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ABSTRACT

Plants as our most renewable natural resource are indispensable within earth’s biosphere,
especially for food security. Providing food security in a modern world requires an ever
increasing understanding of how plants, and their products, respond to changes in the
environment. In this respect, a combination of physical and chemical analytical methods
can be used to study the structure and function of plants at the whole-plant, organ, tissue,
cellular and biochemical levels. Vibrational spectroscopy in biology, sometimes known
as biospectroscopy, encompasees a number of tehcniques, among them mid-infrared and
Raman spectroscopy. These techniques are well established label-free, non-destructive,
and environmentally friendly analytical methods that generate a spectral ‘signature’ of
samples using mid-infrared radiation. The resultant wavenumber spectrum containing
hundreds of variables as unique as a biochemical ‘fingerprint’ represents the
biomolecules (proteins, lipids, carbohydrates, nucleic acids) present within a sample,
which may serve as spectral ‘biomarkers’ for the discrimination of distinct as well as
closely related biomaterials, for various applications. In plants, biospectroscopy has been
used to characterize surface structures in intact plant tissues such as leaves and fruit, plant
cuticles, and cell walls, as well as to study the effects of stress on plant species. Not only
does this allow the effective discrimination and ‘chemo-identification’ of different plant
structures, varieties and cultivars, it also permits chemical profiling of plant tissues for
physiological applications such as plant health monitoring and disease detection.
Technical advancements are starting to overcome the major limitations of
biospectroscopy such as detection sensitivity, penetration/imaging depth, and

computational analysis speed, expanding the application of biospectroscopy in the plant



and crop sciences. Vibrational spectra thereby serve as a basis for localization,
identification, quantification of key compounds within plants, as well as to track dynamic
processes for molecular level analytics and diagnostics. This provides development
potential as sensors in automatic decision making platforms for areas including precision
farming and the food production/supply chain. In this chapter we will discuss the
application of biospectroscopy to study plant and crop biology and consider the potential
for advancements to make biospectroscopy a more prominent technology for fundamental
plant research and applied crop science as part of solutions to agricultural challenges both

now and in the future.

Key words: Biochemical fingerprint; Crop biology; Diagnostic framework; Mid-infrared

spectroscopy; Multivariate analysis; Raman spectroscopy

INTRODUCTION

Plants as primary producers constitute one of the most important natural resources on
earth, contributing to food security, medicine, energy, and providing a source of a
tremendous amount of materials and compounds. Yet successful cultivation of plants and
distribution of their products, specifically for food security remains a key challenge in the
21% century. While malnutrition continues to plague up to one in three humans (IFPRI
2017) environmental and social issues such as climate change, declining natural
resources, harmful commercial chemicals, and population growth, confound food
production. Current models of population rise predict the global total to reach between
approximately nine and 12 billion people by the end of the century (Gerland et al 2014).
The predicted global population rise merits increases between 100-110% for crop
production by the year 2050, prompting and increase in agricultural output by
approximately 60-110% by the same year (Ray et al 2013). However, production of at
least several major crop species including maize, corn, soybeans, potatoes, are not
increasing as necessary to meet predicted future demands, and it is likely that global food
demand will not be met throughout this century, especially in developing nations (Table
1) (Godfray et al 2010; Ray et al 2013; Mahlein et al 2016). Besides direct economic

value, crop losses additionally contribute to subsequent losses for, or impacts on,



consumers, health systems, global resources, and the environment (Savary et al 2012).
Not only does the insufficient production of staple crops contribute to the problem of
attaining food security, waste is also a major factor throughout the food production and
food supply chains (Godfray et al 2010). Pre- and post-harvest crop loss contributes to
the 40% of all food lost to waste in both developed and developing nations (Godfray et al
2010). This level of loss and waste throughout the food system seems removed from a

precision and sustainable agricultural framework.

Table 1: Predicted annual crop production and deficits until 2050 in major crops of
Maize, Rice, Wheat, and Soybean (Adapted from Ray et al 2013).

Maize 67 33
Rice 42 58
Wheat 38 62
Soybean 55 45

Plant disease is one of the major threats to food security and crop cultivation.
Unfavourable environmental conditions, pests, and pathogens can destroy whole crops or
reduce the quality of plant products in both pre and post-harvest situations (Scott and
Strange 2005). Non-biological factors negatively affecting plants and crops induce
abiotic stress, while biological threats illicit biotic stress responses, which if overcome
lead to plant disease (Bostock et al 2014). Biotic and abiotic stress, alone or in
combination, negatively influence plant physiology, harming growth and development,
leading to reduced crop yields (Suzuki et al 2014). Especially stress combinations can
have synergistic effects, leading to more crop loss than the sum of individual stresses
(Figure 1) (Suzuki et al 2014). This is especially true with combinations of abiotic
stresses and abiotic-biotic stress combinations (Suzuki et al 2014). Additionally, reduced

crop yield (losses) due to pests and pathogens remain significant determinants in



effectively increasing horticultural production (Oerke and Dehne 2004). Pest and
pathogen-induced disease can reduce global annual yield by 40% for major agricultural
crops (Oerke 2006), while similarly, post-harvest, pathogens can infect produce during
transport, storage, and household consumption leading to regular losses over 35% (Oerke
2006; Godfray et al 2010). Such levels of crop loss and food waste suggest that current
methods of crop protection and post-harvest handling of horticultural goods are still
inadequate under a modern precision farming framework. Part of the reason is the lack of
commercial analytical and diagnostic tools to detect threats to plants and crops

throughout the food production and food supply chains (Mahlein 2016).
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Figure 1: Stress interaction matrix showing stress combinations (abiotic/biotic) including
synergistic (positive) and antagonistic (negative) interactions among others
(Adapted from Suzuki et al 2014).

The complexity of plants and their interactions with the environment, including
biotic and abiotic factors, are therefore prominent research areas requiring analytical and
diagnostic tools for fundamental plant biology and crop science, in efforts to develop
solutions to horticultural losses. An increased physiological and molecular level

understanding of how plants respond to changes in the environment (biotic and abiotic



factors) and how these conditions influence the composition of valuable plant substances
for human use would therefore be beneficial for making improvements in horticulture.
For this, a combination of physical and chemical analytical methods are available to
study static and dynamic structure-function relationships of plants at the whole-plant,
organ, tissue, cellular and biochemical level. These include both destructive and non-
destructive methods, such as nucleic acid based or traditional molecular techniques that
are destructive, as well as proximal and distal optical sensors such as spectroscopy,
remote sensing, and volatile organic compound (VOC) analysis, which are possible non-
destructively (Martinelli et al 2014). Combined, these sensors based methods share
common goals aimed at the following priorities: plant health monitoring and pre-
symptomatic disease detection; identification of different plant varieties and cultivars
including plants naturally resistant to stress for genotyping/phenotyping and taxonomic
classification purposes; and increasing mechanistic insight into plant physiology and
disease (Martinelli et al 2014; Mahlein 2016). Non-destructive optical sensor
technologies have gained popularity due to the possibility to study plants in their natural
context, while gaining biologically important information relevant to fundamental plant
research and applied crop science (Mahlein 2016). Many of these technologies can
therefore contribute simultaneously to lab-based as well as industry-applied efforts
towards crop protection. To this end, various non-destructive optical sensors have shown
promise, in the context of crop loss and food waste, by contributing knowledge to both
fundamental plant research and applied crop sciences (Sankaran et al 2010; Martinelli et

al 2014; Mabhlein 2016).

