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Preface

The last one hundred and twenty years have witnessed a remarkable evolution in the
science and art of plant breeding culminating in quite a revolution in the second
decade of the twenty-first century! A number of novel concepts, strategies, techniques
and tools have emerged from time to time over this period and some of them deserve
to be termed as milestones. Traditional plant breeding, immediately following the
rediscovery of laws of inheritance, has been playing a spectacular role in the
development of innumerable varieties in almost all crops during this entire period.
Mention must be made on the corn hybrids, rust-resistant wheat, and obviously the
high-yielding varieties in wheat and rice that ushered the so-called green revolution.
However, the methods of selection, hybridization, mutation and polyploidy
employed in traditional breeding during this period relied solely on the perceivable
phenotypic characters. But most, if not all, of the economic characters in crops are
governed by polygenes which are highly influenced by environment fluctuations, and
hence phenotype-based breeding for these traits has hardly been effective.

Historical discovery of DNA structure and replication in 1953 was followed by a
series of discoveries in the 1960s and 1970s that paved the way for recombinant
DNA technology in 1973 facilitating the detection of a number of DNA markers in
1980 onwards and their utilization in construction of genetic linkage maps and
mapping of genes governing the simply inherited traits and quantitative trait loci
controlling the polygenic characters in a series of crop plants starting with tomato,
maize and rice. Thus new crop improvement technique called as molecular breeding
started in later part of the twentieth century. On the other hand, genetic engineering
made modification of crops for target traits by transferring alien genes, for example,
the Bt gene from the bacteria Bacillus thuringiensis. A large number of genetically
modified crop varieties have thus been developed starting with the commercial-
ization of ‘flavr Savr’ tomato in 1994.

Meantime, the manual DNA sequencing methodology of 1977 was being
improved with regard to speed, cost-effectiveness and automation. The first-
generation sequencing technology led to the whole genome sequencing of
Arabidopsis in 2000 and followed by rice in 2002. The next-generation sequencing
technologies were available over time and used for sequencing of genomes of many
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other models and crop plants. Genomes, both nuclear and organellar, of more than
100 plants have already been sequenced by now and the information thus generated
are available in public database for most of them. It must be mentioned here that
bioinformatics played a remarkable role in handling the enormous data being
produced in each and every minute. It can be safely told that the ‘genomics’ era
started in the beginning of the twenty-first century itself accompanying also pro-
teomics, metabolomics, transcriptomics and several other ‘omics’ technologies.

Structural genomics have thus facilitated annotation of genes, enumeration of
gene families and repetitive elements, and comparative genomics studies across
taxa. On the other hand, functional genomics paved the way for deciphering the
precise biochemistry of gene function through transcription and translation path-
ways. Today, genotyping-by-sequencing of primary, secondary and even tertiary
gene pools; genomewide association studies; and genomics-aided breeding are
almost routine techniques for crop improvement. Genomic selection in crops is
another reality today. Elucidation of the chemical nature of crop chromosomes has
now opened up a new frontier for genome editing that is expected to lead the crop
improvement approaches in near future.

At the same time, we will look forward to the replacement of genetically
modified crops by cisgenic crops through transfer of useful plant genes and
atomically modified crops by employing nanotechnology that will hopefully be
universally accepted for commercialization owing to their human-friendly and
environment-friendly nature.

I wish to emphatically mention here that none of the technologies and tools of
plant breeding is too obsolete or too independent. They will always remain perti-
nent individually or as complimentary to each other, and will be employed
depending on the evolutionary status of the crop genomes, the genetic resources and
genomics resources available, and above all the cost-benefit ratios for adopting one
or more technologies or tools. In brief, utilization of these crop improvement
techniques would vary over time, space and economy scales! However, as we stand
today, we have all the concepts, strategies, techniques and tools in our arsenal to
practice genome designing, as I would prefer to term it, of crop plants not just
genetic improvement to address simultaneously food, nutrition, energy and envi-
ronment security, briefly the FNEE security, I have been talking about for the last
5 years at different platforms.

Addressing FNEE security has become more relevant today in the changing
scenario of climate change and global warming. Climate change will lead to
greenhouse gas emissions and extreme temperatures leading to different abiotic
stresses including drought or waterlogging on one hand and severe winter and
freezing on the other. It will also severely affect uptake and bioavailability of water
and plant nutrients and will adversely cause damage to physical, chemical and
biological properties of soil and water in cropping fields and around. It is also
highly likely that there will be emergence of new insects and their biotypes and of
new plant pathogens and their pathotypes. The most serious concerns are, however,
the unpredictable crop growth conditions and the unexpected complex interactions
among all the above stress factors leading to drastic reduction in crop yield and
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quality in an adverse ecosystem and environment. Climate change is predicted to
significantly reduce productivity in almost all crops. For example, in cereal crops
the decline of yield is projected at 12—-15%. On the other hand, crop production has
to be increased at least by 70% to feed the alarmingly growing world population,
projected at about 9.0 billion by 2050 by even a moderate estimate.

