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CO, Carbon dioxide

CRISPR Clustered regularly interspaced short palindromic repeats
CRISPR/Cas CRISPR-associated system
CT X-ray computed tomography
FTIR Fourier transform infrared
gRNA Guide RNA

HIS Hyperspectral imaging
HSPs Heat shock proteins

NIR Near-infrared

NIRS Near-infrared spectroscopy
0, Oxygen

PPO Polyphenol oxidase

ROS Reactive oxygen species
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36.1 Introduction

The increasing world population and food quality standards necessitate a better understanding of the
mechanisms regulating physiological disorders in different crop species to improve crop production
efficiency by reducing losses. Although many physiological disorders have been studied and described
in the literature, a larger number of disorders still remain poorly understood and very little information
is available about the regulating mechanisms as well as possible approaches to predict and control the
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Physiological disorders

U J

Genotype X Environment
= Genome = Soil
= Transcriptome = Light
= Proteomic = Relative humidity
= Metabolomic = Temperature

= 0,. CO,. CoHy
— _/

—~—

Mechanisms regulating

b 1 3

Prediction Control Resistance

FIGURE 36.1 Proposed approach to study physiological disorders in fruits and vegetables.

incidence of physiological disorders. In addition, low precision in the description and identification of
disorder symptoms can cause confusion because the same disorder can be described differently, or may
not be the same disorder recognized by others. Misidentification of physiological disorders can lead
to confusion in determining the mechanisms regulating their development in plants, emphasizing the
importance of the precise characterization and identification of disorders.

The susceptibility of fruits and vegetables to disorders is determined by the interaction between geno-
type and environment (Figure 36.1). In that case, understanding the mechanisms regulating disorders
requires knowledge of the genetic and environmental factors involved in the pathways leading to disorder
development in each genotype. These factors can regulate crop susceptibility to disorders at the whole
plant, tissue, and/or cellular levels.

36.2 Genotype

Since crop genotypes have different susceptibility to physiological disorders, studies have attempted to
determine genetic markers that could be used to identify genotypes highly susceptible to disorders (Buti
et al., 2015; Korban and Swiader, 1984; Kumar et al., 2013; McClure et al., 2016). However, other stud-
ies have shown that mechanisms regulating disorder incidence are highly complex and may not be fully
explained by a few genetic markers. Indeed, physiological disorders can involve changes in both primary
and secondary metabolism, including energy-related changes linked to the tricarboxylic acid cycle and
the electron transport chain, oxidative stress, and lipid-related genes associated with membrane changes
and fatty acid oxidation (Freitas et al., 2017; Lee et al., 2012; Leisso et al., 2013; Leisso et al., 2015;
Leisso et al., 2016; Lum et al., 2016; Rudell et al., 2009). Considering the large number of pathways that
may be involved, a detailed characterization of the mechanisms regulating physiological disorders can
be accomplished using recently developed high-throughput approaches at the genomic, transcriptome,
proteomic, and metabolomic levels (Figure 36.1). The information obtained can be used in systems
biology approaches to facilitate a multi-targeted approach by allowing one to identify regulatory hubs
in complex networks regulating physiological disorders in fruit and vegetables. Systems biology takes
the molecular parts (transcripts, proteins, and metabolites) of each crop genotype and attempts to fit
them into functional networks or models designed to describe and predict the dynamic activities of that
genotype in different environments (Cramer et al., 2011). In that case, systems biology approaches can
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help in determining key regulatory mechanisms that can be used to predict, control, and/or develop plant
genotypes that are more resistant to physiological disorders.

36.3 Environment

Since disorders are strongly affected by the environment, the role of environmental factors such as
soil, light, relative humidity, temperature, O,, CO,, and ethylene on disorder development should be
evaluated in susceptible genotypes (Figure 36.1). Although difficult to accomplish, the role of envi-
ronmental factors on the mechanisms triggering or inhibiting disorder development in each genotype
should be conjointly and independently evaluated. The knowledge obtained will help in determining
more efficient pre-harvest and postharvest crop management practices to inhibit or reduce disorder
incidence.