Mid-infrared (MIR) vibrational spectroscopy of biological materials has
developed into a versatile tool for fundamental plant research, with development potential
as a sensor for applied crop sciences. Vibrational spectroscopy in biology known as
biospectroscopy, encompasses well-established label-free, non-destructive, and
environmentally friendly analytical methods that generate wavenumber spectra of
samples using MIR radiation. A wavenumber spectrum contains hundreds of variables as
unique as a biochemical ‘fingerprint’, and reflects the biomolecules (proteins, lipids,
carbohydrates, and nucleic acids) present within a sample (Baker et al 2014). Changes in

specific wavenumber variables of the IR spectrum may serve as spectral ‘biomarkers’ for



the discrimination of distinct as well as closely related biomaterials, for various
applications (Martin et al 2010). Among the most common biospectroscopy methods are
MIR and Raman spectroscopy. General applications of biospectroscopy include the study
of biomolecules in vivo, cell variability and identification of particular phenotypes, and
measuring biochemical processes on the cellular and sub-cellular level both spatially and
temporally (Quaroni and Zlateva 2011). Measuring concentration gradients, the
orientation of biomolecules in living cells, distinguishing cellular phenotypes, detection
of specific metabolites or compounds, as well as measuring dynamic changes in
biomolecule abundance and distribution are routine applications of biospectroscopy
(Martin et al 2010; Quaroni and Zlateva 2011). Plant and crop science specific
application highlights of biospectroscopy include the characterization of many valuable
plant substances such as primary and secondary metabolites; investigation of plant
surface structures including external barriers like the cell wall and cuticle; chemo-
identification plant varieties and cultivars; as well as measuring effects of major abiotic
and biotic stress conditions (Schulz and Baranska 2007; Heredia-Guerrero et al. 2014;
Largo-Gosens et al 2014; Zimmermann et al 2015; Ord et al 2016). This includes studies
on various plant parts including samples from leaves, fruit, roots, stems, and pollen,
highlighting its applicability to various plant systems (Stuart et al 1997; Ribeiro da Luz
2006; Zimmermann et al 2015; Fu et al 2016 White et al 2016). Yet because most
biospectroscopy experiments use destructive sample preparation compromises both the
physiological relevance, as well as non-destructive benefits of these methods, restricting
biospectroscopy primarily to the laboratory and to industry applications relying on the
more traditional uses of IR spectroscopy to homogenous bulk sample analysis. In order to
develop biospectroscopy further, specifically towards being an applied sensor for
industry and laboratory alike, more non-destructive in vivo investigations using
biospectroscopy are needed (Butler et al 2015). While the number of in vivo studies of
biospectroscopy are to date limited primarily by technical limitations, sufficient proof-of-
concept exists to warrant further evaluation for intact plant and crop analysis without
destructive sample preparation as a prerequisite. To this end, recent developments show
that spectral alterations of measurements taken in vivo within intact plants and crops can

be physiologically representative (Trebolazabala et al 2013; Butler et al 2015; Fu et al



2016). Further, semi and fully portable MIR and Raman spectrometers are available for
potential field use. A number of recent studies have investigated semi-portable and
miniature biospectroscopy equipment, primarily Raman, for in vivo measurements in
tomato fruit (Trebolazabala et al 2013; Fu et al 2016). Applications of biospectroscopy to
date in the laboratory and industry, combined with recent developments and the
increasing availability of portable biospectroscopy systems, suggest that these methods
may become rapidly adapted to serve as sensors for field applications in various pre and
post-harvest scenarios. Because biospectroscopy is inherently interdisciplinary, research
collaborations, knowledge transfer, together with technical advancements and the
evaluation of fully portable biospectroscopy equipment, will contribute to
biospectroscopy sensor development, facilitating better crop protection and reducing food
waste in future food production/supply. Herein, we summarize the main concepts of
biospectroscopy including sample preparation, spectral acquisition, and data analysis of
MIR and Raman spectroscopy. Biospectroscopy applications to valuable plant
substances, select surface structures such as the cuticle and cell wall, identification of
varieties and cultivars, as well as plant-environment interactions, including abiotic and
biotic stress, are reviewed. Analysis of crop plants, intact specimens (in vivo or in situ),
as well as the use of more portable systems is highlighted. We also outline select
challenges and limitations specifically relevant to the transition from lab instrument to
field sensor. Further, we briefly suggest novel directions for biospectroscopy in plant and

Crop sciences.

BIOSPECTROSCOPY

Biospectroscopy refers to a collection of techniques including, but not limited to, MIR
and Raman spectroscopy for applications in biology. These techniques rely on the
interaction between infrared (IR) radiation and the functional groups present in
biomolecules, to generate a unique IR spectrum over the range of wavelengths from 2.5-
25 um, converted to energy units in wavenumbers (4000-400 cm™). Energy in the IR
range causes molecular excitation, vibration, and rotation of molecules within a
biological sample. Functional groups present in biomolecules such as proteins, lipids,
carbohydrates, and nucleic acids, characteristically interact with IR radiation (Baker et al.

2014). Biochemically complex samples such as those from biological materials therefore



produce information rich and highly characteristic spectra for multi component analysis
(Moros et al 2010). The highly characteristic and unique IR spectra also referred to as
samples biological ‘fingerprint’ spectrum or IR ‘signature’ are exceptionally useful to
distinguish between remarkably similar samples based on minute biochemical alterations.
IR spectra therefore provide the basis for classification and characterization, as well as
tracking both large and small biochemical changes over time (Quaroni and Zlateva 2011).
Distinct light-matter interactions are measured by MIR and Raman spectroscopy over the
same energy range (4000-400 cm™), producing unique but complementary information,
and when used in combination provide a more detailed analysis of the sample. Various
sample modes allow the probing of different sample areas covering spatial resolution
from the nanometre scale up to spectra representing areas covering square millimetres
(Kazarian and Chan 2013), which permits the interrogation of biological systems at

various levels of biological organization.
Mid-Infrared Spectroscopy

MIR spectroscopy relies on light absorption. Incident IR light upon a sample causes
biochemical bonds to vibrate. Vibrational modes of molecule thereby cause specific
amounts of energy from the incident IR beam to be absorbed, reducing the intensity of
the subsequently detected IR beam. The difference in energy between incident and
detected IR radiation produces a complex interferogram, which is de-convoluted using a
FT operator (Stuart 2004). This separates the individual wavelengths of the measured IR
range into component wavelengths producing a wavenumber spectrum. MIR
spectroscopy, in contrast to Raman spectroscopy, relies and a dipole present only in
diatomic, or more complex molecules, which is not a limitation within biological

materials.
Raman Spectroscopy

Raman spectroscopy relies on molecular excitation by way of polarization and
subsequent light scattering. Incident photons from the IR laser source interact with a
molecular configuration resulting in elastic or inelastic light scattering. Elastic light
scattering, known as Rayleigh scattering, predominates resulting in no net energy transfer

between incident IR radiation and sample molecules, providing no information and



therefore filtered out (Smith and Dent 2013). Alternatively, a net energy decrease or
increase in the scattered IR light, resulting in inelastic light scattering known as Stokes-
Raman and anti-Stokes-Raman scattering respectively (Andrews 2014). Fluorescence can
interfere with the detector signal due to its occurrence at similar energy transitions as
those detected by Raman spectroscopy. Raman scattering, measured over the same
energy range as MIR spectroscopy (4000-400 cm™) but each measuring distinct light-
matter interaction phenomena, make these two methods complementary. Various forms
of Raman spectroscopy make use of these phenomena in different ways, expanding the

application potential of these techniques to biological analysis (Butler et al 2016).