Hence, the unpredictability of crop growing conditions and thereby the com-
plexity of biotic and abiotic stresses warrant completely different strategies of crop
production from those practiced over a century aiming mostly at one or the few
breeding objectives at a time such as yield, quality, resistance to biotic stresses due to
disease-pests, tolerance to abiotic stresses due to drought, heat, cold, flood, salinity,
acidity or improved water and nutrient use efficiency. In the changing scenario of
climate change, for sustainable crop production, precise prediction of the above
limiting factors by long-term survey and timely sensing through biotic agents and
engineering devices and regular soil and water remediation will play a big role in
agriculture. We have been discussing on ‘mitigation’ and ‘adaptation’ strategies for
the last few years to reduce the chances of reduction of crop productivity and
improve the genome plasticity of crop plants that could thrive and perform con-
siderably well in a wide range of growing conditions over time and space. This is the
precise reason of adopting genomic designing of crop plants to improve their
adaptability by developing climate-smart or climate-resilient genotypes.

Keeping all these in mind, I planned to present deliberations on the problems,
priorities, potentials and prospects of genome designing for development of
climate-smart crops in about 50 chapters, each devoted to a major crop or a crop
group, allocated under five volumes on cereal, oilseed, pulse, fruit and vegetable
crops. These chapters have been authored by more than 250 of eminent scientists
from over 30 countries including Argentina, Australia, Bangladesh, Belgium,
Brazil, Canada, China, Egypt, Ethiopia, France, Germany, Greece, India, Ireland,
Japan, Malaysia, Mexico, New Zealand, Kenya, Pakistan, Philippines, Portugal,
Puerto Rico, Serbia, Spain, Sri Lanka, Sweden, Taiwan, Tanzania, Tunisia,
Uganda, UK, USA and Zimbabwe.

There are a huge number of books and reviews on traditional breeding, molecular
breeding, genetic engineering, nanotechnology, genomics-aided breeding and gene
editing with crop-wise and trait-wise deliberations on crop genetic improvement
including over 100 books edited by me since 2006. However, I believe the present
five book volumes will hopefully provide a comprehensive enumeration on the
requirement, achievements and future prospects of genome designing for
climate-smart crops and will be useful to students, teaching faculties and scientists in
the academia and also to the related industries. Besides, public and private funding
agencies, policy making bodies and the social activists will also get a clear idea on
the road travelled so far and the future roadmap of crop improvement.

I must confess that it has been quite a difficult task for me to study critically the
different concepts, strategies, techniques and tools of plant breeding practiced over
the last 12 decades that also on a diverse crop plants to gain confidence to edit the
chapters authored by the scientists with expertise on the particular crops or crop
groups and present them in a lucid manner with more or less uniform outline of
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contents and formats. However, my experience gained over the last 7 years in the
capacity of the Founding Principal Coordinator of the International Climate-
Resilient Crop Genomics Consortium (ICRCGC) was highly useful while editing
these books. I have the opportunity to interact with a number of leading scientists
from all over the world almost on a regular basis. Organizing and chairing the annual
workshops of ICRCGC since 2012 and representing ICRCGC in many other sci-
entific meetings on climate change agriculture offered me a scope to learn from a
large number of people from different backgrounds including academia, industries,
policymaking and funding agencies and social workers. I must acknowledge here the
assistance I received from all of them to keep me as a sincere student of agriculture
specifically plant breeding.

This volume entitled Genomic Designing of Climate-Smart Vegetable Crops
includes eight major crops including Potato, Tomato, Brassica Vegetables,
Eggplant, Capsicum, Carrot, Alliums and Garlic. These chapters have been
authored by 32 scientists from 9 countries including Argentina, Bangladesh, China,
France, India, Japan, Poland, UK and USA. I place on record my thanks for these
scientists for their contributions and cooperation.

I have always enjoyed working on horticultural crops during my entire academic
career spanning over 40 years. I worked on molecular genetics and breeding in
tomato while at the Pennsylvania State University, USA; molecular genetics,
breeding and genomics in peach, apricot and bitter melon while at the Clemson
University, USA; molecular genetics in country bean while at the Odisha University
of Agriculture & Technology, India; molecular genetics in guava while at the Sam
Higginbottom University of Agriculture, technology & Sciences, India; and
molecular genetics and breeding in bitter melon while at the Bidhan Chandra
Krishiviswavidyalaya (Agricultural University), and ICAR-National Institute for
Plant Biotechnology, both in India.

However, I started working on horticultural crops in late seventies in the labo-
ratory of (Late) Prof. Subir Sen Head of the Department of Genetics and Plant
Breeding and later on Dean of Post-Graduate Studies in the Bidhan Chandra
Krishiviswavidyalaya (Agricultural University), West Bengal, India as a Ph.D.
student on genetics and breeding of a medicinal and aromatic plant, citronella. It is
that time, we realized the potential of medicinal and aromatic plants as ‘crops’ in
future and importance of exploration, collection, conservation, characterization and
utilization of such crops the concepts that have become important in today’s world.
We are coming often across the terms ‘biodiversity’, ‘health security’ and ‘crops
of the future’ only now! Prof. Sen was not only an outstanding scientist and an
excellent teacher himself but also a visionary endowed with vast knowledge on arts,
music and literature who lived many decades ahead of his time. Hence, I have
dedicated this book to (Late) Prof. Sen as a token of my respect, appreciation and
gratitude.

