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Abstract

The challenges posed by several known and unknown biotic and abiotic stresses
arising due to increasing population, global warming, and other potential cli-
matic factors have severely affected the growth and yield of many agriculturally
important crops. Abiotic stresses such as drought, flood, salinity, high tempera-
ture, etc. not only influence the physiology of plants but also accompany occur-
rence and spread of various pathogens, insects and weeds, which may sometimes
lead to a famine-like situation. In this context, understanding the crops’ response
towards different stress conditions and the underlying stress resistance mecha-
nisms has become a challenging task for plant breeder in breeding stress-resistant
or climate resilient varieties. With the advent of molecular technologies and
functional genomics over past decade, whole genome sequence of many crops is
now available and has simplified the process of cloning and characterization of
key genes governing important agronomic traits along with the physiological
pathways underlying them. But to appraise the full potential of a genotype under
stress condition, it is important to evaluate the response in terms of phenotypic
behavior and the elements coordinating such responses. So, this post-genomic
era has given rise to the need of advanced phenotyping tools for efficient
utilization of the vast amount of genomic data in climate resilient breeding. The
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advanced phenotyping approaches use different imaging techniques that record
interaction between plant and light which are transmitted, reflected or absorbed
and provide measurements related to quantitative phenotypic traits with desired
accuracy and precision. The various imaging techniques record the interaction
between plants and light like photons, which are transmitted, reflected or
absorbed and provide the desired level of accuracy and precision in measure-
ments related to quantitative phenotypic traits. Visible light imaging, infrared-
and thermal-based imaging, fluorescence imaging, spectroscopy imaging, and
other integrated imaging techniques are currently in use for precise phenotyping
of crops under varied environments. The advanced phenomics tools measure
plants’ response to different abiotic stresses in terms of root architecture, chloro-
phyll content, canopy temperature deficit and other morphological traits along
with disease and insect infestation with a great precision without taking much
time and simplifying the germplasm screening process to a great extent. Hence,
phenomics is an indispensable tool needed to bridge the gap between phenotyp-
ing and genotyping that is highly recommended to cope up the climate resilient
varieties.
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18.1 Introduction

As per the latest population prospects, the world population has been predicted to
increase by 34% from 6.8 billion today to 9.1 billion in 2050 with continuation in
urbanization at an accelerated pace reaching to 70% of the urban population as
compared to 49% today. So, it must need to stretch the food production by 70% so
as to feed this larger, additional urban and richer population (FAO 2009). It urges an
undeviating expansion in crop production, despite adverse environmental condi-
tions and a limited cultivable area to meet the global challenge to sustain the grow-
ing human population (Furbank and Tester 2011).

The challenge posed by several known and unknown biotic and abiotic stresses
related to worldwide food availability has worsened in the current scenario of
adverse and unexpected climatic conditions (Pereira 2016). Global warming and the
potential climatic abnormalities associated with it have exposed our crops to vari-
able number of biotic and abiotic stress combinations severely affecting their growth
and yield (Mahalingam 2015; Pandey et al. 2017; Ramegowda and Senthil-Kumar
2015). Abiotic stresses such as drought, high and low temperatures, salinity, etc.
resulting from global climate change have shown to affect crop production in sev-
eral ways. The abiotic stresses affect crop productivity by various ways such as
altering different physiological processes, spread of pathogens, insects and weeds,
sometimes leading to an enhanced risk of famine (McDonald et al. 2009; Ziska
et al. 2010; Peters et al. 2014; Long et al. 2015). The impact of concurrent
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occurrence of abiotic and biotic stresses is not always additive and depends on the
nature of interactions between various stress factors (Atkinson et al. 2013; Prasch
and Sonnewald 2013; Choudhary et al. 2016; Ramu et al. 2016). Such environmen-
tal extremes cause drastic decline in crop productivity worldwide leading to an
annual monitory loss of billions of dollars (Dhankher and Foyer 2018).

