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Abstract

Precise and accurate measurement of traits plays an important role in the
genetic improvement of crop plants. Therefore, a lot of development has
taken place in the area of phenomics in the recent past. Both forward and
reverse phenomics have been evolved, which can help in identification of
either the best genotype having the desirable traits or mechanism and
genes that make a genotype the best. This includes development of high
throughput non-invasive imaging technologies including colour imaging
for biomass, plant structure, phenology and leaf health (chlorosis, necro-
sis); near infrared imaging for measuring tissue and soil water contents;
far infrared imaging for canopy/leaf temperature; fluorescence imaging
for physiological state of photosynthetic machinery; and automated
weighing and watering for water usage imposing drought/salinity. These
phenomics tools and techniques are paving the way in harnessing the
potentiality of genomic resources in genetic improvement of crop plants.
These techniques have become much more advanced and have now
entered the era of high throughput integrated phenotyping platforms to
provide a solution to genomics-enabled improvement and address our
need of precise and efficient phenotyping of crop plants.
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(Bruinsma 2003) because demand for cereals,
biofuels and feed stocks has already surpassed
the current supply and is expected to rise further
in the near future (Furbank et al. 2009; Sticklen
2007). Therefore, there is a competition among
crops for arable land in order to increase their
production. Rising global mean temperature by
0.8 °C since the 1850s, which is expected to
increase further by 1.8-4.0 °C by the end of this
century, will have further impact on agricultural
production due to changing climate (Solomon
et al. 2007) and prevalence of abiotic stresses
with more intensity and frequencies (Tester and
Langridge 2010). It has been estimated that in
future average crop yields may decline across
Africa and South Asia by 8 % by the 2050s
(Knox et al. 2012). These declines in yields
have been predicted about 17 % in wheat, 5-16
% in maize, 11-15 % in sorghum, and 10 % in
millet across above regions under regimes of
climate change (Wheeler and von Braun 2013).
Therefore, development of ‘climate-smart’
germplasm would be a priority to tackle these
future challenges of climate change (Ziska and
Bunce 2007; Leakey et al. 2009).

The use of conventional plant breeding
methods has made substantial gain in crop yield
worldwide. However, researchers are now
observing that current breeding methods will
not be sufficient to meet the projected future
demand of foods (Furbank et al. 2009; Tester
and Langridge 2010; Sticklen 2007). Therefore,
this has shifted our focus towards the use of
genomics and gene technology advances for
assisting the current breeding programs in order
to increase grain yields. These developments are
being utilized in trait discovery, genetic dissec-
tion of complex traits and discovery of associated
genes and their deployment in varieties. This has
resulted so far in more than 5,000 publications on
mapping of quantitative trait loci (QTL) and their
isolation during the past years (Zamir 2013). In
spite of these efforts, the identified QTLs/genes
could not be deployed in mainstream breeding
programs because identification of most of these
QTLs/genes was not based on the precise and
accurate phenotyping data of targeted traits.
Hence, association of these QTL/genes with the
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phenotype in a ‘real world’” environment remains
elusive as many false positive QTL have been
reported earlier.

Although a large collection of germplasm of
different crop species are available worldwide,
phenotypic descriptions of these genome wide
knockout collections are still limited. As a result,
it restricted the use of genomic resources for
identifying the allelic variation for a promising
candidate gene in natural germplasm collection
(see Miyao et al. 2007). The poor utilization of
genomic resources could also be due to the lack of
analysis of invisible traits and sometimes com-
plex phenotypic effects of genetic modification.
Therefore, identification of a candidate germ-
plasm that carries genes for targeted traits is
only possible when we will have the precise and
accurate phenotyping profile of the germplasm.
Phenotyping of valuable agricultural traits such
as grain yield, abiotic stress tolerance, and
nutritional quality is widely recognized as the
most laborious and technically challenging
because replicated trials are necessary across
multiple environments over a number of seasons.
Some of the current phenotyping tools also
require destructive harvesting at fixed time
intervals or at a particular phenological stage
and are slow and costly. These bottlenecks in
field phenotyping have driven intense interest
over the past decade and hence efforts have
been made on development of new high through-
put phenotyping tools and techniques such nonin-
vasive imaging, spectroscopy, image analysis,
robotics and high-performance computing for
phenotyping. These tools can not only be used
in laboratories but also in field leading to high-
throughput analysis of phenotypes in natural
conditions as well as under controlled-
environment conditions. Now, field evaluation
of plant performance is much faster, and
facilitates a more dynamic, whole-of-lifecycle
measurement less dependent on periodic destruc-
tive assays. The dedicated high throughput
controlled-environment facilities have also
improved the precision in recording the data and
reduce the need for replication in the field. Thus
these advances have revolutionized the field of
the accurate and precise phenotyping for
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important traits and bring us to the age of
‘phenomics’ and overview of these developments
have been presented in this chapter.