New Delhi, India Chittaranjan Kole
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Chapter 1 ®)
Climate-Smart Potato: An Integrated oo
Breeding, Genomics, and Phenomics

Approach

Jagesh Kumar Tiwari, Clarissa Challam, Swarup K. Chakrabarti
and Sergio E. Feingold

Abstract Potato is an important source of food globally. Potatoes are among the
most widely grown crop plants in the world, giving good yield under various soil and
weather conditions. Yield losses of potato under current climate change keep increas-
ing, despite the progressive increase in yield through breeding and management
practices since the 1960s. Conventional breeding facilitated the development of high-
quality potato with enhanced tolerance to severe environmental fluctuations such as
drought, flooding, heat, and salinity. However, conventional approaches need to be
complemented with advanced techniques in order to meet the increasing demands
of the growing world population. The advances in marker-assisted and genomics-
assisted breeding, sequencing technologies, and phenomics tools have enabled the
potato improvement at a faster pace. The genomic resources have enabled the devel-
opment of molecular markers associated with many important quantitative trait loci.
It has also provided a clear picture of genomic variations in potato germplasm, and
identified key genes for genetic engineering including genome editing. This knowl-
edge is being utilized to facilitate the development of climate-smart potato. In this
chapter, we discuss and summarize the advances in potato improvement through
conventional and genomics-assisted breeding, genetic engineering, and phenomics
approaches. This information could facilitate the incorporation of climate-smart traits
(biotic and abiotic stresses) in modern breeding for more stable potato production
with the changing climate.
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1.1 Introduction

In recent years, the rapidly changing climatic conditions are hitting agriculture hard
and are likely to increase the problems of food insecurity, hunger, and malnutrition
for millions of people, particularly in South Asia, Sub-Saharan Africa, and small
islands (Intergovernmental Panel on Climate Change, IPCC 2007). Global warming
is causing changes in temperature at a rate unmatched by any temperature change over
the last 50 million years. As shown in the IPCC (2007) report, the main repercussions
of climate change are arise in temperature, an increase in CO; concentration in the air,
and an altered precipitation pattern. Among the changes, the increasing temperature
has the most likely negative impact on the yield of crops including potato.

Potato is a global food security crop and is the fourth most important food crop
after rice, wheat, and maize (Chakrabarti et al. 2017). Recently, Raymundo et al.
(2018) evaluated the SUBSTOR-Potato model in various potato growing regions
and concluded that there could be a global reduction in tuber yield from —2 to —6%
by 2055, with a potential higher decline by 2085 (—2 to —26%). Similarly, climate
change scenario is supposed to adversely affect potato production and productivity in
India. Potato cultivation in India has largely been uneven as nearly 85% of potato in
the country is produced in north Indian plains. The potato season (September—Febru-
ary) in this region is likely to be a little warmer also slightly drier with an increase in
temperature ranging from 0.78 to 1.18 °C and corresponding precipitation decrease
of 1—3%, by 2020 (Singh et al. 2013). The 1 °C rise in temperature associated with
400 ppm of CO; in the year 2020 (IPCC 2007) will result in a decline in potato
production by 3.16%, without adaptation (Dua et al. 2013). The situation is expected
to further worsen by the year 2050, where the atmospheric CO, concentration will
be 550 ppm with a likely increase in temperature of 3 °C (IPCC 2007). Under this
scenario, potato production is expected to fall by 13.72%, in the absence of needed
steps (Singh et al. 2013; Anonymous 2015).

The world’s population is widely expected to increase to at least 9 billion by
2050 (FAO 2013). This represents an increase of 2 billion people over the next
40 years, which will require a 70% increase in food production (Anonymous 2015).
Potato being the fourth most consumed food crop species, there is a significant
demand for crop improvements (Chakrabarti et al. 2017). Although the progressive
increase in yield through breeding and management practices has been achieved in
potato crop, the yield losses under current climate change keep increasing. Further-
more, climate change has a potential impact on the spread and severity of diseases
caused by viruses, bacteria, fungi, and oomycetes (Castillo and Plata 2016; Lehsten
et al. 2017). Therefore, accelerating the rate of genetic gain to adapt to climate
change effects to meet the target demands of food production requires the integra-
tion of multidisciplinary research platforms/disciplines (Tester and Langridge 2010).
This means there is a need to focus on key adaptive traits in order to maintain and
increase crop productivity in increasingly unpredictable climate change. Applica-
tions of potato improvement through conventional and genomics-assisted breeding,
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genetic engineering approaches, and available bioinformatics tools for potato are
being discussed.

1.2 Prioritizing Climate-Smart Traits

Potato, (Solanum tuberosum Group Tuberosum L.) (2n = 4x = 48), represents one
such heterozygous, polyploid crop that is clonally propagated by tubers (Potato
Genome Sequencing Consortium 2011). While conventional breeding and genetic
analysis are challenging in cultivated potato due to the abovementioned features,
the majority of diploid potatoes possess gametophytic self-incompatibility. Histori-
cally, conventional breeding has been used to create improved potato cultivars. Yet
due to its unique challenges, breeding is inefficient when complex traits need to be
combined or if novel traits are not present in the desired germplasm. The key will
be the combination of classical plant breeding with the advances in genomics, crop
physiology, and modeling in an integrated profile involving genotype, phenotype,
and environment.