36.4 Developing Approaches to Predict Disorders

Many crop genotypes have high susceptibility to physiological disorders. In that case, developing effi-
cient and precise approaches to predict disorder incidence can help to determine appropriate management
practices to inhibit or control their incidence, as well as to predict crop postharvest life for commercial-
ization. In addition, precise methods to predict disorder incidence can be used in approaches aiming to
identify key regulatory mechanisms triggering or inhibiting disorders before the development of visual
symptoms. Later, identified key regulatory mechanisms can be used as markers for the selection of new
genotypes, as well as to improve the prediction efficiency of disorder incidence.

36.4.1 Modeling Crop Quality and Environmental Factors

Since physiological disorders are determined by genetic and environmental factors (Figure 36.1), sta-
tistical models can be developed to predict disorder incidence based on the range of the most important
factors regulating each disorder. Indeed, studies have shown that specific genes, proteins, metabolites,
and nutrients, as well as soil, light, relative humidity, temperature, and gas (O,, CO,) conditions, are
highly correlated with disorder incidence. In these studies, some reported factors triggering physi-
ological disorders are high levels of reactive oxygen species (ROS) and growth regulators (gibberellins
and ethylene); low energy balance; high nitrogen, magnesium, and potassium contents; low calcium
content; high membrane leakage; abnormal cell wall metabolism; high photosynthesis rate; high leaf/
fruit ratio; high growth rate; loss of xylem functionality; drought; low soil nutrient availability; high or
low light intensity; temperature; relative humidity; as well as low O, and high CO, levels during storage,
among others (Amarante et al., 2013; Baugher et al., 2017; Freitas et al., 2010; Freitas et al., 2016; Freitas
etal., 2017; Ho and White, 2005; Khadivi-Khub, 2015; Miqueloto et al., 2011; Nock and Watkins, 2013;
Saquet and Streif, 2008; Saure, 2014). Other studies have shown that factors inhibiting physiological
disorders are high antioxidant capacity, high levels of growth regulators (abscisic acid, gibberellins, and
ethylene inhibitors), high calcium content, normal cell wall metabolism, and low sugar content, among
others (Castroetal.,2007; Falchi et al., 2017; Freitas etal., 2012; Freitas et al., 2017; Lazaro and Lorenzo,
2014; Mckenzie et al., 2013). The information about factors triggering or inhibiting each disorder
incidence can guide the development of efficient and precise statistical models to predict each disorder
incidence in fruits and vegetables. Although a few studies have shown the possibility of predicting dis-
orders (Amarante et al., 2013; Lotze et al., 2006a; Torres et al., 2017), the models developed are based
on only a few nutritional variables, resulting in low model predictive performance and robustness.
Considering the high number of variables regulating disorders, high model predictive performance
and robustness can be achieved by developing multivariate models containing a larger number of
variables that can increase model prediction efficiency in a wide range of genetic and environmental
conditions.
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36.4.2 Non-destructive Prediction Methods