For a detailed account of MIR and Raman spectroscopy theory, which is out of
the context of this discussion, more information can be found in the literature (Stuart
2004; Smith and Dent 2013; Andrews 2014; Baker et al 2016a). Because of its versatility,
it is important to make the appropriate choices at each stage of the biospectroscopy
process to meet the intended research aims and objectives. To aid experimental design
and provide an overview, the biospectroscopy method may be divided into three
component parts including sample preparation, spectral acquisition, and computational
analysis (Kelly et al 2011b; Trevisan et al 2012). A number of protocols have become
available for new users with guidance on sample preparation, spectral acquisition, and
computational analysis for a number of samples. These protocols exist for both MIR and
Raman analysis of biological materials (Gierlinger et al 2012; Baker et al 2014; Butler et
al 2016).

Sample Preparation

Vibrational spectroscopy can measure virtually any type of organic material; however,
sample preparation may considerably alter the vibrational spectrum compared to the
sample in its native state. Many types of sample preparation are employed within the
plant laboratory including physical and or chemical modifications of the sample.
Concerning plants, common sample preparation may include cutting, drying, grinding,
homogenization, fixation, fractionation, purification etc., most of which influence the IR
spectrum to some degree. Benefits of sample preparation include the ability to take

complex biological systems including plant cells and tissues, and separate them into less



complex constituents for a more precise characterization of individual substances.
Several studies have investigated select effects of sample preparation on IR spectra under
specific conditions (Bureau et al 2012; Zohdi et al 2015). Nevertheless, extensive sample
preparation consumes time and resources while altering the native architecture of
biological tissues, which may limit or remove any physiological context of the resultant
data, and thus there is a general desire to perform analysis in vivo where possible. Despite
the ability to measure a vast array of sample types, the use of biospectroscopy for in vivo
measurements has been surprisingly limited, especially in the plant and crop sciences.
Nonetheless, biospectroscopy is being applied to an increasing amount of in vivo systems
and a number of studies have demonstrated that in vivo analysis of whole cells and tissues
is readily achieved (Heraud et al 2005; Trebolazabala et al 2013; Butler et al 2015; Fu et
al 2016). These studies demonstrate that analysis of both processed and native samples is
possible, and while different types of sample preparation precede most biospectroscopy
studies to date, the continued development of in vivo analysis is favourable for the non-
destructive measurements of physiologically active plants and crops (Butler et al 2015).
Additionally, the analysis of plant cells and tissues in vivo requires practically no sample
preparation, while having the benefit of being physiologically representative under native
conditions, which contributes to faster spectral acquisition, increasing the relevance for

future industry applications.
Spectral Acquisition

Instrument choices influence the area of interrogation, sensitivity, spatial resolution, and
acquisition speed of measurements in biospectroscopy. Three main sampling modes are
available for biospectroscopy; these are transmission, reflectance and attenuated total
reflection (ATR) spectroscopy (Smith 2011). These sampling modes are applicable to
both MIR and Raman spectroscopy. For MIR in transmission mode, light passes through
the sample and due to the energy of MIR, is generally limited to thicknesses up to 20
micrometres (Smith 2011). Furthermore, because most intact biological samples are
thicker than this limit, sample preparation is necessary, although this has beneficial
effects on the quality of resultant spectra (Butler et al 2017). Thus for in vivo analysis,

transmission mode may be limited to specific samples suitable to this acquisition mode.
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In contrast, Raman transmission spectroscopy has a sample thickness capacity in the
range of 30 millimetres, expanding this sampling mode to thicker plant tissues (Butler et
al 2016). This is because the laser sources used for Raman analysis generally have higher
energy than regular MIR excitation sources and thus penetrate deeper into biological
samples. The same is true for traditional Raman scattering, where laser light penetration
into plant tissues is in the range of several hundred micrometres (Butler et al 2015). For
Raman spectroscopy, additional light-matter phenomena may be exploited through a
number of adaptions of the technique including surface enhanced Raman spectroscopy
(SERS) and stimulated Raman scattering (SRS) applied to plant samples (Littlejohn et al
2015; Butler et al 2016; Zhang et al 2017). Although not common outside specialized
applications, MIR spectroscopy utilizing synchrotron radiation from specialized particle
accelerators can provide an exceptionally bright excitation source for spectral acquisition
in several specialized adaptions of biospectroscopy to plants and pathogens (Kaminskyj
et al 2008; Holman et al 2010; Butler et al 2017).

Sensitivity and selectivity of MIR and Raman spectroscopy are dependent on
method and instrument choice. Sensitivity is the detection limit for a particular
chromophore, as determined by its absorption relative to background noise, while the
selectivity is the capability of detecting specific chromophores within a mixture (Quaroni
and Zlateva 2011). Sensitivity and specificity parameters may be optimized depending on
the aim of the experiment, and are important to determine if biospectroscopy techniques

are suitable for the study, compared to other available analytical methods.

Spatial resolution covers macroscopic (macro measurements) areas down to
nanometre level resolution (micro measurements) depending on the method used
(Kazarian and Chan 2013; Baker et al 2016a). While a significant amount of effort is put
into improving spatial resolution on the micro and nanometre levels, macroscopic
measurements covering several square millimetres or centimetres may be more
appropriate for measuring physiological processes in whole plant organs, especially for
rapid routine analysis. Although micro-measurements permit the imaging or mapping of

specific regions at cellular and sub-cellular resolution.

Spectral resolution refers to the number of variables generated in a spectroscopic
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measurement. A spectral resolution of 4 cm™ would generate roughly twice as many
wavenumber variables in the spectrum as a spectral resolution of 8 cm™, thus increasing
scan time significantly (Quaroni and Zlateva 2011). Depending on instrument choice, and
measurement area, spectral acquisition time will vary significantly. It is possible to
choose sampling modes, which allow the optimization of measurement area, penetration
depth into the sample surface, as well as spatial and spectral resolution, all of which have

an impact on spectral quality and acquisition speed (Quaroni and Zlateva 2011).
Computational Analysis