The agro-ecological changes occurring due to global warming influence crop
physiology to a great extent and pose various threats to naturally occurring crop
species (Hatfield and Prueger 2015; Espeland and Kettenring 2018; Raza et al.
2019). In this context, understanding the crops behavior towards a particular stress
condition and the underlying stress resistance mechanism has emerged as a chal-
lenging task for plant breeder in breeding stress-resistant or climate resilient variet-
ies. There is urgent need to combat these challenges by devising various innovative
methodologies in order to obtain high yield and quality with limited resources. With
rapid development of functional genomics and other molecular technologies over
past decade, whole genome sequence of many crops is now available and dozens of
key genes controlling important agronomic traits as well as physiological pathways
have been cloned or characterized (Hu et al. 2006; Yang et al. 2013).

To appraise the potential of a genotype under any abiotic stress, it is required to
evaluate the response in terms of phenotypic changes and the elements that coordi-
nate a plant’s response under stressed situation (Mickelbart et al. 2015). In the post-
genomics era also, phenotyping is of higher concern as crop improvement
techniques, like QTL analysis, genome-wide association studies (GWAS), fine
mapping of genes/QTL, and genomic selection (GS) rely on the precise and accu-
rate measure of phenotypic examination in crop plants. It has been reported the
inefficient utilization of crop genetic resources due to the underdevelopment of crop
phenomics techniques (Cabrera-Bosquet et al. 2012).

The adequate exploitation of available genetic information has not been possible
till date due to outdated phenotypic tools. For removing this bottleneck and taking
full benefit of available genomic information, high-throughput phonemics facilities
should be employed to get new insight into all aspects of living plants (Poorter et al.
2012; Furbank and Tester 2011; Finkel 2009). So, the phenotypic bottleneck can
now be addressed by using novel technologies such as image analysis, spectros-
copy, robotics, high-performance computing, etc. for phenotypic data recording.
This will definitely facilitate a more dynamic platform for field evaluation of plant
performance in a much faster way (Furbank and Tester 2011).

Abiotic stress alters the basic metabolism of plants, resulting in increased pro-
duction of secondary metabolites and compatible solutes, generation of reactive
oxygen species (ROS) and reducing agents (Suzuki et al. 2012). Phenotypic exami-
nation of the important parameters specific to the stress using relevant and sophisti-
cated techniques results in a precise and accurate appraisal of the phenotypic
response. Various parameters have been used to measure the level of tolerance or
susceptibility of a genotype under the particular degree of a stress. For example,
root morphology and leaf-traits such as leaf rolling and relative water content, bio-
mass and yield-associated traits are taken under consideration while determining
tolerance to salinity and drought (Collins et al. 2008). Considering the foremost
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significance of the “phenotype” in crop improvement, precise and accurate pheno-
typing of integral traits associated with abiotic stress is of great concern (Yang et al.
2013). To witness a dramatic advancement in crop improvement, novel phenotyping
tools are required that can record the phenotypic changes precisely and accurately.
In the recent past decades, stupendous progress has been made in terms of large-
scale genomic technologies such as sequencing, genotyping, and next-generation
sequencing with limited progress on the phenomics front. Given this, time demands
the development of automated phenotyping platforms which can generate high-
throughput and high-resolution precise and accurate data along with the ability to
measure nonvisible phenotypic changes (Maphosa et al. 2016). Some headway has
been made with establishment of high-throughput phenotyping facilities having
robust software system, which encompass visible light imaging, X-ray computed
tomography, and hyperspectral imaging. Many plant phenotyping centers have been
established in different countries with the potentiality to automatically image thou-
sands of plants and, notably, few QTLs have also been identified in various crops
based on these modern amenities (Zhang et al. 2017). These centers are PHENOPSIS
system in France (http://www.international.inra.fr/), High Resolution Plant
Phenotyping Centre (http://www.plantphenomics.org.au/HRPPC) In Australia, the
Institute of Biological, Environmental and Rural Sciences (IBERS) in the United
Kingdom (http://www.aber.ac.uk/en/ibers/), and the Leibniz Institute of Plant
Genetics and Crop Plant Research in Germany (http://www.ipk-gatersleben.de). An
integrated approach to plant phenotyping will assist to better understanding of the
traits being influenced by the stresses. The modern facilities offered by crop phe-
nomics help plant breeders to adroitly identify crop genotypes with tolerance to
various stresses and guide them to develop a resilient crop capable to withstand
climate change.

