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Abstract Plant products comprise majority of human food intake globally. There-
fore, it is expected that better nutritional availability for humanbeings can be achieved
by nutritional improvement of food crops. Having achieved the food sufficiency in
almost all parts of the world provides us the leverage to have a paradigm shift from
“quantity increase” to “quality improvement” of crops. Improvement of quality will
be crucial in future; it is almost sure that there will be significant reduction in land
available for agriculture as compared to that available today. This means that in the
lesser agricultural land, we shall have to produce more food in terms of nutrients.
Potato (Solanum tuberosum L.) is the world’s third most important crop in terms of
human consumption. It is consumed in all countries of the world whether developing
or developed and has been used as a primary nutritional source in many diets and
as the basis for a variety of processed products. Ability of potato to produce highest
nutrition and dry matter on per unit area and time basis, among major food crops,
made FAO to declare it the crop to address future global food security and poverty
alleviation during 2008. Although potato is a rich source of several nutrients such
as protein, vitamin C, vitamin B6, and niacin, there is ample scope for improving
its nutritional quality and making it more nutritious food. Worldwide conventional
breeding technologies have given the mankind a large number of varieties having
improved traits as compared to their predecessors. It has led to the development of
a large numbers of cultivars of various crop plants which in turn has resulted in
tremendous increase in their productivity. Recent advancements in the field of agri-
cultural biotechnology have created a new domain to complement the methods of
plant breeding. These biotechnological approaches are also being used for improving
the nutritional quality as well as the processing attributes of potato. Using biotech-
nological tools, a large number of nutrients have been improved in potato. These
include phenolics, vitamins, essential amino acids, protein, carbohydrates, and min-
erals. Certain anti-nutritional factors have been reduced in certain potato cultivars.
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Processing attributes of potato have also been improved using biotechnological tools
such as gene silencing and gene editing. Recent improvement in genome-editing
technologies is expected to further assist plant researchers to develop nutrient-rich
potatoes in more targeted manner.

Keywords Genome editing · Essential amino acid · Phenolics · Resistant starch ·
Cold-induced sweetening · Protein · Anti-nutritional factors

15.1 Introduction

Universally, most of the past agricultural research programs and innovations have
been predominantly focused on increasing productivity of crops. In other words,
“quantity” has been the center around which majority of the crop improvement and
relevant resource management activities have been formulated and executed. There
is no doubt that this has been the requirement of the past times where producing and
making food accessible to every human being was globally the top-most priority.
Having achieved the food sufficiency in almost all parts of the world provides us the
leverage to have a paradigm shift from “quantity increase” to “quality improvement”
of crops. Improvement of quality also becomes essential as in future, it is expected
that there will be significant reduction in land available to agriculture as compared to
that is available today. This suggests that in the less land availability for agriculture,
we shall have to produce higher nutrients.

Food has been viewed as a source to supply amount of nutrients just sufficient for
survival and normal growth. However, since evolution, human desires have always
been to strive for continuous improvements in terms of physical as well as mental
strengths and longevity. Fulfilling these desires definitely necessitates looking into
our food components and significantly improving it in terms of their (food compo-
nents) nutritional quality. Agricultural innovation has always involved new, science-
based products and processes that have contributed reliable methods for increasing
productivity and sustainability. Biotechnology has introduced a new dimension to
such innovations, offering efficient and cost-effective means to produce a diverse
array of novel, value-added products and tools.

Globally, plant products comprise the vast majority of human food intake, irre-
spective of location or financial status. In some cultures, either by design or default,
plant-based nutrition actually comprises 100% of the diet. Therefore, it is to be
expected that nutritional improvement can be achieved via modifications of staple
crops. Further, it has been suggested that food components can influence physi-
ological processes at all stages of life. For example, inverse relationships have
been observed between carotenoid-rich foods and certain cancers (Botella-Pavia and
Rodriguez-Conception 2006). Other nutrient-related correlations link dietary fat and
fiber to the prevention of colon cancer, folate to the prevention of neural tube defects,
calcium to the prevention of osteoporosis, antioxidant nutrients to the scavenging of
reactive oxidant species and protection against oxidative damage of cells, etc.
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Potato has a definite place in the diet and is associated with good nutrition and
health. Potatoes are uniquely positioned to be a valuable source of dietary vitamins,
minerals, and phytonutrients because of their high per capita consumption. In most
of the developed world, potatoes are by far the most eaten vegetable. Because of this
high consumption, the vitamin and phytonutrient contents of potato will have much
more dietary relevance and impact than food eaten in sparse quantities. Potatoes yield
more calories per acre than any other major crop, a criterion that becomes even more
important in light of the planet’s ever-increasing population, food shortages, price
spikes, and the recent trend of utilizing farmland for other commercial purposes. Col-
lectively, these facts emphasize the impact potatoes can have on global nutrition in
the future. These facts imply that any significant improvement in nutritional quality
of potato will have even more than significant impact on human health and nutri-
tion. Here we have described the biotechnology-based approaches for improving the
quality traits of potato.