Extracting wavenumber variables from biological samples to serve as ‘spectral
biomarkers’ related to a specific effect or treatment requires computational analysis in
order to answer biologically relevant questions. IR and Raman spectra contain hundreds
of variables with both qualitative and quantitative attributes for analysis (Baker et al
2014). In general, extracting biological information from vibrational spectroscopy data
falls into two main categories consisting of exploratory and diagnostic frameworks
(Trevisan et al 2012). The exploratory framework focuses on data visualization and direct
comparisons of spectral groups for primarily qualitative analysis and characterization of
spectral features (Trevisan et al 2012). A more involved approach, following or combined
with an exploratory framework, is the diagnostic framework. This approach requires
extensive design, validated spectral datasets, combined with machine learning based on
quantitative features, with the goal of autonomous classification of spectra from specific
classes/treatments (Trevisan et al 2012). It should be noted that although conceptually
separate, the exploratory framework almost always precedes or is used in conjunction
with the diagnostic framework, as the development of diagnostic frameworks requires
validation (discussed below) (Trevisan et al 2012). Common to both frameworks are
processing steps including pre-processing, normalization, and computational analysis.
Pre-processing and normalization are necessary to make spectra comparable to each other
by minimizing the influence such as sample thickness and instrument variability (Martin
et al 2010; Trevisan et al 2012; Baker et al 2014). Computational analysis as part of both
exploratory and diagnostic frameworks make use of various chemometrics including

univariate, multivariate, and ratio-metric analysis, which use single variable, multiple
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variables, or ratios of variables respectively (Trevisan et al 2012; Kumar et al 2016b).
These approaches extract spectral ‘biomarkers’ (wavenumber variables) to serve as
indicators of class or sample treatment (ex. normal, abnormal, and diseased) (Martin et al
2010; Kelly et al 2011b). Among these variables, extracting relevant ones consistent with
sample treatment, rather than naturally occurring variance as is the often the case with
biological samples, can be difficult. In cases where high naturally occurring
heterogeneity exists, a combination of unsupervised data reduction steps combined with
supervised methods focusing on the inter-sample differences has been effective. Among
others, principal component analysis (PCA) and linear discriminant analysis (LDA) have
been efficient at providing insight into natural population heterogeneity and class specific
differences respectively (Martin et al. 2007; Martin et al 2010), as part of exploratory
inquiry. Classifier algorithms including linear discriminant classifier (LDC) or support
vector machines (SVM) are commonly used for biospectral datasets as part of diagnostic
frameworks (Trevisan et al 2012). A large number of analysis models are available many
of which can be combined to form composite techniques such as PCA-LDA or PCA-
SVM (Trevisan et al 2012). Ultimately, the exact data analysis options are dependent on
the questions set out to answer, in addition to the goals of individual research groups.
Further details pertaining to computational analysis of biospectroscopy data, and
considerations for exploratory and diagnostic frameworks, can be found elsewhere (Kelly
et al 2011b; Trevisan et al 2012). Combined, the exploratory and diagnostic frameworks
offer insight into the mechanistic biology of the study, while the diagnostic framework
evaluates the classification accuracy of spectra belonging to specific sample classes. If
the accuracy of a diagnostic framework is sufficiently high, it may warrant evaluation in
automated decision-making platforms for subsequent use in high-throughput systems for

commercial applications (Stables et al 2017).

As part of an effort to increase the biological relevance through mechanistic
insight into molecular changes relating to spectral biomarkers, on which diagnostic and
exploratory frameworks rely, catalogues of spectral markers for both MIR and Raman
spectroscopy are available. These catalogues, originally published in 2007 for Raman and
2008 for MIR, are aimed at providing a guide for the interpretation of spectral bands,

with recent updates to these spectral catalogues reflecting the increasing use of these
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spectroscopies (Movasaghi et al 2007; Movasaghi et al 2008; Talari et al 2015; Talari et
al. 2016). In future, these will likely become available specifically for plant materials
(Heredia-Guerrero et al 2014; Largo-Gosens et al. 2014). Biological spectra thus provide
plant biologists with molecular level information, while providing industrial
horticulturalists with rapid classification systems for detecting differences in sample

material, thus contributing simultaneously to lab and field based applications.

BIOSPECTROSCOPY FOR FUNDMENTAL PLANT RESEARCH AND
APPLIED CROP SCIENCE

Valuable Plant Substances

Preventing crop loss and improving our understanding of valuable substances for human
consumption requires rapid identification and characterization of plant constituents in
intact plants and crops as well as processed plant products. Plants are composed of, and
produce, an impressive array of organic substances for human consumption as food and
plant based bio-commodities. The quality of these substances often depends on the
healthy growth and development of their respective plants, whether it is the plant itself
that is the target substance, or a derivative product collected subsequently. Fruits and
vegetables, medicinal compounds, phytonutrients beneficial for human health, as well as
structural biopolymers are only a few examples of valuable plant substances for everyday
use. In nature, primary metabolites, or core metabolites, such lipids, proteins,
carbohydrates, and nucleic acids are essential for the healthy growth and development of
all plant species; secondary metabolites, although not necessarily essential to survival,
confer species specificity and provide specialized functions such as plant defence.
Metabolites along with other classes of plant compounds thereby provide natural markers
to study developmental and physiological processes in plants. Further, metabolites or
other biochemical targets are quality indicators in horticultural processes and the food
industry. Various primary and secondary metabolites, among other plant constituent
compounds, are therefore important for research and industry (Rodriguez-Saona and
Allendorf 2011; Lohumi et al 2015). This applies to valuable substances in processed
materials, as well as to intact plant tissues. For a better understanding of the biochemical

composition of crop plants and their products, continued identification, characterization,
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and quantification of the various classes of plant substances is necessary. Especially the
development of non-destructive tools to analyse delicate and potentially highly
heterogeneous samples such as fruits, vegetables, and whole plants, would facilitate
improved crop cultivation and the production of valuable plant products. While the
analysis of target plant substances is readily achieved in processed materials, tracking
multiple plant substances simultaneously within whole tissues without destructive effects

remains challenging.

Current uses demonstrate that biospectroscopy is adapted to study the abundance,
distribution, and change of metabolites and other target substances in plants and crops.
Biospectroscopy is specialized for measuring single or multiple compounds
simultaneously, which has significantly contributed to a better understanding of plant
constituents, valuable substances they produce, and how these substances change under
both natural conditions and in response to physical and chemical processing. Specifically
the food industry has used the sensitivity of IR and Raman spectroscopy extensively for
quality control and detecting the corruption of various food products based on select
compound detection and quantification (Rodriguez-Saona and Allendorf 2011; Lohumi et
al 2015). However, most commercial food industry applications are limited to
homogenous bulk samples such as oils, flours, and dairy (Karoui et al 2010). Transferring
the food analytics application to more difficult specimens such as whole produce, without
any sample manipulation remains difficult, although progress is being made using a
number of economically important crops. Common plant metabolites have been
characterized by IR and Raman spectroscopy including primary metabolites, such as
amino acids (proteins), fatty acids (lipids), and carbohydrates besides secondary
metabolites including phenolics, terpenoids, alkaloids, and polyacetylenes (Schulz and
Baranska 2007; Baranska et al 2013). Biospectral analysis of primary metabolites within
crop species include the measurement of wheat protein in kernels, lysine distribution in
barley, and the study of temperature and water on gluten structure under processing
conditions (Thygesen et al 2003; Georget and Belton 2006; Schulz and Baranska 2007).
Lipid composition of many important plant oils has been investigated as related to the
food industry (Schulz and Baranska 2007). Biospectral analysis of many common

carbohydrates have been studied including the characterization of mono, di, and
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polysaccharides including cellulose (Schulz and Baranska 2007). Carbohydrates
specifically have been studied in various tissues including crop species including apricot,
carrot root, and onion (Bureau et al 2009; Baranska et al 2013). More recently, Raman
spectroscopy was used to map changes in polysaccharide distribution in cell walls of
apple during fruit development and senescence (Szymanska-Chargot et al 2016). While
these present only a fraction of the literature available that pertains to primary metabolite
analysis in crop species using biospectroscopy, they readily illustrate the capacity for
metabolomics analysis based on primary metabolites that serve as both quality indicators
and markers of dynamic biological processes.