1.2  Origin of Plant Phenotyping
Plant phenotyping has been a part of crop and
variety selection since the time of human civili-
zation when humans selected the best individuals
of a crop species for domestication (Diamond
1997). Subsequently it has become common
practice in plant breeding for selecting the best
genotype after studying phenotypic expression in
different environmental conditions and also
using them in hybridization programs in order
to develop new improved genotypes (Pearson
et al. 2008; Fisher 1925; Annicchiarico 2002).
Ecologists used phenotyping to study phenotypic
plasticity of genotypes during the middle of the
twentieth century and suggested the role of the
genotype and environmental conditions in the
expression of plant phenotypes under which it
develops (Suzuki et al. 1981). Subsequently,
developments in ecology in relation to
phenotyping are the trait-based approaches, in
which phenotypic characteristics of a wider
range of different species are evaluated either in
the field (Reich et al. 1992) or under laboratory
conditions (Grime and Hunt 1975; Poorter et al.
1990). They were used to derive different
strategies by which the ecological niche of spe-
cies could be described (Grime 1979) and to
analyze the interdependence of various traits
(Wright et al. 2004).

1.3  Phenomics

The word ‘phenome’ refers to the phenotype as a
whole (Soul 1967) i.e., expression of genome for
atrait in a given environment while in phenomics
we get high-dimensional phenotypic data on an
organism at large scale. Actually phenomics is
used as analogy to genomics. However it differs
from genomics. In genomics, complete charac-
terization of a genome is possible while in
phenomics, complete characterization of

phenome is difficult due to the change in the
phenotypic expression of traits over the environ-
mental conditions (Houle et al. 2010).

1.4  Phenotype vs Phenomics
Phenotype of a plant can be described on the
basis of morphological, biochemical, physiologi-
cal and molecular characteristics. Different
parameters are measured to describe these
characteristics. Johannsen (1911) has coined the
terms  ‘genotype’ and  ‘phenotype’. He
demonstrated substantial variation in quantita-
tive traits to which he called ‘phenotypical’ in
genetically-identical material and thus proved
that variation in a given observed traits is not
controlled entirely by genetics. Therefore, use
of statistical analysis has been suggested for
identifying the differences among genotypes
because phenotypic variation within a genotype
can obscure phenotypic differences among
genotypes. This leads to origin of pheno- word.
After 1950, ‘phenotyping’ as a noun, ‘to pheno-
type’ as a verb and ‘phenome’ as the collective
noun were introduced, which have been accepted
scientifically and are being utilized commonly in
literature.

Forward and Reverse Plant
Phenomics

1.5

Plant phenomics is the study of plant growth,
performance and composition. Figure 1.1
showed the use of forward and reverse
phenomics in genetic improvement. Forward
phenomics uses phenotyping tools to discrimi-
nate the useful germplasm having desirable traits
among a collection of germplasm. This leads to
identification of the ‘best of the best’ germplasm
line or plant variety. Use of high-throughput,
fully automated and low resolution followed by
higher-resolution screening methods have
accelerated plant breeding cycle by screening a
large number of plants at seedling stage. Thus
interesting traits can be identified rapidly at early
stage and there is no need to grow plants up to the
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Fig. 1.1 Forward and reverse phenomics for genetic improvement in crop plants

maturity stage in field. Now it is possible in
forward phenomics to screen thousands of plants
in pots running along a conveyor belt, and
travelling through a room containing automated
imaging systems such as infra-red or 3D
cameras. The pots are labelled with barcodes or
radio tags, so that the system can identify which
pots contain plants with interesting traits. The
selected plants can then be grown up to produce
seed for further analysis and breeding.