1.2.1 Flowering Time and Tuberization

Flowering time is a key adaptive trait, responding to environmental and endogenous
signals that switch between the vegetative and reproductive, while tuberization is
the process of tuber formation from an underground stem called a stolon. Flowering
and tuberization are distinct reproductive strategies in potato, both of which involve
the sensing of the photoperiod by expanded leaf and generation of a signal in the
leaves (a process referred to as induction), the subsequent transport of the signal
(known as florigen or tuberigen), and the response in a distinct organ, the vegetative
meristem or stolon tips (called as evocation). The genetic control of flowering time
has been extensively studied in model species, particularly in Arabidopsis as well
as in a number of important fields and tree crop species. However, the controlling
factors involved in the tuberization process are not precisely clear and are under
considerable investigation in recent decades (review by Dutt et al. 2017).

1.2.1.1 Plant Hormone Controlling Tuberization

Numerous studies have implicated the growth regulators as both inhibitor and pro-
moter working coordinatedly to control tuber induction. The relevant literature has
been reviewed from time to time. Gibberellins (GAs) have been implicated in dif-
ferent aspects of potato tuber formation. Several workers have shown that the non-
induced state in potato plants is correlated with high endogenous GA levels. GA
levels in the leaf decrease under short-day photoperiods and increase under long-day
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conditions. StGA20xI was found to be upregulated during the early stages of potato
tuber development prior to visible swelling and was predominantly expressed in the
subapical region of the stolon and growing tuber. In addition to GAs, several other
plant hormones such as auxin, cytokinin, and ABA have been studied for their effect
on tuber initiation. The initiation and induction of tubers in potato appear to be regu-
lated by a cross talk between GA and auxin. Microarray experiments revealed a large
number of auxin-related genes differentially expressed during early events in tuber
development (Kloosterman et al. 2005). Examples of such genes are two PIN-like
genes, an adrl -2 (auxin downregulated) and an acrA-like (auxin-regulated gene
containing a GTP-binding site) genes.

1.2.1.2 Day-Length Control of Flowering Time

Photoperiod sensing by the function of photoreceptors and the circadian clock
appears to regulate flowering time via Arabidopsis CONSTANS (ArCO), a putative
transition factor that accelerates flowering in response to long days (LDs). Mutations
in the GIGANTEA (gi), CONSTANS (CO), and flowering locus T (FT) genes cause
late flowering in LDs but do not affect flowering in short days (SDs), indicating a
role of these genes in the LD flowering pathway. CO expression is reduced in the
gi mutants, and overexpression of ArCO overcomes the late-flowering phenotype
of these mutants. This transcription factor functions as an output to the clock and
directly activates expression of the downstream floral regulator genes FT and Sup-
pressor of Overexpression of CO 1 (SOCI, also known as AGL20). When the plant is
exposed to light at this particular phase, flowering is induced in LD plants or delayed
in SD plants.

The genetic factors controlling plant photoperiodic responses other than flower-
ing are little known. However, interspecific grafting experiments demonstrated that
the flower-inducing (florigen) tuber-inducing (tuberigen) signals are functionally
exchangeable. Constitutive overexpression in potato of the Arabidopsis flowering-
time gene AtCO impairs tuberization under short-day inductive conditions; ArCO
overexpressing lines require prolonged exposure to short days to form tubers. Graft-
ing experiments using these lines indicated that A#CO exerts its inhibitory effect on
tuber formation by acting in the leaves. This module would involve the action of CON-
STANS in the production of the elusive and long-distance acting florigen—tuberigen
signal(s).

1.2.1.3 CONSTANS-Tuberization Control

Evidence for a role of the CO protein in daylength control of tuberization was also
obtained in transgenic andigena plants expressing the CO gene from Arabidopsis.
Three CO homologs also have been identified in potato, and evidence for a role in
tuberization control has been obtained for one of these genes, designated StCOL3.
StCOLS3 is cyclically expressed with a biphasic peak of expression at the end of the
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night. Under SDs, StCOL3 expression rises during the second half of the night and is
still high during the first day hours (Martinez-Garcia et al. 2002). In LDs, the peak is
narrower and occurs only during the day. Hence, this transcript peaks at a different
time of the day than observed for the CO/Hd1 transcripts in Arabidopsis or rice.
Despite such a difference in the timing of expression, S*COL3 accumulation seems
to fit with a similar model as that described in rice, and tuberization is promoted when
StCOL3 is expressed during the night but delayed when the expression of this protein
coincides with light. Therefore, it will be interesting to compare the orthologs from
potato, rice, or the SD plant Pharbitis nil with the CO Arabidopsis protein, and to
search for conserved domains that might explain the differential regulatory function
of the SD proteins (Martinez-Garcia et al. 2002).