The use of non-destructive methods to determine fruit and vegetable quality has increased in the last
few years. Among these methods, near-infrared spectroscopy (NIRS) has proven to be a reliable ana-
Iytical technique for qualitative and quantitative analyses, as well as for the prediction of physiological
disorders in fruits and vegetables (Jarolmasjed et al., 2017; Nicolai et al., 2009; Zuiiiga et al., 2017). The
technique has the advantage of being non-destructive, rapid, and precise, and also requires no sample
preparation, which makes NIRS an important tool to predict disorders in different crop species.
Studies have shown that near-infrared (NIR) spectral bands of 971.2, 978.0, 986.1, 987.3, 9954,
1131.5, 1135.3, 1139.1, and 1142.8 nm are highly associated with bitter pit incidence in apples, and
were used to distinguish pitted from non-pitted fruit with average accuracy in the range of 78—87%
(Kafle et al., 2016). In addition, Fourier transform infrared (FTIR) spectroscopy has also been shown
to predict with high accuracy physiological disorders in apples (Zuiiga et al., 2017). In both cases,
NIRS and FTIR technologies are based on a single spectrum, usually an average spectrum, collected
from a limited area on a fruit or vegetable. A more complex technology known as hyperspectral imag-
ing (HSI) integrates conventional imaging, spectroscopy, and chemometrics to attain both spatial and
spectral information from an object (Amigo et al., 2013; Gowen et al., 2007; Lorente et al., 2012). HIS
has been shown to have high prediction performance in identifying common defects on the surface of
fruits and vegetables, such as bruises and cracks on jujube (Wu et al., 2016), bitter pit not visible to the
naked eye at harvest, black rot, decay, soft scald, superficial scald, chilling injury in apples (Ariana
et al., 2006; ElMasry et al., 2009; Nicolai et al., 2006), bloater damage in whole pickles, (Ariana
and Lu, 2010), as well as internal and external defects in citrus fruit (Magwaza et al., 2012) and hid-
den bruises in kiwi fruit (Li and Tang, 2012). Although HIS can help identify disorders in fruit and
vegetables, future studies should focus on increasing HIS predictive performance and robustness to
avoid prediction mistakes. For example, HSI has been shown to identify bitter pit lesions, but could not
discriminate between a disorder’s lesions and corky tissue (Nicolai et al., 2006). Other studies have
also shown that imaging systems may have low predictive performance (Lotze et al. 2006b; Mirzaee et
al., 2015), which could limit their application in commercial conditions. X-ray computed tomography
(CT) imaging is another non-destructive and rapid sensing technique that can be used to predict dis-
order incidence in fruits and vegetables. CT images have been shown to precisely predict external and
internal bitter pits in apples during storage, which could be used to effectively identify this disorder in
an automated manner under commercial conditions (Jarolmasjed et al., 2016; Si and Sankaran, 2016).
Other studies have suggested that NIR tomography could be the natural progression of NIRS, offering
the possibility of detecting external and internal defects in fruit and vegetables (Kemsley et al., 2008).
Although the technologies presented here can be used to predict and monitor agricultural produce
quality and disorders, future studies should focus on developing low-cost, portable, calibrated, and
validated scanners for each genotype and growing condition to guarantee the high predictive perfor-
mance and robustness of these technologies in commercial conditions.

36.4.3 Biomarkers

Although most disorders are regulated by complex mechanisms, biomarkers can help monitor and pre-
dict disorder incidence in fruit and vegetables. Indeed, studies have identified biomarkers as related to
the resistance or susceptibility of fruits and vegetables to physiological disorders. For example, chilling
injury has been attributed to membrane damage and ROS production, which are counteracted by heat
shock proteins (HSPs) (Aghdam et al., 2013). Therefore, the analysis of HSPs could be envisaged as an
ideal method for assessing fruit and vegetable resistance to chilling injury and for evaluating the effi-
ciency of postharvest treatments on inhibiting chilling injury incidence (Aghdam et al., 2013). Similar to
HSPs, other biomarkers have been shown to be correlated with higher or lower susceptibility to chilling
injury (Aghdam and Bodbodak, 2013), bitter pit (Buti et al., 2015; Korban and Swiader, 1984; Kumar
et al., 2013), soft scald (McClure et al., 2016), and blossom-end rot (Freitas et al., 2017), among others.
After identifying the most precise biomarkers positively or negatively correlated to each disorder, the
development of simple and precise biomarker quantification kits can help determine changes in fruit and
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vegetable susceptibility to disorders. This technology could be used in the field as well as during storage
and commercialization to predict and monitor disorder incidence, which will help in determining spe-
cific management approaches to inhibit or reduce disorder incidence, as well as to properly plan fruit and
vegetable commercialization based on the postharvest lifespan of specific produce. Additionally, such
tools could also be applied to diagnose disorder incidence after it has occurred.

36.5 Developing Management Approaches to Control Disorders

Based on the approach used to predict disorder incidence, fruit and vegetables presenting high suscep-
tibility should be properly managed to reduce or inhibit disorder incidence, thus reducing crop losses.
The most recommended approaches to reduce or inhibit each disorder incidence have been described in
detail in the previous chapters. In addition, future studies looking at disorder control approaches will add
information and alternatives to control different disorders in fruit and vegetables. Alternatively, fruit and
vegetables showing high susceptibility to disorder incidence after harvest should be marketed faster to
guarantee consumption before the appearance of disorders.