Worldwide conventional breeding technologies have given the mankind a large
number of varieties having improved traits as compared to their predecessors. It
has led to the development of a large numbers of cultivars of various crop plants
which in turn has resulted in tremendous increase in their productivity. In conven-
tional breeding, progeny inherit genes for both desirable and undesirable traits from
both parents. Desired characteristics are conserved, and undesirable ones are sup-
pressed/eliminated by repeatedly selecting superior individuals from each generation
to be the parents of the next. However, the long breeding cycles, high heterozygosi-
ties, lack of various degrees of preciseness in hybridization, low frequencies of desir-
able mutations, and limit of using the genetic resources of primary and secondary
gene pool have made new varietal development highly resource-demanding. Recent
advancements in the field of agricultural biotechnology have created a new domain
to complement the methods of plant breeding. These biotechnological approaches
are also being used/can be used for improving the nutritional quality as well as the
processing attributes of potato.

15.2 Tuber Composition and Dietary Importance of Potato

Nutrition is the processes by which we take in and utilize food substances. Nutri-
tion is essential for growth and development, health, and wellbeing. Essential nutri-
ents include carbohydrate, protein, fat, vitamins, minerals, and electrolytes. Rec-
ommended dietary allowance (RDA) of these important nutrients has been defined
worldwide and is revised/updated from time to time. RDA for these nutrients in India
is presented in (Table 15.1). Potatoes are approximately 80% water and 20% solids,
although it can vary widely from cultivar to cultivar (Fig. 15.1). Of the 20 g of solids
in a 100 g tuber, about 17 g are carbohydrate and 2 g protein. In addition to car-
bohydrates and proteins, potatoes are a good source of many vitamins and minerals
(Fig. 15.1). According to the USDA nutrient database, 100 g of potatoes contains 4%
of the RDA calorie intake, 33% of the RDA of vitamin C, the most abundant vitamin
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Table 15.1 Recommended dietary allowances for Indians

Nutrient Man Woman Pregnant
woman

Children
(1–9 years)

Girls
(10–17years)

Boys
(10–17years)

Protein
(g/d)

60 55 78 16.7–29.5 35–40 35–50

Calcium
(mg/d)

600 600 1200 600 800 800

Iron (mg/d) 17 21 35 9–16 27 32

Vitamin A
(b-carotene)
(μg/d)

4800 4800 6400 3200–4800 4800 4800

Thiamin
(mg/d)

1.2–1.7 1.0–1.4 1.6 0.5–0.8 1.0–1.2 1.1–1.5

Riboflavin
(mg/d)

1.4–2.1 1.1–1.7 2.0 0.6–1.0 1.2–1.4 1.3–1.8

Niacin
equivalent
(mg/d)

16–21 12–16 18 8–13 13–14 15–17

Pyridoxin
(mg/d)

2.0 2.0 2.5 0.9–1.6 1.6–2.0 1.6–2.0

Ascorbic
acid (mg/d)

40 40 60 40 40 40

Dietary
folate
(μg/d)

200 200 500 80–120 140–200 140–200

Vit. B12
(μg/d)

1 1 1.2 0.2–1.0 0.2–1.0 0.2–1.0

Magnesium
(mg/d)

