, UK 

*f.martin@lancaster.ac.uk 

 

With an increasing population, anticipated to reach 9 billion by 2050, it is estimated that 

agricultural productivity will need to increase by 70% in order to meet food demands1. 

Nutrient deficiencies can results in up to 50% loss of yield and significantly decreased 

shelf life and therefore present a substantial threat to global food security. Foliar 

applications of calcium (Ca2+) containing solutions upon crops have been shown to 

prevent the incidence of Ca2+ deficiencies such as ‘blossom end rot’ in fruiting 

vegetables. Deficiencies such as this often do not manifest until fruit set and therefore 

prevention methods are non-selective and can prove ineffective and costly to the grower.  

The common tomato plant, Solanum lycopersicum, was used a model system to 

presymptomatically detect Ca2+ deficiency by using hydroponic systems with varying 

levels of Ca2+ availability. The plants were interrogated using IR and Raman 

spectroscopy over a course of several weeks to monitor any structural or chemical 

alterations due to the nutrient deficiency2. Coupled with multivariate analysis, subtle 

biomarkers can be found that could potentially be used to discriminate between crops 

advancing into a deficient state. This study aims to employ vibrational spectroscopy as a 

non-destructive, high-throughput and cost effective tool for in vivo screening of crops in 

agricultural environments. 
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Infrared and Raman Discussion Group (IRDG) Student Meeting 

August 2015 – Oral Presentation 

Pre-symptomatic detection of nutrient deficiencies in crop production using 

vibrational spectroscopy. 

Holly J Butlerab, Francis L Martinb, Martin R McAinshc 

aCentre for Global Eco-Innovation,  bCentre for Biophotonics,  cLancaster Environment 

Centre, Lancaster University, LA1 4YQ, UK 

 

Nutrient deficiencies can results in up to 50% loss of yield and significantly decreased 

shelf life and therefore present a substantial threat to global food security1. Deficiencies 

such as this often do not manifest until fruit set and therefore prevention methods are 

non-selective and can prove ineffective and costly to the grower. The common tomato 

plant, Solanum lycopersicum, was used a model system to presymptomatically detect 

Ca2+ deficiency by using hydroponic systems with varying levels of Ca2+ availability. 

The plants were interrogated using IR and Raman spectroscopy over a course of several 

weeks to monitor any structural or chemical alterations due to the nutrient deficiency2. 

Coupled with multivariate analysis, subtle biomarkers can be found that could 

potentially be used to discriminate between crops advancing into a deficient state. This 

study aims to employ vibrational spectroscopy as a non-destructive3, high-throughput 

and cost effective tool for in vivo screening of crops in agricultural environments. 
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Pacifichem 2015, Honolulu, USA – December 2015 – Oral Presentation 

Faraday Discussions, Cambridge, UK – March 2016 – Poster 

Presentation 

 

Gold nanoparticles as a substrate in bio-analytical near-infrared surface-enhanced 

Raman spectroscopy 

 

HJ Butler1, SW Fogarty, AL Mitchell, FL Martin 

1. Centre for Biophotonics, Lancaster University, Lancaster, LA1 4YT 

 

As biospectroscopy techniques continue to be developed for screening or diagnosis within a 

point-of care setting, an important development for this field will be high-throughput 

optimization. For many of these techniques, it is therefore necessary to adapt and develop 

parameters to generate a robust yet simple approach delivering high-quality spectra from 

biological samples. Specifically, this is important for surface-enhanced Raman spectroscopy 

(SERS) wherein there are multiple variables that can be optimised to achieve an enhancement of 

the Raman signal from a sample. One hypothesis is that “large” diameter (>100 nm) gold 

nanoparticles provide a greater enhancement at near-infrared (NIR) and infrared (IR) 

wavelengths than those <100 nm in diameter. Larger gold nanoparticles may better satisfy the 

theoretical restraints for SERS enhancement at NIR/IR wavelengths compared to smaller 

nanoparticles. Also, larger nanoparticles or their aggregates are more readily observed via optical 

microscopy (and especially electron microscopy) compared to smaller ones. This allows rapid 

and straightforward identification of target areas containing a high concentration of nanoparticles 

and facilitating SERS spectral acquisition. However, the potential nanotoxicity of metallic 

nanoparticles may have a significant effect on the sample and consequently the derived SERS 

spectra. Herein, we examine this notion using examples in which SERS spectra were acquired 

from MCF-7 breast cancer cells incubated with 150 nm gold nanoparticles. It was found that 150 

nm gold nanoparticles are an excellent material for NIR/IR SERS, with little evidence of toxic 

effects. These observations appear to extend to biofluids such as blood plasma and serum; SERS 

spectra of such biological samples often exhibit a low signal-to-noise ratio in the absence of 

nanoparticles. With protein-rich biofluids such as serum, a dramatic SERS effect can be 

observed; although this might facilitate improved spectral biomarker identification in the future, 

it may not always improve classification between control vs. cancer. Thus, use of “large” gold 

nanoparticles are a good starting point in order to derive informative NIR/IR SERS analysis of 

biological samples 
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Spec 2016, Montreal, Canada – July 2016 – Poster Presentation 
 

Aluminium foil as a potential substrate for ATR-FTIR, transflection FTIR or 

Raman spectrochemical analysis of biological specimens 

 

Li Cui ab, Holly J. Butler b, Pierre L. Martin-Hirsch b, and Francis L. Martin *b 

 

a  Key Laboratory of Urban Pollutant Conve rsion, Institute of Urban Environment, 

Chinese Academy of Sciences, Xiamen 361021, China 
b Centre for Biophotonics, Lancaster Environment Centre, Lancaster University, 

Lancaster LA1 4YQ, UK.  

 

 

 

The substantial cost of substrates is an enormous obstacle in the successful translation of 

biospectroscopy into routine clinical/laboratory practice (screening or diagnosis). As a 

cheap and versatile substrate, we compared the performance of readily available 

aluminium (Al) foil with low-E, calcium fluoride, barium fluoride, Au-coated and glass 

slides for cytological and histological specimen analysis by attenuated total reflection 

Fourier-transform infrared (ATR-FTIR), transflection FTIR and Raman spectroscopy. 

The low and almost featureless background signal of Al foil enables the acquisition of IR 

or Raman spectra without substrate interference or sacrificing important fingerprint 

biochemical information of the specimen, even for particularly thin samples (<2 µm). Al 

foil is shown to perform as well as, if not better than, low-E or Au-coated slide, 

irrespective of its relatively rough surface. Although transmission FTIR is not possible 

on Al foil, this work demonstrates Al foil is an inexpensive, readily available and 

versatile substrate suitable for ATR-FTIR, transflection FTIR or Raman spectrochemical 

measurements of diverse biological specimens. The features of Al foil demonstrated here 

could promote a transition towards accessible substrates that can be readily implemented 

in either research or clinical settings. 
 

 

 

 

 

 

 

 

 

 

 

 



316 
 

Appendix III – Conference Posters 

Spec2016, Montreal,Canada, 2016 

 

 



317 
 

Lancaster University Postgraduate Conference 2013  
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