The reverse phenomics is used where the best
of the best genotypes having desirable trait(s) is
already known. Now through reverse phenomics,
traits shown to be of value to reveal mechanistic
understanding are dissected in details and subse-
quently the identified mechanisms are exploited
in new approaches. Thus in reverse phenomics,
we discover mechanisms which make ‘best’
varieties the best. This can involve reduction of
a physiological trait to biochemical or biophysi-
cal processes and ultimately a gene or genes. For
example, in case of drought tolerance,
researchers try to work out the mechanisms
underlying the drought tolerance and find out
the gene or genes that are responsible for
it. These genes are screened in germplasm or
the gene can be bred into new varieties.

1.6  Genes and Phenes

To describe phenotype is more challenging than
genotype because it changes over the
environments. Therefore, the term ‘phenotype’

is not completely straight forward (Mahner and
Kary 1997) and it varies among the various sub
disciplines of biology. Ecologists traditionally
define phenotype as trait when they refer to a
phenotypic variable of a plant such as the specific
leaf area (SLA). However, some ecologists also
refer to traits in relation to characteristics of
vegetation, such as the leaf area index (LAI).
Like gene, ‘trait’ has been designated as
‘phene’. However it can be over simplification
for a one-to-one relationship between gene and
phene because one gene can have a range of
pleiotropic effects and many genes can control
a trait. The term ‘phenome’ is being utilized as a
counterpart to ‘genome’. Thus as total constella-
tion of all genes (alleles) present in an individual
is known as genome. Therefore, similarly the
phenome would be the aggregate of all the
expressed traits of an individual. Actually, use
of various terminology may overlap as they ful-
fill various and different needs for different
niches of the scientific community. A clear and
singular definition throughout the full domain of
biology is desirable but probably unreachable
(Mahner and Kary 1997).

1.7  Advances in Phenomics

Morphological, physiological and biochemical
traits are important to breeders for making
genetic improvement for yield, quality and toler-
ance to biotic and abiotic stresses. These traits
have been discussed in details in Chap. 2.
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Conventionally, phenotyping data on these traits
are recorded either visually or manually, which is
time-consuming and required a lot of efforts.
This also increases chance of errors in measure-
ment of traits. As a result, it increases chance to
identify the false positive alleles, which leads to
slow gain in genetic improvement. Therefore
during the past few years, focus has been shifted
on precise, accurate and rapid phenotyping of
traits on a large scale. High-throughput
phenotyping using non-invasive imaging
technologies is a rapidly advancing field (www.
plantphenomics.org.au; Furbank et al. 2009;
Finkel 2009; Jansen et al. 2009; Berger et al.
2010). These techniques are based on colour
imaging for biomass, plant structure, phenology
and leaf health (chlorosis, necrosis), near infrared
imaging for measuring tissue water content and
soil water content, far infrared imaging for can-
opy/leaf temperature, fluorescence imaging for
physiological state of photosynthetic machinery
and automated weighing and watering for water
usage imposing drought/salinity conditions.
These advanced phenotyping techniques have
been discussed in details earlier in a number of
reviews (see Furbank and Teste 2011; Walter
et al. 2012). The genotypes capable of
maintaining stomatal conductance under salt
induced osmotic stress have been selected suc-
cessfully at the young seedling stage in wheat
and barley using infrared thermography (Sirault
et al. 2009). This technique has also been
suggested to use for high-throughput seedling
screening for drought tolerance in the vegetative
stages of crop development and has great poten-
tial for low-cost, high-throughput field
phenotyping. The genotypes having better pho-
tosynthetic capability and higher water use effi-
ciency in field can be screened by measuring the
canopy temperature using handheld hermopile
based infrared thermometers (i.e. canopy temper-
ature ‘guns’). Chlorophyll fluorescence analysis
has been used to test the maintenance of photo-
synthetic function under biotic and abiotic
stresses leading to identification of resistance
and susceptible genotypes. For this purpose, a
commercial instrument namely pulse amplitude-
modulated (PAM) or fluorometry has been

developed which is based on fluorescence param-
eter measured in stress (Baker 2008). It can be
used on whole leaves or small plants. It used
successfully for abiotic stresses screening in
Arabidopsis and tobacco (Nicotiana tabacum)
or seedlings of dicots such as canola (Brassica
napus) or cotton (Gossypium ssp.) (Baker 2008;
Woo et al. 2008). It can also be used to determine
projected leaf area and hence the growth rate if
measurements are taken regularly over time
(Barbagallo et al. 2003). The chlorophyll fluores-
cence images of the affected area of the leaf
allow the early detection of disease symptoms
caused by the pathogens. These infected areas
can be quantified leading to identification of the
susceptible and resistant response to pathogen
attack, at least in the case of mildew on barley
leaves (Swarbrick et al. 2006; Chaerle et al.
2009). Leaf spectroscopy or hyperspectral reflec-
tance spectroscopy using radiometric or, more
recently, imaging sensors are another established
optical techniques related to chlorophyll fluores-
cence, which have been developed to study the
stress related phenomics (Jones and Vaughan
2010). However, its use in plant breeding is lim-
ited due to difficulties in interpreting canopy
temperature data.