340 310 310 50–100 160–235 120–195

Zinc (mg/d) 12 10 12 5–8 9–12 9–12

Adapted from National Institute of Nutrition (2011)

in potatoes and 12% of the RDA for potassium. Also, potato tubers contain an array
of other small molecules, many of which are phytonutrients. These include polyphe-
nols, flavonols, anthocyanins, phenolic compounds, carotenoids, polyamines, and
tocopherols. These phytonutrients play various important roles as improving immune
system, antioxidant activities, and health-promoting activities, thus are considered
as important nutritional quality constituents of potato. Because of the presence of
these important nutritional constituents in potato, potato is sometimes referred to as
a wholesome food, though levels of these important nutrients are invariably quite
low with reference to the RDA values for these nutrients. Therefore, there exists
ample scope to further improve the nutritional value of potato and make it a truly
wholesome food.
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Fig. 15.1 Nutrient contents
of potato (in 100 g after
boiling in skin and peeling
before consumption.
Partially adapted from www.
fao.org/potato-2008)

Water 
80 grams 

Energy 
87 kcal 

Thiamin 
0.11 mg 

Riboflavin 
0.2 mg 

Niacin 
1.44 mg 

Iron 
0.31 mg 

Protein 
1.8 g 

Fibre 
1.8 g 

Vitamin C
13 mg 

Carbohydrates 
17 g 

Phosphorus 
44 mg 

Calcium 
5 mg 

Potassium 
380 mg 

Fat 
0.1 g 

15.3 Biotechnological Tools for Assisting Conventional
Plant Breeding

Recent advancements in the field of agricultural biotechnology have created a new
domain to complement the methods of plant breeding. Genetic improvement can
be achieved through conventional as well as nonconventional approaches. There are
broadly three benefits to agriculture and crop improvement programs from use of
biotechnology. These are: (i) reduction of the duration of the breeding programmes,
(ii) to develop and multiply the healthy planting material, and (iii) genetically engi-
neering the crop plants for trait improvement. The first two benefits hold true for
all kinds of crop improvement and breeding programs. The third area, i.e., genetic
engineering or recombinant DNA technology, is target trait specific.

From consumer point of view, the main quality traits in potato are nutrient content
of the potato tubers, organoleptic characteristics including taste, flavor, and appear-
ance. Therefore, for researchers improving the quality traits means improving any
one, two, or all of these three characteristics of potatoes. Worldwide efforts are going
on to develop the cultivars of potato with improved quality characteristics. Biotech-
nological tools are being continuously enriched and improved. Potatoes being one of
the most important commodities for processing sector, its processing attributes are
also crucial for determining their suitability for processing purposes (e.g., making

http://www.fao.org/potato-2008
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chips, French fries, and dehydrated products). This chapter is restricted to nutritional
and processing trait improvement in potato using biotechnological approaches.

15.3.1 Genomic Resources for Biotechnological Applications
in Potato

The generation of huge volume of the datasets of DNA sequences has gone much
beyond everyone’s imaginations. This has been mainly possible due to tremendous
advancements in high throughputness of DNA sequencing technologies and the par-
allel development of sequencing storage servers and bioinformatics tools employed
for DNA sequence assembly and annotations. Even in case of vegetable crops, the
genome of the vegetables (including potato) belonging to more than 15 groups
(tomato, potato, sweet potato, pepper, carrot, cabbage, turnip, radish, brinjal, cucum-
ber, chenopodium, bitter gourd yam, beans, lettuce spinach, etc.) has been sequenced,
and the genome sequence database is available in public domain (Table 15.2). This
list of genome sequences of vegetable crops has expanded very rapidly. The assem-
bly of these sequenced genomes is at different levels of assembly (chromosomes,
scaffolds/contigs) (Table 15.2). Availability of genome sequences (including those
of other vegetable crops) can be of great as a source of efficient gene isoforms for
improving quality traits of potato through biotechnological approaches. Genome
resequencing, single-nucleotide polymorphism (SNP) discovery through genotypic
sequencing will be very useful in deciphering the genetic diversity at nucleotide
sequence levels. This information in turn can be used for establishing the association
between DNA/nucleotide variation and phenotypic/trait variability. The availability
of genome sequences of various specieswithin a clad/groupmaybe very useful in per-
forming genome-wide association mapping (GWAS) for various quality traits which
will be vital for developing effective breeding strategies aiming at targeted quality
trait(s) improvement. This may further help in identifying the more efficient alleles
associated with desirable quality traits. However, this may need additional informa-
tion about comparative kinetics of the enzymes encoded by these isoforms/alleles.