18.2 Phenomics

Phenomics is a field of science, based on using the methods of computer image
analysis and integration of biological data which combines biology and informatics
to solve the problem of rapid and accurate estimation of the plant phenotype and to
analyze phenotypic traits in large-scale genetic and breeding experiments in plants.
Advanced phenotyping approaches use image processing with visible to near-
infrared light spectrum to yield image datasets of the crop phenotype in a non-
harmful manner (Rahaman et al. 2015). The advanced imaging tools for plant
biology (Paproki et al. 2012) include visible light imaging, hyperspectral imaging,
infrared imaging, fluorescence imaging and X-ray computed tomography, sup-
ported with a robust software system, generate unique and multilevel phenotyping
data (Sozzani et al. 2014). The various imaging techniques record the interaction
between plants and light like photons, which are transmitted, reflected or absorbed
and provide the desired level of accuracy and precision in measurements related to
quantitative phenotypic traits. The various imaging devices currently used for high-
throughput phenotyping of crop plants are as follows.
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18.2.1 Visible Light (300-700 nm) Imaging

For tolerance to abiotic stress-responsive and associated traits, visual survey has
been a standard practice. Visible imaging techniques based on two-dimensional
(2D) digital images are being used to examine shoot-related traits like shoot bio-
mass (Neilson et al. 2015), shoot tip extension, root and leaf morphology, panicle
and seed morphology, etc. (Fahlgren et al. 2015). Visible imaging sensors like sili-
con sensors (CCD or CMOS arrays) are sensitive to visible spectrum (Li et al.
2014). Three-dimensional (3D) imaging as well as both integrated 2D and 3D imag-
ing technologies are being used to generate more accuracy on complex phenotypes
(Rahaman et al. 2015). Shoot dry weight of wheat seedlings for salt stress with a
LemnaTec 3D Scanalyzer has been accurately measured by Golzarian et al. (2011).
In case of salinity stress, salt accumulation can be correlated by measuring variation
between yellow and green areas of the leaf. Image analysis has ability to record
stress tolerance traits in a small as well as large populations like mapping popula-
tions or mutant populations which facilitate to undertake a genetic study to charac-
terize genes controlling the variations among tolerance-related traits. Phenotyping
has been done for various abiotic stresses in many crops using different platforms,
like PHENOPSIS (Granier et al. 2006) and WIWAM (https://www.wiwam.be/) for
drought stress in Arabidopsis; LemnaTec for drought stress in barley (Honsdorf
et al. 2014) and maize (Ge et al. 2016) and for salt stress in rice (Hairmansis et al.
2014), barley (Humplik et al. 2015) and wheat (Meng et al. 2017); Plant Screen for
chilling tolerance in Arabidopsis (Jansen et al. 2009) and GROWSCREEN for chill-
ing tolerance in pea (Humplik et al. 2015).

18.2.2 Infrared- and Thermal-Based Imaging

Infrared imaging visualizes infrared radiation radiated from the object through
Stefan—Boltzmann equation (R%eoT4) which utilizes internal molecular move-
ments emitting infrared ray for imaging (Kastberger and Stachl 2003). Infrared
imaging technology having sensitive range of thermal cameras (3—14 pm) utilizes
near-infrared (0.9-1.55 pm) and far-infrared (7.5-13.5 pm) ranges (Li et al. 2014).
In addition, NIR imaging combined with visible imaging provides deeper visualiza-
tion into plant health under various stress conditions by making available well-
defined spectral features for leaf water content, pigments, and biochemicals like
lignin and cellulose (Yang et al. 2013). It is also used to see the stomatal responses
under salinity and drought by observing differences in canopy temperature
(Rahaman et al. 2015). Nowadays, various user-friendly thermal cameras with high
thermal sensitivity are available to detect plant canopy temperature with higher
resolution detectors which provide images of high spatial resolution with precise
measurements in large fields during varied climatic conditions on real-time basis (Li
et al. 2014). Leaf water status and gas exchange can be evaluated by thermal imag-
ing by observing leaf and canopy temperature. Canopy temperature differences
amid the canopy and surrounding air can be taken as measure for drought tolerance.
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Thermal infrared imaging also allows characterization of tolerance to stresses like
drought and salinity on osmotic tolerance and Na + exclusion basis and recording of
relative chlorophyll content and leaf color (Merlot et al. 2002; Jones et al. 2009;
Munns et al. 2010).