Digital imaging is one of the least compli-
cated but useful methods for quantitatively deter-
mining the stress tolerance. It is popular
approach for in situ crop phenotyping in con-
trolled environment facilities. It uses to take the
digital images of growth over a period of plant
development and measures quantitative changes
in images caused by the sum of stress response
mechanisms. In addition to this, taking digital
images in visible wavelength regions also give
opportunity to identify color of the plants. As a
result, it enables to quantify senescence arising
due to nutrient deficiencies or toxicities, or path-
ogen infections. It has been used successfully to
quantify toxicity of germanium (as a toxic ana-
logue of boron) in a mapping population of bar-
ley (Schnurbusch et al. 2010) and identified a
QTL at the same locus as previously identified
for boron tolerance using a visual score of
symptoms (Jefferies et al. 1999). The attempt
was also made to measure the water use
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efficiency in plants (Harris et al. 2010). Use of
non-destructive imaging using fluorescence
and hyperspectral reflectance offers great prom-
ise in quantitative scoring of such adult plant
resistance phenotypes. However use these
techniques for screening biotic stresses is still
limited.

1.7.1 Development Towards the

Phenotyping Machines

ring the past one decade, vast amount of genomic
resources have been developed and rapid devel-
opment in genome sequencing has increased the
genomic data bases such as, e.g. GABI DB or
TAIR DB in model plant species and crop plants
(Meinke et al. 1998; Riano-Pachon et al. 2009;
Huala et al. 2001). High throughput genotyping
platforms have increased the speed of genotype
selection in breeding programs (Langridge and
Fleury 2011). However phenotyping for complex
traits related to anatomy, morphology, physiol-
ogy and development is still less advanced,
although high-throughput phenotyping
techniques have increased our detection ability
substantially at subcellular level for protein
interactions or metabolism (Houle 2010;
Kolukisaoglu and Thurow 2010). For plant
breeders, screening component traits
contributing to yield under field conditions at
large scale is more important for making genetic
improvement, but it is still lacking (Furbank and
Tester 2011). However significant efforts have
been made towards the development of
automated phenotyping platforms during the
past years (Granier et al. 2006; Jansen
et al. 2009; Furbank and Tester 2011; Delseny
etal. 2010; see Chap. 18) by taking advantages of
throughput phenotyping facilities developed in
the field of drug discovery, development, and
animal behavior (Mayr and Bojanic 2009;
Noldus et al. 2001). In brief, these platforms are
equipped with sensor or image based systems
under the controlled growth leading to establish-
ment and implementation of the non-destructive
imaging approaches for phenotyping (Furbank
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and Tester 2011; Fiorani et al. 2012). In these
platforms, we can measure the plant size and leaf
area of large germplasm collections using 2D
color images and dense canopy by using 3D
image technology and magnetic resonance imag-
ing (MRI) (Poorter et al. 1988; Dornbusch
et al. 2012). The fluorescence and hyperspectral
analysis allow evaluation of various plant traits
in a fast and non-destructive manner to charac-
terize the leaves and roots at physiological or
biochemical level. However, only specific
aspects of plant functioning can be evaluated in
this way. An exciting new development is the
robotised sensor-actor for destructive sampling
of relevant plant parts has widen the phenotyping
capabilities by automated measurement of cellu-
lar processes and/or gene expression at specific
time points (Alenya et al. 2012). Relevance of a
laboratory and greenhouse phenotyping tech-
nique is actually tested in field because traits
considered critical in the greenhouse may be
less important in the field. For example, the can-
opy of a stand is more relevant than of a single
plant under field conditions. Therefore, mobile
platforms such as a tractor equipped with specific
sensors enabled larger spatial flexibility have
been developed for the mechanistic field
phenotyping measurements with high accuracy
and repeatability in given plots, while drones or
airborne platforms can cover vast agricultural
Though multi- and hyperspectral
technologies (Rascher and Pieruschka 2008;
Comar et al. 2012) can be used to analyze physi-
ological process, only few robust techniques such
as the laser-induced fluorescence transient
(LIFT) approach are available to estimate photo-
synthetic efficiency in the field (Pieruschka
et al. 2010). Dedicated field sensors are already
applied in precision agriculture for nutrient man-
agement (Scotford and Miller 2005) and may
become important tools for sensing of plant dis-
ease in the near future (Mahlein et al. 2012).
Establishment of wireless sensor networks
enables continuous monitoring of the environ-
ment and crop properties and will provide valu-
able information for agricultural management
(Ruiz-Garcia et al. 2009).