15.3.2 Transgenic-Based Tools for Quality Improvement
of Potato

Genetic engineering has the application in introducing the specific traits into plants. It
does not replace conventional breeding but add to the efficiency of crop improvement.
It is possible due to the fact that plants are totipotent, enabling regeneration of a new
plant from an isolated cell, tissue, or organ. Genetic engineering is the purposeful
addition of a foreign gene or genes to the genome of an organism with the aim to
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transfer the desired trait to the target plant. Genetic engineering physically removes
the DNA from one organism and transfers the gene(s) for one or a few traits into
another. Genetic engineering is mainly focused on the central dogma of biology.
The components of central dogma, i.e., DNA, RNA, and proteins are manipulated to
influence the targeted biological process, metabolic pathway or the trait. However,
to do this we need quite a bit of information about the molecular, genetic, and
biochemical basis of the target trait(s). Establishing the correlation between the gene
(DNA) and the targeted trait is very crucial in achieving the success in genetic
engineering. That is to identify the gene (s) which should/can be used for improving
the quality trait in question. Once the genes have been identified, then the second
question comes to search for the availability of the isoforms of the gene which
are more efficient in improving the targeted trait. These information are very vital.
Hence, the availability of genomic resources is proving to be very useful for genetic
engineering.

All the five steps of plant genetic engineering (i)DNAextraction, (ii) gene cloning,
(iii) designing suitable gene construct, (iv) plant transformation and regeneration,
and (v) backcross breeding are common to all plants except the transformation and
regeneration. Some plants are easy to transform and regenerate, whereas others are
recalcitrant. The transformation methods usually employed are broadly classified
into two categories, viz. direct transformation methods (electroporation or PEG-
mediated transformation of protoplasts, biolistics, etc.) and indirect transformation
methods (i.e., requiring an intermediate biological vector, usually the bacterium
Agrobacterium tumefaciens). Successful transformation, however, relies on various
phases, being the introduction and integration of DNA into the plant genome as well
as the selection and regeneration of transformed cells. Plant regeneration is generally
achieved via in vitro culture systems, using a range of explants and following two
alternative pathways: de novo shoot organogenesis or somatic embryogenesis. As a
result of worldwide R&D interventions, transformation and regeneration methods
for potatoes are available now which otherwise initially were considered recalcitrant
to in vitro regeneration. Due to these efforts, it is possible to genetically engineering
these vegetables crops for desired traits.

Through transgenic-based approaches, the desired traits can be manipulated by
two methods. These are overexpression of the specific gene(s), and repression or
inhibition of the specific gene, or both these together. Various tools and constructs
have been developed in order to perform these gene overexpression-mediated or gene
repression (silencing)-mediated genetic engineering for improvement of the targeted
trait. These aspects of the genetic engineering have been extensively described in
various literatures. The employed tools/approaches are continuously being improved
for their efficiency, precision, and biosafety. The transgenic technology has achieved
great success in supplementing crop breeding.
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15.3.3 Genome-Editing-Based Tools for Crop Improvement

Genome-editing biotechnological approach is the latest edition to the list of biotech-
nological approaches for crop improvement. Application of genome editing and
their principal has been reviewed by many researchers (Xiong et al. 2015). Genome-
editing technologies rely on engineered endonucleases (EENs) that cleave DNA in a
sequence-specific manner due to the presence of a sequence-specific DNA-binding
domain or RNA sequence. Through recognition of the specific DNA sequence, these
nucleases can efficiently and precisely cleave the targeted genes. The double-strand
breaks (DSBs) of DNA consequently result in cellular DNA repair mechanisms,
including homology-directed repair (HDR) and error-prone nonhomologous end
joining breaks (NHEJ), leading to gene modification at the target sites. There are
various kinds of engineered endonucleases used for genome editing and can be very
useful in improving quality traits of vegetable crops. These are very briefly described
as follows.

15.3.3.1 Zinc Finger Nucleases System

Zinc finger nucleases (ZFNs) are the first-generation EENs that were developed fol-
lowing the discovery of the functional principles of the Cys2-His2 zinc finger (ZF)
domains. Each ZF protein is able to recognize three contiguous nucleotide bases
within the DNA substrate. A generic ZFN monomer is fused by two functional dis-
tinct domains: an artificially prepared Cys2-His2 ZF domain at the N-terminal and
a nonspecific DNA cleavage domain of the Fok I DNA restriction enzyme at the C-
terminal. The dimerization of the Fok I domain is crucial for its enzymatic activity.
A ZFN dimer composed of two 3- or 4-ZF domains recognizes an 18- or 24-base
target sequence that, statistically, forms a unique site in the genomes of most organ-
isms. ZFNs have been successfully applied to gene modification in model plants
(Arabidopsis, tobacco, maize, etc.). However, obtaining functional ZFNs requires
an extensive and time-consuming screening process. Further, ZFNs have other lim-
itations, such as off-target effector even toxic to the host cells. These shortcomings
limit the application of ZFNs in plant genome editing.