18.2.3 Fluorescence Imaging

Fluorescence is the emission of light of low wavelength after absorbance of light.
Fluorescence imaging blazes light of blue wavelength (<500 nm) on the plants and
in response fluorescence light is emitted at 600—750 nm in the red spectrum. The
fluorescence differences are photographed and modified into color signals using
software to analyze them (Weirman 2010). Chlorophyll fluorescence is generally
recorded in phenomics to disclose the effect of various stresses on genes and the
plant’s ability to cope photosynthesis under these traumas (Weirman 2010).
Fluorescence imaging (Rascher et al. 2001; Osmond et al. 2004) can also help to
study stomatal movement, phloem loading and unloading, and plant metabolite con-
tent under stress. Ultraviolet light produces red to far-red region and blue to green
region fluorescence (360—740 nm) which captures fluorescence emission by single
excitation wavelengths (Rahaman et al. 2015). Chlorophyll fluorescence (ChlF)
imaging has been used to measure growth, morphology, color, and photosynthetic
performance in rice (Hairmansis et al. 2014) and Arabidopsis thaliana (Awlia et al.
2016) under salt stress.

18.2.4 Spectroscopy Imaging

Spectroscopy imaging is due to the interaction between solar radiation and plants
via hyperspectral and multispectral cameras. Hyperspectral imaging dissects images
into bands, thus generating electromagnetic spectrum in the images (Yang et al.
2013). Various spectral regions have been identified like (1) NDVI (normalized dif-
ference vegetation index) compares red and near-infrared reflectance, (2) CRI
(carotenoid reflectance index) determines three wavebands in the yellow region, and
(3) PRI (photochemical reflectance index) that correlates functional status of non-
photochemical energy conservation (Fiorani et al. 2012). In NIR region, radiation
passed from upper leaves to lower leaves is reflected back to upper part leading to
resolve leaf and canopy architecture. Further, reflectance gradually decreases with
an increase in wavelength and absorption due to leaf water content showing its
water status. This spectral reflectance information is utilized to compute vegetation
indices and enables the detection of NDVI. The vegetation indices are associated
with various traits like pigment content, water status, and active biomass (Penuelas
and Filella 1998; Din et al. 2017). A matrix factorization method called SiVM (sim-
plex volume maximization) has been applied in cereal crops by Romer et al. (2012)
to figure out hyperspectral data for early drought detection.
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18.2.5 Integrated Imaging Techniques

Various technical progression has shifted towards live imaging of plants, e.g., func-
tional imaging and optical 3D structural tomography. Positron emission tomogra-
phy (PET) and ChIF imaging under functional imaging category evaluate
photosynthetic performance by focusing on physiological changes under stress
(Baker 2008). PET is a nondestructive technique which uses the positron-emitting
radionuclides metabolite compounds labeled with C11, N13, or Fe52 (Kiyomiya
et al. 2001). Magnetic resonance imaging (MRI) is an improved technique which
creates images by integrating magnetic fields and radio waves which is used to cap-
ture root architecture in pots and internal physiological processes (Borisjuk et al.
2012) along with water diffusion and transportation via xylem and phloem in crop
plants like tomatoes, tobacco, poplars, and castor beans (Windt et al. 2006).
Integrated technique of both MRI and PET offers a novel image to monitor real-
time changes in plant function and structure. Jahnke et al. (2009) studied photo-
assimilation in sugar beet taproots and shoot-to-root carbon fluxes by coupling PET
and MRI using [C11]-labeled CO,.