36.6 Developing Resistant Genotypes to Disorders

The knowledge about genomic, transcriptome, proteomic, and metabolomic mechanisms regulating
physiological disorders can be used to identify key regulatory genes and genetic markers that can guide
breeding programs and genome transformation and editing approaches to obtain highly resistant plants
(Figure 36.1). For example, proteomic and transcriptional studies have identified candidate genes that
trigger or inhibit the disorder known as blossom-end rot in tomato fruit (Casado-Vela et al., 2005; Freitas
et al., 2017). The proteomic study shows the induction of proteins participating in antioxidant processes
such as the ascorbate-glutathione cycle and the pentose phosphate pathway in affected fruit, suggest-
ing that these two biochemical pathways, acting as ROS scavengers, restrain the spread of the disorder
in the fruit (Casado-Vela et al., 2005). The transcriptome study shows that genes inhibiting blossom-
end rot in tomato have functions leading to higher resistance to oxidative stress and toxic compounds,
whereas most of the candidate genes triggering the disorder have functions leading to higher levels
of oxidative stress and cell death (Freitas et al., 2017). Based on these findings, resistant genotypes to
blossom-end rot could be selected for a higher expression of genes coding for enzymes involved in anti-
oxidant metabolism, as well as a lower expression of genes involved in oxidative stress and cell death.
Alternatively, genome transformation and editing techniques could be used to silence genes triggering
and/or increasing the expression of genes inhibiting blossom-end rot in tomato fruit. In another example,
studies have shown that polyphenol oxidase (PPO) catalyzes the oxidation of phenolic compounds into
highly reactive quinones, which causes tissue browning in fruit and vegetables (Araji et al., 2014; Waltz,
2015). Considering that tissue browning due to oxidation is one of the most common symptoms of many
physiological disorders, silencing PPO expression can have a great effect on alleviating disorder symp-
tom development. Indeed, PPO-silenced potatoes and apples have been shown to develop much lower
browning pigments than wild types (Chi et al., 2014; Waltz, 2015). However, the effect of PPO silencing
on disorders development should be investigated because PPO-silenced plants can have higher tyramine
content, which is known to elicit cell death, suggesting that PPO may play a fundamental role in second-
ary metabolism and as a regulator of cell death (Araji et al., 2014). Other candidate genes and genetic
markers that can potentially be used to develop resistant genotypes have been describe in the literature
and many more will be identified in future studies (Capel et al., 2017; Cavaiuolo et al., 2015; Ikeda et al.,
2017; Khadivi-Khub, 2015; Martinez et al., 2009; Saeed et al., 2014; Sanchez-Ballesta et al., 2008).
Although breeding programs have been extensively used to obtain new crop genotypes with desired
features, targeted genome editing using artificial nucleases can accelerate the development of new
genotypes by providing the means to modify genomes rapidly in a precise and predictable manner
(Bortesi and Fisher, 2015). Among genome editing platforms are the well-established zinc finger
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nucleases and transcription activator-like effector nucleases, and the recently developed clustered
regularly interspaced short palindromic repeats (CRISPR) (Bortesi and Fisher, 2015). CRISPR/Cas
(CRISPR-associated system) is a rapidly developing genome editing technology, and its simple version
known as CRISPR/Cas9 has been modified to edit genomes. By delivering the Cas9 nuclease com-
plexed with a synthetic guide RNA (gRNA) into a cell, the cell's genome can be modified at a desired
location, silencing or stimulating the expression of specific genes (Bortesi and Fisher, 2015; Ledford,
2015, 2016). As only a short RNA sequence must be synthesized to confer recognition of a new target,
CRISPR/Cas9 is a relatively cheap and easy to implement technology that has proven to be extremely
versatile (Belhaj et al., 2015; Bortesi and Fisher, 2015). Therefore, sequence-specific nucleases, such
as CRISPR/Cas9-gRNA complex, are powerful tools for genome editing (Ledford, 2015, 2016) that
can be used to make the specific genome changes required to solve specific problems such as physi-
ological disorders in plants.

Therefore, the knowledge obtained about the mechanisms regulating physiological disorders in
plants can be used to develop efficient and precise approaches to predict, control, as well as obtain new
genotypes more resistant to disorders through breeding programs and/or recently developed genome
transformation and editing techniques (Figure 36.1). Mechanisms regulating physiological disorders
in studied crop species will help us to understand the mechanisms regulating disorders in less-studied
plant genotypes.
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