15.3.3.2 Transcription Activator-Like Effector Nucleases System

Anewly engineered endonuclease, i.e., transcription activator-like effector nucleases
(TALENs), has rapidly emerged as an alternative to ZFNs for genome editing. The
broad applications of TALENs were transcription activator-like (TAL) effectors that
are secreted by the plant pathogenic bacteria Xanthomonas. After been pumped into
host cells, the TAL effectors enter the nucleus and bind to effector-specific sequences
in the host gene promoters and activate transcription. The DNA recognition property
of theTALeffectors ismediated by tandemamino acid repeats (34 residues in length).
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Two hypervariable amino acids known as repeat-variable di-residues (RVDs) located
at the 12th and 13th positions in each repeat determine the binding specificity of
the TAL effectors. The TALEN monomer is fused by two independent domains:
a customizable DNA-binding domain at the N-terminal and a nonspecific Fok I
nuclease domain at the C-terminal. Due to easier manipulation, the genes modified
by TALENs have been successfully used in rice, wheat, Arabidopsis, potato, tomato,
etc.

15.3.3.3 Clustered Regularly Interspaced Short Palindromic
Repeats/CRISPR-Associated 9 System

Recently, a new class of genome-editing technology, i.e., the CRISPR (clustered
regularly interspaced short palindromic repeats)/Cas9 (CRISPR-associated) system,
has been developed. CRISPRs were firstly identified in the Escherichia coli genome
in 1987 as an unusual sequence element consisting of a series of 29-nucleotide repeats
separated by unique 32-nucleotide “spacer” sequences. Later, repetitive sequences
with a similar repeat–spacer–repeat pattern were identified in other bacterial and
archaeal genomes, but the functions of these repeats remained obscure until 2005
when three independent research groups found the spacer sequence was identical
to some part of the viral and plasmid sequence. Further investigations indicated
that CRISPRs function through an RNA interference-like mechanism to recognize
and cleave foreign DNA. The type II CRISPR/Cas from Streptococcus pyogenes,
a short CRISPR RNA (crRNA), is able to recognize a complementary stretch of
nucleotides in alien DNA and determines the sequence specificity. In addition, a
transactivating crRNA (tracrRNA) is required to form a ribonucleoprotein complex
with Cas9 nuclease to generate site-specific DSBs. Later, investigators found that
the components of crRNA and tracrRNA could be combined into a single RNA
chimera, which was termed as guide RNA (gRNA). Efficient cleavage also requires
the presence of the protospacer adjacent motif (PAM) in the complementary strand
following the recognition sequence. Various interventions have been carried out in
CRISPR/Cas method to improve its target specificity. Presently, this technology is
being applied in gene modification in various plants and holds great promise for
nutritional quality improvement of potato as well.

15.4 Quality Traits of Potato Targeted Through
Biotechnological Interventions

As discussed in previous sections, potato plays an important role in diet due to its
nutritional content. In addition to have nutritional importance of potato as a staple
food/vegetable, potatoes are also one of the most widely used food commodities for
a wide range of processed products. Hence, their processing attributes may also be
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considered as quality traits. Potatoes do contain some anti-nutritional factors, and
thus reducing levels of these anti-nutritional factors also become improvement in
quality. Improvement in these quality traits of potato employing biotechnological
approaches will be described below.

15.4.1 Nutritional Quality Improvement

15.4.1.1 Phenolic Compounds

Phenolics are a diverse group of tens of thousands of different compounds.Many phe-
nolics occur as derivatives formed by condensation or addition reactions. Chemically,
a phenolic is a compound characterized by at least one aromatic ring (C6) bearing one
ormore hydroxyl groups. Some phenolic compounds are effective against diseases or
have other health-promoting qualities including effects on longevity, mental acuity,
cardiovascular disease, and eye health (Scalbert et al. 2005). Phenolics are the most
abundant antioxidants in the diet. Upon consumption, phenolics are metabolized by
digestive and hepatic enzymes, by the intestinal microflora and have a wide range of
bioavailability (Manach and Donovan 2004).