1.2.1.4 Transcription Factors

MADS-box genes are an example of a family of highly conserved transcription fac-
tors (TFs) that have diverse roles during plant development. In the early flowers,
POTM1-1 transcripts were accumulated abundantly in the developing reproductive
organs including the placentae of carpels and the pollen sacs of stamens. In contrast,
the pattern of POTM1-1 distribution during late flower development was different
from that of early flower development. The POTM1-1 transcripts were abundant
in the sepals and petals of late flowers but were minimally expressed in the sta-
mens and carpel. In the shoot apical meristem of the vegetative organs, transcripts
were distributed throughout meristem domes, young leaves, and developing vas-
cular cambium (Kloosterman et al. 2013). In the early tuberization, the transcripts
were widely distributed in the swollen tips of the stolons. Taken together, the results
suggested that POTM1-1 gene expression was temporally and spatially regulated
in actively growing tissues of both vegetative and floral organs with specific distri-
bution patterns dependent upon the developmental stages of the tissue. In another
study, TFs family genes ABF4 and ABF?2 transgenic potato exhibit ABA hyper-
sensitivity during tuberization, accompanied by a GA deficient phenotype. ABF4
expression triggered a significant rise in ABA levels in stolons under tuber-inducing
conditions as compared with wild-type plants and transcriptional deregulation of GA
metabolism genes. These results demonstrated that Arabidopsis ABF4 functions in
potato ABA—GA signaling cross talk during tuberization by regulating the expression
of ABA and GA-metabolism genes. Hendriks et al. (1991) have reported that patatin
and four serine proteinase inhibitor genes are differentially expressed during potato
tuber development. The studies showed that the length of the day/light conditions
differently influenced the expression level of these individual genes.

1.2.1.5 Molecular Targets for Tuberization

StSP6A (FT-like; Arabidopsis ortholog) is a mobile signal that has been shown to
positively regulate tuberization transition in potato. Recently, it has been reported
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that both photoperiod dependence on tuberization and the duration of the potato
growing cycle are linked to a regulatory gene called StCDFI (Kloosterman et al.
2013). StCDF1 acts as an intermediary in the way of signaling between the circadian
clock mediated by the Gi (GIGANTEA) gene and the photoreceptors of blue light
and StSP6A (Navarro et al. 2011; Abelenda et al. 2014). Natural allelic variants of
the StCDFI gene could be responsible for the adaptation of potato at high latitudes,
generating the Tuberosum group. Another FT member of potato, StTFLI has been
suggested to increase the number of tubers produced when overexpressed. Two pro-
teins, StBEL5 and POTH I (transcription factors belonging to TALE superclass), have
been proven to be positive regulators of the tuberization process in potato and can
also be prominent candidates for improving tuberization through their simultaneous
overexpression (Dutt et al. 2017). Other genes/proteins that are suggested for genetic
engineering through overexpression include POTM1, StPA2Ac, StTUB19, StTUB7,
StABF2, and StABF4. Whereas, StCO TF, StSP5G, and StSUT4 sucrose transporters
have been found to inhibit tuberization. Hence, their suppression may be utilized for
promoting tuberization.

1.2.2 Cold Tolerance

Among the different abiotic stresses, cold is an essential factor that limits crop pro-
ductivity worldwide. Low temperature affects the growth and development of agro-
nomic species throughout the world. It is very important to study the frost damage
mechanism and to breed cold-tolerant varieties since the average minimum temper-
ature is below 0 °C in about 64% of the earth’s land area and it is below —10 °C
in about 48%. Potato crop adaptation is needed to increase production and stabil-
ity under cold conditions that are getting worse with climatic change. Plants have
adapted two mechanisms to protect themselves from damage due to below freezing
temperatures. First, supercooling is a low-temperature tolerance mechanism that is
usually associated with acclimated xylem parenchyma cells of moderately hardy
woody plants. The second and most common low-temperature response mechanism
is acclimation. Acclimation is a gradual process during which there are changes in
just about every measurable morphological, physiological, and biochemical char-
acterization of the plant (Takahashi et al. 2013). These changes are determined by
genotype and environmental interactions that are quite complex.

1.2.2.1 Genetic Variation in Cold Tolerance

Many primitive cultivars and wild relatives of potato can tolerate environmental stress
conditions in their habitats. Frost tolerance may be one of the oldest objectives of
potato breeding. A very old study showed frost resistance or tolerance using hybrids
between S. demissum and other susceptible species. Frost tolerance also occurred
in certain accessions of S. commersonii and its hybrids. Bukasov (1933) evaluated
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the frost resistance of several wild potato species and hybrids in the winters of the
years 1930-31 and 1931-32. S. demissum, S. acaule, and S. juzepczukii were not
affected by frost of —6 °C, S. demissum and S. ajanhuiri showed different reactions
in different plants, and S. andigenum perished entirely under the same conditions,
with the exception of one variety “Pacus,” which proved to be resistant.

1.2.2.2 Gene Expression in Response to Cold Tolerance

Extensive researches have been conducted to improve the understanding of the bio-
chemical and molecular basis of the cold acclimation response and the changes that
take place throughout this process. However, the increase in cold tolerance obtained
by acclimation is not static. Extensive physiological and biological changes occur
during cold acclimation starting with a reduction in the growth rate and water con-
tent of various plant tissues. Through the cold acclimation process reprogramming of
gene expression and various modifications in the metabolism take place (Chinnusamy
et al. 2010). Acclimation also causes an increase in the production of antioxidants,
abscisic acid (ABA), and compatible osmolytes such as soluble sugars and proline.
A number of cold-responsive genes have been reported in various plant species: COR
(cold-regulated) genes, LEA (late-embryogenesis abundant) genes, regulatory genes,
antifreeze protein genes, and the genes encoding signal transduction proteins.