Secondary metabolite analysis, specifically carotenoids have gained significant
attention and have been extensively studied using biospectroscopy approaches. A
common goal among these studies is the development of alternatives to more traditional
analytical chemistry methods such as fractionation combined with gas and high pressure
liquid chromatography (GC)/(HPLC), which require tissue destruction (Baranska et al
2006b; Kumar et al 2016a). Tomato fruits and related products such as juices have been
focus points for biospectroscopy studies of plants, likely due to their nutritional value and
relevance as a popular crop (Fu et al 2016; Radu et al 2016). Secondary metabolites
associated with fruit ripening, including lycopene, -carotene, phytoene and phytofluene,
have been subject of study using MIR and Raman spectroscopy (Johnson et al 2003;
Baranska et al 2006a; Scibisz et al 2011; Trebolazabala et al 2013; Fu et al 2016; Radu et
al 2016). Several of these studies have achieved metabolic profiling in whole tomato
fruit, measuring metabolites such as lycopene, B-carotene, phytoene and phytofluene in
whole tomato fruit without sample preparation (Trebolazabala et al 2013; Fu et al 2016).
Raman spectroscopy may be exceptionally suited for this specific application, as these

studies both used semi-portable systems capable of intact fruit analysis.

Metabolic profiling of valuable plant substances in vivo using biospectroscopy
will help develop solutions for the quality control of crops and identify new targets for
tracking physiological processes. Spectrochemical profiling using biospectroscopy will
be especially useful in whole tissues, such as leaves and fruit, applied to physiological
processes such as plant and fruit development, maturation, and decay. With this comes

the potential application of biospectroscopy to contribute to molecular insight into the
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mechanism of plant and fruit development in vivo from the physiological perspective,
while developing new quality control parameters for assessing delicate horticultural
products. This in turn will facilitate application development for pre- and post-harvest
sectors, where for example the real-time determination of development stage in the field
may augment visual ripening scales, which remain the default standard (Mahlein 2016).
As a result, better estimation of shelf life and related applications including the detection

of defects in crops and produce, non-destructively and in real time, may become possible.
Species Identification

Valuable plant substances act as natural markers on which to identify and classify plant
varieties and cultivars. As part of modern horticulture and plant research, it is desirable to
identify, characterize, and classify plant varieties, cultivars, based on a number of sample
types. Depending on the application, this may be from homogenous samples, such as
processed products as part of food analytics, to larger specimens such as whole leaves.
Because plant substances stretch over various levels of biological organization from
single metabolites to whole plant organs, there are a many natural labels on which to
identify species and classify them, as previously discussed, these natural label include
metabolites and other non-metabolic plant substances. Species identification based on
plant substances is readily achieved with biospectroscopy. There are many examples of
species differentiation and chemical based taxonomic classification using
biospectroscopy in a diverse set of cultivars. Further, species identification has been
performed mainly on leaf and fruit tissues, with the unique exception of pollen. For most
taxonomic studies to date using biospectroscopy, samples from plant organs like leaves
are dried and or homogenized, suggesting the development for species identification in
vivo under natural conditions. Among the many crops studied for species identification
are mint, ginseng, olive, strawberry, and samples from various other plant species

including Chinese ornamentals.

Rosch et al (2002) used Raman spectroscopy of stem cross sections successfully
to characterize related mint species (Mentha sp.). Very recently, SERS-Raman
spectroscopy was successfully applied to study inter-cultivar differences between

Chinese ornamental (Chrysanthemum sp.) for taxonomic purposes (Zhang et al 2017).
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Rapid discrimination of strawberry cultivars based on homogenized fruits was also
effectively performed (Kim et al 2009). Kim et al (2004) had also previously used MIR
for the taxonomic discrimination of seven flower plant species based on homogenous
samples. Similarly, homogenous dried leaf samples were subject to MIR analysis to
distinguish plant populations and the effects of temperature on spectral features
(Khairudin et al 2014). Aouidi et al (2012) also used ground leaf tissue to study and
distinguish five Tunisian olive cultivars (Olea europaea) with MIR spectroscopy. Ages
of ginseng cultivars were also determined based on biospectroscopy data, where as in
most previous studies, samples where homogenized prior to analysis (Kwon et al 2014).
ATR-FTIR on dried but intact sage leaves (Salvia officinalis) was performed by Gudi et
al (2015) for more rapid taxonomic classification, where intact leaves represent more
conserved tissue architecture. What is interesting is that analysis on whole hydrated
leaves was performed close to a decade earlier. Ribeiro da Luz (2006) used hydrated
whole intact leaves from 15 different native tree species in the Washington, DC area to
assess the use of ATR-FTIR for classification of species. Using a spectral database, a
classification accuracy of over 80% was achieved. This is particularly important as whole
leaves are more representative samples compared to ground and homogenized tissue
samples for the development of in vivo species identification. Uniquely, pollen has been
used as a discriminating factor for species identification on two accounts; investigating
both environmental effects as well as species differences in pollen from 300 plant species
without sample manipulation (Zimmermann and Kohler 2014; Zimmerman et al 2015).
Taken together, these studies show that whilst work is needed for in vivo species
identification using biospectroscopy, chemical based taxonomy on a variety of samples is

possible, including intact plant parts.

Biospectroscopy has contributed to method development for species identification
and chemical based taxonomy from a number of plant samples with future applications in
genotyping/phenotyping. Species identification on various levels of biological
organization may prove useful to expedite the current time required for conventional
phenotyping, which is approximately 10 years from initial screening to available cultivar
(Mahlein 2016). As biospectroscopy is sensitive enough to detect changes within

individual nucleotides, as well as over macroscopic areas, there is potential for both
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genotyping and phenotyping applications in practice (Ribeiro da Luz 2006; Kelly et al
2009; Kelly et al 2011a). However, the development of in vivo biospectroscopy is
becoming a reality for various dynamic processes including physiological applications,
which are readily transferrable to species identification and thus non-destructive
phenotyping, or potentially even genotyping when combined with sample preparation

(Kelly et al 2009; Kelly et al 2011a; Butler et al 2015).
Plant Surface Structures

The cuticle and cell wall contribute significantly to biospectroscopy measurements of
intact plant tissues in vivo. As essential surface barriers, the cuticle and cell wall are
conserved in all terrestrial plants and are intricately connected as part of the upper and
lower epidermis. In their natural arrangements, the cuticle-cell wall layer consists of a
complex matrix composed primarily of carbohydrates, proteins, and lipids (Dominguez et
al 2011). While the main functions of the cuticle is to prevent water loss and regulate gas
exchange, it is also involved in defending against light damage and microorganism
invasion (Dominguez et al 2011). The cell wall defines cell shape and size and gives
structural plasticity to plant cells; it is involved in plant growth, cellular differentiation,
cell-cell communication, water regulation, and defence responses (Cosgrove 2005). Not
only is the cell wall an essential barrier but also source of the most abundant natural
biopolymer cellulose (Cosgrove 2005). Hence, the cell wall is both physiologically
indispensable for plants and humans alike. Physiological and environmental cues
influence the structure of both cuticle and cell wall, making these surface structures
important subjects for plant and crop sciences. Yet the detailed biophysical properties of
plant surface structures are difficult to discern and few methods exist to effectively study
the molecular complexity of the cuticle and cell walls in their native arrangements where

the two layers are elaborately intertwined (Dominguez et al 2011).