Potatoes are an important source of dietary phenolics. Phenolic compounds
belonging to various classes are present in potato. These include: (i) phenolic acids
(chlorogenic acid, caffeic acid, coumaric acid, protocatechuic acid, vanillic acid, fer-
ulic acid, cryptochlorogenic acid, neochlorogenic acid, gallic acid, p-hydroxybenzoic
acid, etc.), flavonols (rutin, kaempferol rutinose, quercetin-3-o-glu-rut), flavan-3-ols
(catechin, epicatechin), anthocyanidins (delphinidin, cyanidin, pelargonidin, peoni-
din,malvidin, anthocyanins). Variations in these phenolic compounds in potato geno-
types have been reported by several studies (Table 15.3) and reviewed by various
researchers (Akyol et al. 2016). As some genotypes of potato have more phenolics
than other vegetables (such as tomatoes, peas, onions, French beans, cucumbers,
while cabbage, carrots, lettuce), potatoes can be a substantial source of phenolics in
the diet and compare very favorably to other vegetables (Chun et al. 2005). Existence
of variation of several folds in phenolic content in potatoes envisions the potential
to further increase its nutritional value by more fully utilizing existing germplasm.
For example, a study of 74 Andean potato landraces revealed an 11-fold variation
in total phenolics and a high correlation between phenolics and total antioxidant
capacity (Andre et al. 2007a). Similarly, Navarre et al. (2011) screened tubers for
phenolics and found over a 15-fold difference in the amount of phenolics in different
potato genotypes. Although majority of phenolic compounds are found in greater
concentrations in the skin, but significant quantities are also present in the flesh
Silva-Beltran et al. (2017), overall the flesh typically contains more phenolics than
the skin on a per tuber basis because majority of the fresh weight of a mature potato
is contributed by the flesh. These main phenolic compounds found in potato have
been briefly described as follows.
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Table 15.3 Concentrations of the main phenolic compounds in potato

Phenolics class Phenolic compounds Range (mg/100 g dry
extract)

References

Phenolic acids Chlorogenic acid 27.6 Kanatt et al. (2005)

100.0–220.0 Shakya and Navarre
(2006)

17.4–1274.6 Andre et al. (2007a)

47.0–283.0 Leo et al. (2008)

17.3–1468.1 Mäder et al. (2009)

21.0–40.0 Navarre et al. (2009)

60.0–292.0 Navarre et al. (2010)

0.2–2193.0 Deusser et al. (2012)

Caffeic acid 0.1–0.2 Shakya and Navarre
(2006)

5.0–50.0 Leo et al. (2008)

1.1–172.4 Mäder et al. (2009)

2.0–6.9 Navarre et al. (2009)

0–41.6 Deusser et al. (2012)

Coumaric acid 0–9.2 Leo et al. (2008)

0–1.6 Mäder et al. (2009)

Protocatechuic acid 0–7.6 Mäder et al. (2009)

Vanillic acid 0–22.4 Mäder et al. (2009)

Ferulic acid 0.6–9.0 Leo et al. (2008)

0–3.9 Mäder et al. (2009)

0–1.4 Deusser et al. (2012)

Cryptochlorogenic acid 16.0–27.0

3.1–163.3

8.0–59.0

0.1–168.3

Neochlorogenic acid 2.9–9.9

49.2–91.2

0.5–1.5

3.0–11.0

0.1–87.6

Gallic acid 0–1.0 Mäder et al. (2009)

p-hydroxybenzoic acid 0–7.8 Mäder et al. (2009)

Flavonols Rutin 0.5–2.6 Shakya and Navarre
(2006)

(continued)
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Table 15.3 (continued)

Phenolics class Phenolic compounds Range (mg/100 g dry
extract)

References

0.6–1.3 Navarre et al. (2010)

0–12.2 Deusser et al. (2012)

Kaempferol rutinose 0.5–1.7 Navarre et al. (2010)

Quercetin-3-o-glu-rut 2.5 Shakya and Navarre
(2006)

Flavan-3-ols Catechin 43.0–204.0 Leo et al. (2008)

0–1.5 Mäder et al. (2009)

0–1.4 Deusser et al. (2012)