Proline has been shown to improve cold tolerance and aid cell structure protection
in many crops, such as maize, potato, wheat, and barley, and in L. perenne had shown
to improve osmotic adjustment during cold acclimation. Intracellular accumulation
of endogenous polyamines (PA) occurs in response to cold stress as they contribute
to plant response to low-temperature conditions. The increase in levels of diamine
putrescine (Put) has been reported in cold-stressed Arabidopsis (Kaplan et al. 2004).
The increased titers of Put on overexpression of S-adenosylmethionine decarboxylase
(StSAMDC) were actually the result of high spermidine accumulation which was
actively interconverted to Put by acetylation.

1.2.2.3 Role of CBF (C-Repeat Binding Factor) Gene

The CBF genes are the key regulatory elements in cold-responsive signaling path-
ways and hence serve as potential targets of genetic manipulation to engineer cold
stress-tolerant plants. CBFs are discovered in all important field crops and some
vegetable species like potato (Sanghera et al. 2011). Transgenic Arabidopsis plants
overexpressing CBFI showed freezing tolerance while avoiding the negative impact
of cold stress on development and growth characteristics. Constitutive overexpres-
sion of cold-inducible transcription factors like CBF1 has been shown to impart
cold stress tolerance, through introduction of CBFI cDNA into chilling-sensitive
tomato under the control of strong CaM V35S promoter (Hsieh et al. 2002). Another
candidate target is the CBF4, a close CBF/DREBI homolog, whose overexpres-
sion alleviated both freezing and drought stress in Arabidopsis. Transgenic potato
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and poplar plants expressing soybean cold-inducible C2H2-type zinc finger tran-
scription factor (SCOF-1) increased cold and freezing stress tolerance in Arabidop-
sis. Overexpression of bHLH TFs with clone names such as StMHJ91, StMEK79,
StMDC31, StMDE79, StMDV67, StMER91, StMHZ85, and StMCU?25 increase cold
stress tolerant to potato.

1.2.2.4 Role of Ca** Signal Pathway

Ca?* is considered to be the main signal transducer in signaling cascades motivated
in response to plant abiotic stress types. Upon cold stress, cytosolic Ca>* concen-
tration immediately rises up to a level of designated Ca>* signatures for cold. This
designated cytoplasmic Ca®* signature is decoded by Ca>* sensors like Calmodulins
(CaM), Calmodulin-like proteins (CMLs), Ca**-dependent protein kinases (CDPKs),
Calcineurin B-like proteins (CBLs), and their interacting kinases (CIPKs) to trans-
duce the signal intracellularly. Therefore, differentially expressed Ca-related genes
in chilling-stressed potato could have major functions in intracellular signal trans-
duction, thereby, in the development of cold acclimation. Moreover, reactive oxygen
species (ROS) also play an important role as second messengers responding to var-
ious abiotic stresses. Some of the authors reported that abiotic stresses cause an
oxidative burst and that a low level of ROS induces an increase in Ca®* influx into
the cytoplasm. The high level of Ca®* activates NADPH oxidase in order to pro-
duce ROS through yielding O~2 which is then converted to H,O5 under the effect of
super oxidase dismutase (SOD). Therefore, the production of ROS is Ca>* depen-
dent and the concentration of Ca?* is also regulated by the concentration of ROS
by the activation of Ca?* channels in the plasma membrane. Therefore, a cross talk
between Ca®* and ROS modulates the activity of specific proteins that control the
expression-specific definitive defense genes in the nucleus.

1.2.2.5 Role of Phytohormones

The existence of an ABRE cis-acting element (ABA-responsive element) is an essen-
tial requirement for the upregulation of ABA-induced gene expression (Shinozaki
and Yamaguchi-Shinozaki 2000). Finkelstein et al. (2002) reported an important role
of ABA in the induction of LEA gene expression. The role of ABA in the upregulation
of LEA genes is considered to be one of the mechanisms that ABA has to increase
plant drought and freezing tolerance. Moreover, the application of salicilic acid (SA)
improved the cold tolerance of several plant species such as potato, rice, and maize.
Gibberellin (GA) is the other plant hormone altered in plants under cold stress. It has
been found that GA is involved in the expression of CRT/DRE-binding factor gene
which in turn confers tolerance to drought, salt, and cold stress. Plant phytohormone
jasmonic acid (JA) also plays an essential role as an important regulatory signal in
plant cold tolerance. GA is associated with SA/JA balance in the CBF-mediated
stress response. It has been proved that the external application of JA significantly
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enhanced cold tolerance in plants with or without acclimation. Moreover, blocking
of the endogenous JA increased the sensitivity to the cold stress. It has been proved
that JA upregulated the CBF/DREBI signaling pathway (Hu et al. 2013).