Forster resonance energy transfer (FRET) is a further advanced and outstanding
noninvasive or nondestructive technology for molecular phenotyping based on
genetically encoded, radiometric fluorescent sensors (Jones et al. 2014). Various
multiple pathways and dynamic processes of the plants can be identified through a
single FRET sensor. FRET has successfully detected calcium and zinc dynamics
along with subcellular spatial and temporal resolution in real time in roots during
sugar transport (Jones et al. 2014). FRET by its advanced phenotyping ability can
address all the basic questions related to plant growth and development. A high-
resolution 3D laser scanner, PlantEye was used to phenotype wheat crop under con-
trol and salt stress in a controlled environment. It scans plants from overhead,
creating a data cloud from which traits such as 3D leaf area, plant height, and leaf
are computed by the system (Maphosa et al. 2016).

18.3 Application of Phenomics in Stress Management
18.3.1 Phenomics tool for abiotic Stresses

Abiotic stresses such as drought, salinity, heat, cold, water logging, etc. are major
causal factor affecting agricultural productivity, thereby leading to more than 50%
of worldwide yield loss of major crops every year (Verma and Singh 2016). Many
of these abiotic stresses are interconnected in terms of osmotic stresses and various
metabolic changes occurring within the plant. This happens mainly due to alteration
in expression pattern of group of genes governing different physiological aspects of
plants that finally leads to reduced growth rate and productivity (Kumar 2013).
Hence, in-depth study and better understanding of complex responses of plants
towards abiotic stresses will require an integrated knowledge of genomic and phe-
nomic facilities.
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Global climatic changes have resulted in an increased temperature and atmo-
spheric carbon dioxide level accompanied with in-appropriate rainfall ultimately
leading to drought. Severe drought is highly lethal and may cause premature plant
death leading to entire crop failure, while intermittent drought conditions are not
lethal but may cause unpredicted yield losses by affecting plant growth and devel-
opment (Kumar 2013). Drought strike areas often accompany other stresses like
high temperature, soil salinity, disease and pest infestation, etc., which all together
bring about different morphophysiological changes in the crop. Various morpho-
physiological traits and the corresponding QTLs affecting yield under stress condi-
tions were grouped as constitutive, expressed under both water stress and
well-watered conditions or drought-responsive which expressed only under severe
drought conditions (Blum 2006; Tuberosa 2012). The morphophysiological traits
that should be targeted for developing drought tolerant varieties must include root
architecture, early vigor, flowering time, stomatal conductance, canopy temperature
depression (CTD), ABA concentration, osmotic adjustment, chlorophyll concentra-
tion, stay-green, delayed leaf senescence, etc.

Plants exhibit more carbohydrate allocation to the root system when grown in a
nutritional or water deficit environment producing a root system with increased
length and density which allows greater contact with the soil for more water and
nutrient absorption (Nielsen et al. 2001; Ma et al. 2001; Lopez-Bucio et al. 2002).
Phenotyping of roots under field conditions often depends on traditional methods,
like root excavation techniques for determining its length and density (Araus and
Cairns 2014). The difficulties associated with root phenotyping can be resolved by
utilizing modern root phenomics approaches. DoVale and Fritsche-Neto (2015)
grouped the modern phenotyping platforms into two groups: ex situ and in situ
analysis-based phenotyping. The ex situ evaluation utilizes hydroponics, aeropon-
ics, agar medium, etc. for easily visualizing and capturing images. Sometimes, rhi-
zotrons and minirhizotrons are also being used to study roots while still in soil
(DoVale and Fritsche-Neto 2015). Digital scanning in combination with computer-
ized image analysis is used for rapid evaluation of root morphology viz., diameter,
length, branching, topology, etc. In addition to scanners, other devices such as
microscope with vertical plates, digital cameras, different hardware for acquiring
automated images, etc. can also be used for capturing images of roots. The images
captured with these devices can be evaluated using software, like WinRHIZO,
RootTrace, RootNav, etc. (Polomsky and Kuhn 2002). Likewise, GT-Roots (Global
Traits of Root System) is an integrated Java-based open-source software developed
for processing of root system images of dense cereal plants captured in a high-
throughput phenotyping platform (Borianne et al. 2018).