Biospectroscopy has offered a unique look at both cuticle and cell wall
composition individually and together. The small penetration depth of MIR radiation into
biological tissues requires characterization of plant surface structures such as the cuticle

and cell wall. MIR radiation used by biospectroscopy methods penetrates between a
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several and several hundred micrometres into biological tissues depending on the method

(Kazarian and Chan 2013; Butler et al 2015).
Cuticle

MIR and Raman spectroscopy has augmented advances in our knowledge of functional
groups contained in the cuticle matrix, their structural roles, as well their macromolecular
arrangement. Analysis of isolated cuticles was performed as early as 1992 by Chamel and
Maréchal, as well as on tomato by Ramirez (1992). Subsequently several studies looking
at both isolated cuticles and cuticles as part of natural plant structures such as leaves and
fruit. Biospectroscopy of plant cuticles encompasses many important and economically
relevant crop plant such as potato, grasses, and tomato, many of which have very
different natural morphologies. Dubis et al (1999) used MIR in ATR mode as an
analytical tool to investigate primarily carbonyl compounds associated with plant species
and seasonal variation. This study included analysis of leaves from important crops
including various cultivars of potato (Solanum tuberosum), beside several tree species.
Dubis et al (2001) also studied cuticle wax composition in hops (Humulus lupulus).
Cuticle fractions from olive leaf, pepper fruit, and apple fruit have also been investigated
expanding the application to several important crop species (Johnson et al 2007).
Progress towards in vivo applications of biospectroscopy for cuticle structure analysis for
both agrochemical research and plant science has recently been made in the model
organism Arabidopsis thaliana and a cuticle deficient mutant eciferuml (cerl) (Littlejohn
et al 2015). Much of this work has led to understanding not only cuticle composition and
constituent distribution, but also how cuticles change in response to exogenous factors,
and during growth and development. To this end, spectroscopic characterization of plant
cuticles and constituents including cutin, cutan, waxes, polysaccharides and phenolics,

has recently been reviewed in detail by Heredia-Guerrero et al. (2014).
Cell Wall

Similar to plant cuticles, MIR spectroscopic analysis of plant cell walls was described
over 25 years ago, likely owed to its significance in plant biology and industry (McCann
et al 1992; Cosgrove 2005). In 1994, Sén¢ et al published MIR spectroscopy of cell walls,

comparing primary cell walls from onion (A/lium cepa), carrot (Daucus carota), rice
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(Oryza sativa), sweet corn (Zea mays), and polypogon (Fugax steud), many of which are
important crops. Since then, the number of biospectroscopy studies of cell walls has
increased significantly. Cell walls from various plant organs including leaves, roots, and
fruits have been characterized (Roesch et al 2002; Largo-Gosens et al 2014; White et al
2016). MIR has been used to study compositional changes resulting from growth and
development, mutations in cell wall regulating genes of cellulose/hemi-cellulose, and
lignin, as well as the effects of biotic and abiotic stress (Largo-Gosens et al 2014; Kumar
et al 2016a). These studies give insight into the molecular structure of plant cell walls and
changes therein in response to stimuli and contribute to our fundamental understanding of
this and closely related structures. Industrial related processes such as spectral alterations
associated with mechanical stress on plant cell walls, specifically cellulose and pectin
orientation, was studied by Wilson et al. (2000). Recently, MIR and Raman spectroscopy
were applied to characterizing non-cellulose polysaccharides from cell wall fractions of
tomato during development (Chylinska et al 2016). Hence, plant cuticle and cell wall
have been studied by biospectroscopy in both structure and function and under different

conditions relevant to biological and industrial processes.
Cuticle and Cell Wall Together

Cuticle and cell walls are studied together when tissues such as leaves and fruit are
measured without manipulation (Figure 2). This is similar to studies on non-isolated
cuticles, as part of whole plant organs such as freshly cut leaves. Analysis of leaves by
MIR and Raman interrogates the cuticle, and palisade parenchyma of the adaxial leaf
surface, respectively (Butler et al 2015). Even ATR-FTIR spectroscopy, which penetrates
only between 1-5 um into the surface of plant structures, this has been sufficient to
effectively measure leaves from 32 tree species and identify them with good accuracy
(Ribeiro da Luz 2006; Kazarian and Chan 2013). These studies demonstrate the
versatility of biospectroscopy for cuticle and cell wall characterization separately and as
combined layers as part of plant organs. Further work is needed to increase the study of
plant cuticles and cell walls in vivo, and while biospectroscopy has contributed to this
endeavour, analysis of whole plants, rather than freshly harvested leaves, remains elusive

(Butler et al 2015).
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Figure 2: TOP: Conceptual schematic of ATR-FTIR measurement on plant surface
structures (top) EW; epicuticular waxes; CP; cuticle proper; CL cuticluar layer; CW; cell
wall; EC; epidermal cell. BOTTOM: Seventy averaged ATR-FTIR spectra of 4 week old
fully expanded tomato leaf (Solanum lycopersicum cv. moneymaker) over the fingerprint

region (1800-900 cm™).

Work done thus far on the surface structure of plants will aid the development of
biospectroscopy for examining the cuticle and cell wall within whole plants and fruit and
how these layers change in response to various processes, both naturally and during crop
cultivation. The ability to measure whole plant organs such as leaves and extract
spectroscopic information relevant to physiological processes suggests that applications
to crop monitoring in whole plants in the field or whole fruit before, at, or after harvest is
becoming a strong probability. Recent progress with methods such as ATR-FTIR and
Raman spectroscopy have shown that surface structures including cuticle and cell wall in
leaves of whole plants and whole fruit can be measured without destructive effects
entirely in vivo (Trebolazabala et al 2013; Butler et al 2015; Fu et al 2016). It has been
clear for more than two decades that biospectroscopy methods can contribute to our

detailed understanding of important plant surface structures including the cuticle and cell
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walls in the lab, but development of biospectroscopy for complete in vivo analysis of
plants will expand its application potential significantly into the area of commercial

horticulture for physiological based monitoring of plants and crops.
Plant-Environment Interactions

Growth and development of plants, in their natural habitat or in fields and greenhouses, is
dictated in large part by their interaction with the external environment. When the
environment becomes unfavourable, plants employ stress and defence responses to cope
with sub-optimal environmental conditions. In the light of climate change, the dynamic
interaction between pathogens and the environment has become an important
consideration (Nutter Jr. 2010). Climate change and resulting effects, likely influence the

contribution of individual pests to annual crop loss (Figure 3).
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Figure 3: Contributions of pest and pathogen types to annual global crop loss.
Top: Crop loss to pests and pathogens for wheat, rice, maize, barley, potatoes, soybean,
sugar beet and cotton, for the years 19961998 (Adapted from Oerke and Dehne 2004).
Bottom: Crop loss to pests and pathogens for wheat, rice, maize, potatoes, soybean, and

cotton for the years 2001-2003 (Adapted from Oerke 2006).

Both abiotic and biotic factors influence plant physiology, growth, and
development and thus crop quality and yield (Suzuki et al 2014). Pertinent abiotic factors
influencing plants include: drought, salinity, temperature, nutrient deficiency,
phototoxicity, ozone (O3) and anaerobic stresses (Suzuki et al 2014) (see also Figure 1).