1.2.3 Drought Tolerance

Most potato varieties have sparse and shallow root system and are vulnerable to
a series of abiotic stresses, including drought and high salinity, thus resulting in a
reduction in tuber yield and quality. Even short periods of drought stress can result in
serious damage and cause a severe reduction in tuber production. Research on drought
tolerance in potato only started during the period 60-80s as it was not considered
as a major yield-limiting factor in potato for a long time. The situation drastically
changed over the last few years due to the increasing importance of drought for potato
production and the recognized interest in developing potato cultivars able to perform
well in drought-prone areas. Moreover, in production areas under irrigation, drought
tolerance and water use efficiency are of importance as there is a growing concern
on carbon and water footprints. Similarly, a reduction of irrigation where water
quality is poor will prevent salinity in soils enhancing sustainability. Knowledge of
physiological mechanisms underlying drought tolerance in potato (e.g., the role of
abscisic acid, osmotic adjustment, or rooting patterns) is however still poor compared
with other crops.

1.2.3.1 Genetic Variation in Drought Tolerance

Screening for drought tolerance in potato landraces has been performed by many
researchers. A high proportion of accessions combining drought tolerance with high
irrigated yield was found in Andean landraces, particularly in the species S. cur-
tilobum (Juz. and Bukasov) in the S. tuberosum L. cultivar groups Stenotomum,
Andigenum, and Chaucha. Watanabe et al. (2011) identified S. chillonanum, S. jame-
sii, and S. okadae as potential drought-tolerant species by screening 44 accessions
of wild species selected based on their drought habitats derived from geographic
information system (GIS).

1.2.3.2 Root System Architectures (RSA)

Root systems are usually involved in both drought avoidance and tolerance during
water deficits due to the constitutive and plastic characteristics of roots. RSA is also
highly plastic to respond rapidly to environmental changes such as water deficit.
Liu et al. (2005) found that the concentration of ABA in the xylem of potato plants
increases significantly as the substrate contains less water. This suggests that the roots
of potato plants are able to perceive the lack of water in the substrate and in response
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to this situation produce ABA. When plants perceive water deficit stress, roots tend
to keep growing and penetrate into deeper soil layers. The ability of plants to develop
deeper rooting systems under drought stress depends on the tolerance levels of the
roots to water deficit stress. In addition to deep rooting, drought stress also induces
the plasticity responses of root systems by increasing the number of fibrous roots,
decreasing lateral root diameter, and fluctuations in root biomass. Alterations in root
anatomy, such as aerenchyma formation in maize, save the energy inputs to allow
improved soil penetration and exploration to compensate water deficit (Wishart et al.
2013).

Breeding of new cultivars with excellent root characteristics to absorb water from
deeper regions of the soil and under lower soil water potential will increase the usage
of soil water and contribute to efficient utilization of water from precipitation or
irrigation in potato production. Many studies found a positive relationship between
the size of the root system and the amount of aboveground biomass. Quantitative
trait locus (QTL) mapping has been conducted in potato and many QTLs associated
with RSA and drought tolerance have been mapped. It can be concluded that the
plants that have a more-developed root system at greater depths of the soil profile
tend to have milder reactions to drought.

1.2.3.3 Water Use Efficiency (WUE)

Improving water use efficiency is another promising strategy to overcome drought
stress. The essential factors to improve water use efficiency are to conserve water in
plants and reduce the unnecessary transpiration losses. QTL analysis of near-isogenic
lines of Arabidopsis has identified numerous QTLs involved with WUE, some co-
localized with flowering-time QTLs involved with drought avoidance. However,
some of these genes have been shown to be independent of QTL analyses, and
it is possible to select for higher WUE while leaving out flowering-time QTLs.
Molecular genetics represent an essential approach for identification and elucidation
of the various traits that contribute to WUE. Some characterized genes have been
identified that control water uptake and loss. To fully utilize knowledge of these genes
to improve WUE, an integrated approach is required that implements functional
characterization of promising QTLs, high-throughput phenotyping, field validation
of traits, and stacking/pyramiding of these traits into WUE-efficient and drought-
tolerant varieties for agriculture. This challenge represents one of the most complex
tasks facing biotechnology today and will require both modern breeding and gene
editing techniques to achieve. Regardless of the challenge, molecular genetics will
be essential in the identification and characterization of genes that play an important
role in increasing WUE and drought tolerance.