Plants undergo different physiological and anatomical changes in response to
stresses which are likely to affect their ability to tolerate stresses and are needed to
be effectively identified for carrying out plant breeding researches. Apart from root
phenomics, field phenotyping is very crucial in breeding varieties suitable for stress
prone environment. Thermal imaging in conjunction with visible and near-infrared
(NIR) images enable estimation of canopy temperature and selection of specific
plant parts for water stress estimation (Jones et al. 2002; Moller et al. 2007). Early
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vigor is an important trait for optimizing water use efficiency that minimizes direct
evaporation from soil surface by boosting an early vegetative ground cover (Condon
et al. 2004; Tuberosa 2012) and accumulate more carbohydrate reserves and water
for survival of plants under drought stresses (Palta et al. 1994; Rebetzke et al. 2007).
This can be measured by using different sensors and cameras. These nondestructive
phenotyping tools detect and quantify the spectral reflectance arising due to interac-
tion between plant parts and electromagnetic radiation at different spectral wave-
lengths such as visible (VIS: 400700 nm), near-infrared (NIR: 700-1000 nm) and
short-wave infrared (SWIR: 1000-2500 nm) and can offer high throughput and
reproducible screening of early vigor (Fahlgren et al. 2015; Mulla 2013). Infra-red
thermometry (IRT) or thermal imaging is used for sensing stomatal conductance
and is widely used for irrigation scheduling (Jones 2004; Leinonen et al. 2006). The
hyperspectral imaging technique has been successfully used in various remote sens-
ing appliances for estimating the level of soil salinity (Poss et al. 2006; Hamzeh
et al. 2013; Sytar et al. 2016) and the effect of soil salinity on different crops like,
cotton, corn, cogon grass, etc. (Zhang et al. 2011).

18.3.2 Phenomics tool for biotic Stresses

Plant diseases affect food safety and security by causing huge amount of economic
loss in yield and quality of farm produce. The most effective and sustainable way to
minimize these economic losses is development of new cultivars with high level of
resistance against devastating disease. It requires extensive phenotyping of germ-
plasms and breeding lines which is time consuming, less reliable and labor intensive
and hinders the pace of molecular marker-based breeding. The symptoms produced
due to complex plant—pathogen interactions are sometimes highly variant and not
visually apparent. Visual assessment of these symptoms may give inaccurate or
imprecise results that ultimately affect the entire breeding program. Most of the
resistance breeding approaches are being carried out with resistance or R-genes
(Mutka and Bart 2015), which have been proven to be successful in many cases, but
often the resistance is lost quickly due to rapid evaluation in pathogen (Kunkeaw
et al. 2010; Dangl et al. 2013). Hence, quick and accurate assessment of plant
responses at an early stage is very important in investigation of plant—pathogen
interactions and development of resistant cultivars through modern molecular
breeding programs.