Viruses, bacteria, fungi, nematodes, weeds and herbivores are among the main biotic
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factors relevant to plant survival (Atkinson and Urwin 2012). Under natural or field
conditions, combinations of abiotic and or biotic stress occur where different stress types
may positively or negatively affect each other (Atkinson and Urwin 2012). Furthermore,
plant response to abiotic and biotic stressors overlap on the molecular level, sharing
general response elements such as signalling pathways, while differing in fine tuned
specific responses to individual stressors (Bostock et al 2014; Kissoudis et al 2014).
Because stress responses precede plant disease, understanding the mechanisms of plant
response to individual stresses and in combination could be especially useful for
determining ‘biomarkers of stress effects’, while plants are still in the reversible stage of
stress (Bostock et al 2014). During this acclimation stage, natural tolerance/resistance to
stress prevent adverse effects, which once exhausted lead to irreversible strain, disease,
and ultimately plant death. For precision crop protection and the prevention of plant
disease caused by both abiotic and biotic stress, the preventative stages of plant disease,
namely the acclimation/resistance stage, may be a specifically suitable target for
biospectroscopy. Pre-symptomatic disease detection would have the added benefit of
optimizing crop protection measures and reducing the overuse of harmful pesticides,
which are becoming an increasing public concern. Detection and characterization of
stress responses before irreversible damage ensues would be beneficial for a number of
reasons including concomitant development of health monitoring tools. Elucidation of the
intricacies of individual and overlapping stress responses by plant biologists would
significantly aid in determining targets suitable as ‘stress biomarkers’ in different crop
species. Crop scientist in turn may be able to apply biological stress markers for early
disease detection and identifying plants particularly resistant or tolerant to different
stresses. Indeed both disease detection and phenotyping are among the most important
research areas for modern horticulture concerning plant and crop scientists collectively.
Alternatively, direct detection of visually undetectable pests such as microscopic
pathogens is also a priority, even though pathogen density is not necessarily indicative of
disease severity for plants in the field (Nutter Jr. et al 2010; Mahlein 2016). While direct
pathogen detection may be difficult in the field, it may be more readily applied to post-
harvest storage and transport of plant produce, where infected or contaminated products

pose potential health hazards. Thus from the view of researchers, there is a desire to
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discern the details of individual and stress combinations, both abiotic and biotic, in order
to identify key factors of plant stress early before damage is done. With the right
technology, these key factors or biomarkers could help horticulturalists in their quest to
reduce pre and post-harvest crop loss as a result of plant disease. It is noteworthy, that
disease detection by default coincides with the development of health monitoring tools,
as the control subjects used to study disease are defined as healthy counterparts within

individual studies.

Many applications of biospectroscopy have displayed its capacity to contribute to
the areas of plant disease detection and health monitoring, through the investigation of
biotic and abiotic stress, together with closely linked processes like leaf senescence.
Linked to natural development, ageing, and disease is the process of senescence, which
has also been studied using biospectroscopy methods. The process of senescence is
important because it is induced by several factors including stress, and also occurs
naturally as plants mature (Gepstein and Glick 2013). Leaf senescence has been studied
in situ on detached leaves of black cherry (Prunus serotina), sweet pepper (Clethra
alnifolia), Capsicum annuum, and Nicotiana tabacum using ATR-FTIR spectroscopy
(Ivanova and Singh 2002). ATR-FTIR spectroscopy has also been used in vivo on leaves
of whole plants to study plant growth and development including cell expansion and

senescence (Butler et al 2015).

Several main abiotic and abiotic stresses have been investigated in various plants
including crops like wheat and tomato. Raman spectroscopy was applied to study
mechanistic changes related drought stress induced by cutting leaves from spring wheat
plants (Weselucha-Birczynska et al 2012); where drought stress in wheat is particularly
relevant to horticultural challenges worldwide (Suzuki et al 2014). Assessment of salt
stress has been conducted on both plants and fruit. Salt tolerant halophytes, ice plants
(Mesembryanthemum crystallinum), where compared to Arabidopsis thaliana under salt
stress conditions and investigated using MIR spectroscopy (Yang and Yen 2002).
Metabolic-fingerprinting of tomato fruit extracts grown under high salt stress and normal
conditions was investigated by Johnson et al 2003. Salt stress and the effects on cell wall

structure and leaf cell anatomy in coffee (Coffea arabica) has also been recently
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investigated (de Lima et al 2014). Khairudin et al (2014) investigated variable
temperature on populations of the herb Polygonum minus and observed differences in
important metabolites including flavonoids. Biospectroscopy to study nutrient stress has
only been applied in specialized settings to our knowledge. Interestingly, algae
(Micrasterias sp.) have also served as a model system for biospectroscopy in which in
vivo analysis, nutrient stress, and other anthropogenic abiotic stresses, have been studied
(Heraud et al 2005; Patel et al 2008). The effects of nutrient stress was studied using
Raman spectroscopy on live algal cells in vivo, where the study was additionally used to
compare data pre-processing effects on outcomes of computational analysis (Heraud et al
2005). Transmission MIR using synchrotron radiation was employed on live and fixed
tissue of the model plant Asiatic dayflower (Commelina communis) specifically to detect
Calcium deficiency (Butler et al 2017). Metal stress was investigated through early
effects of Cadmium stress, and subsequent partial recovery, in clover (Trifolium sp.)
leaves using MIR (Wei et al 2009), as well as by Liu et al (2014), who similarly to de
Lima et al (2014), correlated changes in cell wall structure with changes in leaf anatomy
but in navel orange plants (Citrus sinensis). Ozone stress, as well as both biotic and
abiotic stresses were measured on Sycamore tree (Acer pseudoplatanus) leaves exposed
to air pollution, ozone, and fungal infection, giving potential mechanistic insight into
shared stress responses such as reactive oxygen species (ROS) generation (Ord et al

2016).

Studies of biotic stresses such as viruses, bacteria, and fungal pathogens, using
biospectroscopy remains relatively limited to date but progress has been made in the pre-
symptomatic detection of disease. Investigations into biotic stress scenarios have also
been selectively performed with several applications directed at pre-symptomatic disease
detection and health monitoring in plants and trees. Biospectroscopy studies into biotic
stress caused by fungal pathogens includes the tar spot leaf fungus (Rhytisma acerinum)
on Sycamore tree leaves by Ord et al. (2016). Plant-plant interference through metabolic
profiling to study interspecies competition between a monocotyledon Brachypodium
distachyion and a dicotyledon Arabidopsis thaliana, has been described by Gidman et al

2003, with potential applications to weed pests.
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Progress has been made in both plant health monitoring and disease detection, to
demonstrate the applicability of biospectroscopy in these areas. Recently, MIR
photoacoustic spectroscopy was used for pre-symptomatic detection of powdery mildew
infection in Rubus corchorifolius, a Korean raspberry cultivar (Du and Zhou 2015).
Previously, ATR-FTIR spectroscopy as a potential tool in huanglongbing and citrus
variegated chlorosis diagnosis in leaves of sweet orange trees was explored (do Brasil
Cardinali et al 2012). Finally, and among the most recent developments has been the
successful health monitoring of whole tomato plants. ATR-FTIR spectroscopy and
Raman spectroscopy have been used, in combination, for the successful and non-
destructive monitoring of healthy plant growth and development in intact tomato plants
(Solanum lycopersicum) (Butler et al 2015). This study was performed entirely in vivo on
plant leaves, where spectral were consistent with major physiological processes including

cell expansion in newer leaves and senescence in more mature leaves.