Molecular Strategies for improving WUE

Advances in genetics, “omics,” precise phenotyping, and physiology coupled with
new developments in bioinformatics and phenomics are or will be providing means
for dissecting integrative traits that affect adaptation to stressful environments. In
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this regard, it has been indicated that analyzing the effect of traits on crop yield with
the aid of modeling and confirming through field experiment (and sound biometrics)
will lead to identifying favorable alleles for enhancing adaptation to a stress-prone
environment. Some traits used as proxy for selecting germplasm with enhanced
adaptation to drought-prone environments (especially among grain crops) are anthe-
sis—silk interval, early flowering (that could provide partial relief to water shortage
during grain filling), floral fertility (by minimizing severe water deficit-induced dam-
age at flowering), early vigorous growth (which improves crop establishment and
reduces soil evaporation), root architecture and size (for optimizing water and nutri-
ent harvest), and tiller inhibition (that increases tiller survival rates and carbohydrate
storage in stems for ensuring further grain filling), among others (Tuberosa et al.
2007). Likewise, indirect selection has been used for improving WUE, e.g., through
canopy temperature depression, carbon isotope discrimination (A13C) for Csz crops
(although both may differ across locations), and ear photosynthesis (Tambussi et al.
2007). Recent molecular approaches offer new alternatives to improve drought tol-
erance in several plant species, including potato, in terms of the identification of
signaling pathways and master genes regulating drought tolerance. For example,
hypersensitivity to ABA has been associated with a better behavior under water
stress (Papp et al. 2004). Among the components involved in the transduction of the
ABA signal, genes encoding phosphatases, protein kinases, and transcription factors
have been identified (Xie et al. 2010; Christmann et al. 2006). Genomic tools for
identifying genome regions and genes involved in the control of drought tolerance
should be more extensively used in potato. More detailed information will become
available in the future using the metabolomics and proteomics techniques together
with integrated bioinformatics systems. These advances will facilitate the genetic
engineering of single or multiple targets to create a cultivated phenotype with high-
yielding potential under drought stress conditions. Changes in the gene expression
profiles are induced in response to drought stress and several genes are regulated up
or down with osmotic stress.

1.2.4 Heat Tolerance

Heat stress affects growth, quality, and yield traits by impacting the structure and
metabolic functions of cells and several physiological processes, such as structural
alterations of protein complexes, changes in protein synthesis and enzyme activi-
ties, cellular structure and membrane functions, production of detrimental reactive
oxygen species, decoupling of metabolic pathways, and damage to the photosyn-
thetic apparatus. The ideal temperature for potato aerial growth is 20-25 °C and
the optimum temperature for tuber formation in 15-20 °C (Rykaczewska 2013). In
fact, higher temperatures adversely affect tuber formation and tuber development in
potato, and this inhibition of tuberization has been linked to the inhibition of tuber-
ization signal StSP6A (an ortholog of Arabidopsis flowering FT locus) at elevated
temperatures (Hancock et al. 2014) and reduced accumulation of carbon into starch in
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the tuber at higher temperatures. Also, an adverse effect on photosynthesis resulting
from chlorophyll loss and reduced CO, fixation has been reported for tuber-forming
Solanum species.

A large number of differentially expressed genes involved in many biological
processes and molecular functions as well as differential metabolite accumulation
have been identified in response to mild to moderate heat stress in potato leaves and
tubers. Tolerance to elevated temperatures in potato is likely a polygenic trait and,
thus expected to be substantially influenced by genotype-environment interactions.
As such, potato cultivars may show a wide variety of variations in their response
to heat stress. However, so far most studies on heat stress response of potato have
focused on some germplasm accessions (Reynolds and Ewing 1989) or only on a very
few registered cultivars. In order to understand the biological basis of heat tolerance
and select and develop potato varieties that are heat tolerant, it is critical to understand
the variation in response of a large number of potato varieties/cultivars to heat stress.
Indeed screening and breeding for heat-tolerant potato cultivars are urgently needed
to stabilize potato productivity in the current and future warmer environment.

Maximum threshold temperatures at which high temperatures kill seedlings can
depend on plant preconditioning. Seedlings subjected to high but sublethal temper-
atures for a few hours subsequently can survive higher temperatures than seedlings
that have been maintained at moderate temperatures. This acclimation to heat can
be induced by the gradual diurnal increases in temperature that occur in hot natu-
ral environments (Vierling 1991). The heat shock response involves repression of
the synthesis of most normal proteins and mRNAs, and the initiation of transcrip-
tion and translation of a small set of heat shock proteins (Vierling 1991). Studies
of loss-of-function mutants of Arabidopsis thaliana demonstrated that the enhanced
thermotolerance can be associated with at least three independent effects: the synthe-
sis of a novel set of proteins (specifically Hsp101), protection of membrane integrity,
and recovery of protein activity/synthesis (Queitsch et al. 2000). In order to combine
multiple sources of heat tolerance, recurrent selection has been employed in diploid
potato resulting in a 27% increase in yield in a single cycle of recurrent selection and
is being employed to combine heat and drought tolerance in common bean.

Considered to be the most important environmental factor influencing the quality
and yield of potato (Rykaczewska 2013), high temperature affects various biochemi-
cal and physiological processes in potato plants. High temperature negatively affects
the tuber initiation and development by inhibiting the tuberization signal, StSP6A
(Navarro et al. 2011). High temperature also causes nutrient source—sink problems
by decreasing the carbon assimilation in tubers and inhibition of tuber filling (Krauss
and Marschner 1984). Hence, high temperature, in turn, leads to reduced tuber qual-
ity and yield. Heat stress also causes a decrease in photosynthesis by decreasing the
gas exchange and chlorophyll biosynthesis (Reynolds and Ewing 1989).

The heat stress causes osmotic and oxidative stresses in plants. Plants have evolved
different defense mechanisms, such as avoidance and tolerance, activated under
osmotic and oxidative stresses. Extended periods of drought or high temperatures
lead to the production of reactive oxygen species, which are cytotoxic in high con-
centrations. Because reactive oxygen species are not only toxic but also participate