areas.
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Fig. 1.2 Flow chart
of application of
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1.8  Harnessing the Potentiality of

Genomics Through Phenomics

Vast amount of genomic resources are available
in public domain but these could not be utilized
with their potentially due to the lack of precise,
accurate and high throughput phenotyping tools
and techniques. Therefore, efforts have been
made for the development of high throughput
phenotyping tools and techniques for screening
of morpho-physiological traits related to biotic
and abiotic stresses. The genomic resources
developed in a plant species can be linked with
physiological and morphological data collected
using current phenotyping approaches available
at automated phenotyping platforms worldwide.
These high throughput phenotyping tools collect
the precise and accurate observations and allow
analysis of data for understanding the whole
phenome of the plant under a wide range of
environmental conditions. Thus like genomic
platforms, phenotyping platforms develop
databases such as the plant meta-phenomics data-
base (Poorter et al. 2010) or the Plant Trait data-
base TRY (http://www.try-db.org, accessed
September 2012) which bring together pheno-
typic responses to the environment for a wide
range of plant traits and parameters. These
phenotyping database along with available inter-
national genomic databases (TAIR, TIGR and
NCBI, and with other ‘omics’ information such
as metabolomic, proteomic and transcriptomic
data) have now become important to understand
the genetic architecture of complex traits.

Phenomics has not only allowed to dissect the
complex traits through genomics but also helped
to use genomic resources in discovering new
genes/QTL, identification of function of a gene
sequence and helped to increase the genetic gain
for traits having low heritability (see chap. 17 for
details). This understanding will allow us to sim-
ulate and predict plant properties in particular of
complex traits such as yield or biomass, the most
important challenge to address future needs of a
growing human population. Both forward and
reverse phenomics approaches can be used to
harness the potentiality of genomic resources.
The accurate, cost-effective, high-throughput
phenotyping is pivotal to fine mapping of traits,
regardless of the genetic approach for producing
allelic recombination or assessing variation by
re-sequencing technologies. Phenomics can be
used in reverse genetic studies and can help to
identify the function of a particular gene(s) in
growth and development of crop plants and can
be used to identify the allelic variation to target
the associated genes (Fig. 1.2).

1.9  Conclusion

For making successful genetic improvement in
crop plants, plant breeders first identify the desir-
able genotypes having target traits by screening a
collection of germplasm accessions. These target
traits then are combined together through
hybridization. This cycle of selection-
hybridization-selection has been implementedon
the basis of visual observation since
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domestication of crop plants. Though visual
screening is easy and precise for qualitative and
highly heritable traits, its use is less precise for
quantitative traits and those traits, which are dif-
ficult to observe visually (physiological and bio-
chemical traits). Moreover, vast amount of
genomic resources have been developed in a
number of crop species in the past. The available
gene sequences and molecular markers could still
not be associated with any traits due to the lack of
phenotyping of germplasm collections. For
utilizing these genomic resources and identifica-
tion of desirable plants, the precise phenotyping
of germplasm accessions for challenging traits is
required in various crop species.

In the recent past, various techniques and
methodologies have been developed for screening
biotic, abiotic, physiological and biochemical
traits in crop plants. These technologies have
become very advanced in the era of digital sci-
ence. These plant phenomics developments are
actually helping to make simply plant physiology
in ‘new clothes’. Thus this trans-disciplinary
approach promises significant new breakthroughs
in plant science. Phenomics provides the opportu-
nity to study previously unexplored areas of plant
science, and it provides the opportunity to bring
together genetics and physiology to reveal the
molecular genetic basis of a wide range of previ-
ously intractable plant processes. The challenges
ahead in plant-based agriculture will require the
scale of quantum advances we have seen in infor-
mation technology in the past 20 years and we
need to build on these advances for security of
global food, fiber and fuel.
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