Taken together, the above studies show a significant contribution to an
exceptionally diverse set of plant varieties and cultivars subject to various stress or
disease conditions. Although as previously explained, the transfer of these studies to
applied crop sciences, requires further development of fully in vivo analysis. However,
the progress to date prompt the further evaluation of biospectroscopy approaches to study
plant-environment interactions, including, effects of abiotic and biotic stresses,
progression of disease, as well as complementary processes such as healthy development
and natural senescence. Ultimately, the transition to a full non-destructive sensor

technology will be met once certain technical limitations are overcome.
CHALLENGES AND LIMITATIONS

Development of biospectroscopy as an applied sensor technology requires portable
instrumentation. There is no doubt that lab-based biospectroscopy instruments have
contributed significantly to the plant laboratory, yet despite the availability of fully
portable equipment, no commercial applications have been developed. Laboratory based
IR spectrometers rarely accommodate the analysis of whole plants, specifically in fields
and semi-controlled environments (CE rooms, glasshouses, etc.), and part of the reason

why biospectroscopy applications require some form of sample preparation, limiting it as
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a potential field sensor. Fully portable instruments are available for biospectroscopy, and
while these have existed for some time, they have to our knowledge gone without
evaluation. For only a few examples of fully portable systems commercially available for
material science and related purposes, see (http://bwtek.com/technology/raman) and
(https://www.agilent.com/en/products/ftir/ftir-compact-portable-systems) for Raman and
MIR respectively. Both Raman and MIR offer variable attachments for customized uses.
Thus as part of the challenge of validating different instrument configurations, fully
portable units currently advertised for more traditional material science applications, have
to be evaluated for plant materials in the field. Especially because evaluating these
instruments could significantly accelerate the development of fully portable
biospectroscopy sensor systems for plants. Additionally, portable equipment comparisons
with lab based spectrometers, would contribute to the issue of validating tentative
spectral biomarkers generated in the lab, under field conditions. Figure 4 shows
challenges and considerations with regard to differences between laboratory and field,

which are generally applicable to technologies hoping to bridge the gap between lab and

filed applications.
Laboratory Conditions Field Conditions
Single Stress Stress Combinations (Abiotic/Biotic)

Variable Environment
Variable Stress-Variable Intensity
Stress Effects on Developmental Stages

Model Organisms Model Organisms
Standard Soil Conditions Heterogeneous Soil Conditions
Limited Soil Volume Weeds, Pests, Pathogens

Controlled Environment
Single Stress-High Intensity
Single Developmental Stage

Knowledge Exchange
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Figure 4: Differences in complexity between laboratory and field conditions showing
considerations for knowledge exchange between lab-based and field-based systems
(Adapted from Suzuki et al 2014).

The number of available options for sample preparation, spectral acquisition, and
data analysis, makes standardizing biospectroscopy approaches difficult leading to the
need for extensive validation before technologies become commercially viable. This can
be seen as analogous to the different conditions present within controlled laboratories
compared very high variability seen under field conditions. Due to the versatility of
biospectroscopy methods, most studies use different instruments and data analysis tools.
Therefore, spectral wavenumbers, extracted and listed as part of a study, are influenced
by the experimental design and instrument choice, which can make it difficult to compare
different studies. Consequently, this may hinder the knowledge transfer and progression
of biospectroscopy into routine application. In light of this, validation is needed to
confirm spectral wavenumbers intended to act as ‘biomarkers of effect’, many of which
are tentatively assigned, due to the intrinsic ambiguity of extrapolating from individual
bond vibrations to physiological effects. To augment the progression of biospectroscopy
towards industry application past its current uses, validation with complementary
methods ranging from traditional methods like chromatography, to other optical sensors
and OMICs technologies (genomics, proteomics, metabolomics, lipidomics, etc.) that like
biospectroscopy rely on multi component analysis of various classes of biomolecules. In
any case, before routine biospectroscopy applications are available, more standardized
approaches, as well as combinatorial data analysis approach combining multiple lines of

experimental inquiry, are imperative (Figure 5).
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Figure 5: Complementary data for Biospectroscopy validation and future integration of
these technologies as part of a multi-sensor platform.

CONCLUSIONS AND FUTURE PERSPECTIVES

Biospectroscopy is suitably matched to study the fundamental processes important for
crop protection and will help bridge the gap between lab and field applications by
facilitating interdisciplinary research through knowledge transfer. To tackle the many
challenges surrounding crop production and supply, innovative solutions to crop loss and
food waste in the food system are paramount. Closely linked to crop protection is our
understanding of the biological processes influencing plant development, as well as the
details of plant composition as related to valuable plant substances. The natural
complexity of plants, and the extraction of valuable substances for products, means that
no single technology will fill the gap, to produce more with less, currently challenging
modern agriculture. However, in meeting the challenge to fill the gaps leading to losses in
plant resources, priority will likely be given to methods that yield highly specific data
rapidly without destructive effects to delicate biological samples. To this end, many non-
destructive optical sensor technologies are under evaluation, sharing common goals
pertaining to crop protection and phenotyping (Mahlein 2016). As mentioned, these goals
include disease detection; species identification for phenotyping and taxonomic

classification; and increasing mechanistic insight into plant physiology and disease
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(Mahlein 2016). Further, Lucas (2011) (see also Crute 2003) outlined criteria for a truly

sustainable technology in the context of agricultural productivity:

1. Based on the use of one or more renewable resources
2. Does not break down due to evolutionary change

3. Has a broad spectrum of applicability
4

Is affordable in the context of the local economy and crop value

It becomes immediately clear from this discussion and previous developments that
biospectroscopy meets at least the first three points of these criteria. And while
affordability is still to be determined in this context, biospectroscopy certainly remains a
strong candidate sensor for development. The progression of biospectroscopy from its
humble beginnings in the analytical and material science laboratories, for basic
compound analysis, has expanded rapidly into the areas of plant and crop sciences for the
analysis of complex biological materials. The many functions of biospectroscopy in the
plant laboratory, whose principles potentially extend to applications in the field, are
plentiful. Biospectroscopy has demonstrated its capacity to meet many of the criteria
needed to fulfil specific goals within the plant, crop, and food sciences, which has
warranted its development towards an applied sensor technology for industry. Despite
scarce applications to intact plant systems in vivo, there remains exciting potential for
biospectroscopy especially in expanding these applications. Once challenges, including
validation of fully portable instruments, are successfully overcome, through integration of
biospectroscopy data with complementary methods, it may become a broadly applicable

and commercially available technology for analysis and diagnosis.

While most biospectroscopy studies analyse primarily solid or semi-solid
samples, there are future prospects in other prominent areas of plant and crop science,
which would benefit from gas and liquid sampling modes of IR spectroscopy. Specific
examples here include the analysis of VOCs such as isoprene, which have become
compounds of interest, due to their apparent ecological and defence functions (Dudareva
et al 2013). Liquid based biospectroscopy may prove useful for the investigation of

changes in the composition of plant biofluids, xylem and phloem sap. Biofluid analysis is
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currently a major topic in the biomedical area of biospectroscopy (Baker et al 2016b),
where ‘liquid biopsies’ performed on plants may be a knowledge exchange opportunity
between plant and biomedical sciences. Another area of interest will be the development
and combination of artificial intelligence with biospectroscopy, where computers will
autonomously take on all data analysis and processing without any external subjective

influence (Figure 5).
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