During last decade, many sensor-based phenotyping tools were developed and
used for detecting various stress symptoms occurring on plants in response to dis-
ease and pest attacks (Goggin et al. 2015; Mahlein 2016; Scholes and Rolfe 2009;
White et al. 2012). High-throughput phenotyping (HTP) platform utilizes digital
and fluorescence cameras, near-infrared or far-infrared sensors, laser scanner,
hyperspectral cameras, magnetic resonance imaging (MRI), etc. for screening of
disease symptoms (Goggin et al. 2015). Microscopic digital imaging can detect
growth of fungal hyphae on leaves and quantify plant immune reaction. This tech-
nique has been used by Simko et al. (2014), to detect QTLs for powdery mildew
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resistance in lettuce. Chlorophyll fluorescence imaging identifies pathogenic infec-
tions that abruptly alter photosynthetic activity of plants such as southern corn rust
(Duraes et al. 2002), Cercospora leaf spot in sugar beet (Chaerle et al. 2007), TMV
infection in tobacco (Chaerle et al. 2004), etc. Multi- and hyperspectral imaging
sensors can detect all kinds of electromagnetic waves including UV and IR radia-
tions which are generally not visible by human eye (Simko et al. 2017). Laboratory-
based hyperspectral imaging technique has been reliably used for detecting head
blight disease in winter wheat (Bauriegel et al. 2011a, b) and Cercospora leaf spot
disease in sugar beet (Bergstrasser et al. 2015). Multispectral imaging has been used
in remote sensing devices for knowing the health status of powdery mildew and leaf
rust infected wheat crop under field conditions (Franke and Menz 2007). Susceptible
plant—-pathogen interactions may accompany local temperature changes due to sto-
matal closure and limited evaporation rates (Chaerle et al. 2007); resulting hyper-
sensitive responses can be detected using thermal imaging (infra-red thermography)
before appearance of visual symptoms. Magnetic resonance imaging can produce
three-dimensional (3D) images of an object by using magnetic fields and radio
waves and has been used to nondestructively detect diseases caused by soilborne
basidiomycetes, cyst nematodes, and other belowground symptoms (Hillnhutter
et al. 2012; Simko et al. 2017).

The sensor-based imaging techniques are also useful in capturing insect injuries
such as defoliation caused by caterpillar, feeding scars of thrips on leaves and stem,
necrosis and chlorosis caused by aphids, etc. (Hebert et al. 2007; Goggin et al.
2015). Alteration in photosynthesis, chlorophyll content, etc. caused by herbivores
are well detected by chlorophyll fluorescence imaging techniques (Nabity et al.
2009; Kerchev et al. 2012). Likewise, multi- and hyperspectral imaging techniques
enable remote sensing of insect infested field (Backoulou et al. 2011), diagnosis of
pest damage intensity and detect cryptic herbivores like stem borer hiding within
plant tissues (Goggin et al. 2015). Besides, high-throughput imaging tools also play
important role in comparing base-line performance of different genotypes, monitor-
ing the behavior of insects as vectors, visualizing plant defense mechanism, and so
on (Goggin et al. 2015).

18.4 Conclusion

High-throughput phenotyping tools measure various changes occurring within
plants in response to abiotic and biotic stresses with a greater accuracy and preci-
sion. All these sensor-based phenotyping techniques in conjunction with disease or
insect diagnosis assays and automatic weather monitoring facilities will not only
simplify the process of screening but will also serve well in early detection of dis-
ease or insect infestation for timely application of management practices. Also,
rapid advancement in next-generation sequencing and resequencing techniques,
genome sequencing, development of high-throughput molecular markers like SNPs
(single nucleotide polymorphisms), etc. have provided a deep insight into genetic
variations associated with complex traits produced due to plants’ response towards
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various biotic and abiotic stresses and require precise phenotyping data for their
efficient utilization in stress breeding program.

All genome-based breeding techniques such as marker-assisted selection,
genome-wide association studies, gene/QTL mapping, reverse genetics approaches
like TILLING, EcoTILLING, gene silencing, insertional mutagenesis, etc. generate
huge amount of biological data and require precise phenotyping of thousands of
plants under diverse environmental scenario for their implication in crop improve-
ment. Automated phenotyping tools are capable of capturing information on struc-
ture, function, and phenotypic expression of large number of genotypes under varied
environmental conditions; analyzing, organizing, and storing the information in dif-
ferent datasets; and ultimately producing models to disentangle and simulate plant’s
performance in a range of environmental scenario (Tardieu et al. 2017). Field phe-
notyping is highly crucial for screening the performance of large number of geno-
types under varied climatic conditions. Potential use of these nondestructive
automated phenomics tools for stress sensing will hasten the climate resilient breed-
ing procedure by simplifying the screening and selection of tolerant genotypes.
Hence, high-throughput phenomics is an indispensable tool needed to bridge the
gap between phenotyping and genotyping and witness a dramatic advancement in
crop improvement and cope the challenging task of breeding stress-resistant or cli-
mate resilient varieties in a shorter period of time.
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