Anthocyanidins Anthocyanins 1.4–163.3 Andre et al. (2007b)

87.0 Han et al. (2007)

953.8–1630.3 Andre et al. (2007b)

21.0–109.0 Kita et al. (2013)

Adapted from Akyol et al. (2016)

Phenolic Acids

Phenolic acids and their derivatives are a diverse class of phenolic compounds made
by plants. Phenolic acids are derivatives of benzoic and cinnamic acids. The most
abundant benzoic acid derivatives are p-hydroxybenzoic, vanillic, syringic, and gallic
acids, while common cinnamic acid derivatives include p-coumaric, caffeic, ferulic,
and sinapic acids. The derivatives differ in the degree of hydroxylation and methoxy-
lation of the aromatic ring. Phenolic acids are produced in plants via shikimic acid
through the phenylpropanoid pathway. The phenolic acids reported to be present in
potato tubers are briefly being discussed below.

Chlorogenic Acid

The most abundant phenolics in tubers are caffeoyl-esters. Of the caffeoyl-esters,
chlorogenic acid (CGA) comprises over 90% of a tuber’s total phenolics (Malmberg
and Theander 1985). CGA acid is known to provide protection against degenerative,
age-related diseases, may reduce the risk of some cancers and heart disease and have
anti-hypersensitive anti-viral and anti-bacterial properties (Yamaguchi et al. 2008;
Nogueira and do Lago 2007). The biosynthetic pathway of CGA in plants is depicted
inFig. 15.2. ThisCGAbiosynthetic pathway can thus be engineered for increasing the
CGA content in potato. Concerns have been shown about developing high phenolic
potatoes that whether they would have unacceptable levels of browning or after
cooking darkening. However, studies have shown that neither the amount of total
phenolics, CGA nor polyphenols oxidase correlated with the amount of browning
observed in fresh-cut potatoes and that theywere not rate-limiting in the development
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Fig. 15.2 Biosynthesis of
chlorogenic acid in potato.
PAL: phenylalanine
ammonia-lyase; C4H:
cinnamate 4-hydroxylase;
4CL:
4-coumaroyl:CoA-ligase;
HCT:
hydroxycinnamoyl-CoA
shikimate/quinate
hydroxycinnamoyl
transferase; C3H:
p-coumarate 3-hydroxylase;
C4H: cinnamate
4-hydroxylase; HQT:
hydroxycinnamoyl-CoA
quinate hydroxycinnamoyl
transferase
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of browning (Cantos et al. 2002). Further, using QTL approach, Werij et al. (2007)
found no correlation between browning and CGA.

Flavons and Flavan-3-ols

Potatoes contain flavonols such as rutin, kaempferol rutinose, and quercetin-3-o-glu-
rut, but have not been thought to be important source of dietary flavonols. Numerous
studies have suggested flavons having multiple health-promoting effects, including
reduced risk of heart disease, lowered risk of certain respiratory diseases, such as
asthma, bronchitis, and emphysema, and reduced risk of some cancers including
prostate and lung cancer. One group showed that flavonols increased in fresh-cut
tubers, observing concentrations up to 14 mg/100 g FW and suggested that because
of the large amount of potatoes consumed, they can be valuable dietary source
(Tudela et al. 2002). Various studies have reported the presence of variations in
the levels of these flavons in various potato genotypes (Table 15.3). Flavan-3-ols
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Fig. 15.3 Biosynthesis of flavons, flavan-3-ols and anthocyanins in potato. PAL: phenylalanine
ammonia-lyase; C4H: cinnamate 4-hydroxylase; 4CL: 4-coumarate-CoA ligase; CHS: chalcone
synthase; CHI: chalcone isomerase; F3H: flavanone 3-hydroxylase; F3 9 H: flavonoid 3 9–hydrox-
ylase; DFR: dihydro-flavonol 4-reductase; FNS: flavone synthase; FLS: flavonol synthase; LAR:
leucoanthocyanidin reductase; ANS: anthocyanidin synthase; UFGT: UDP glucose: flavonoid-3-
O-glycosyltransferase

(sometimes referred to as flavanols) are derivatives of flavans and include catechin,
epicatechin gallate, epigallocatechin, epigallocatechin gallate, proanthocyanidins,
theaflavins, and thearubigins. Of these, some flavan-3-ols found in potato are enlisted
in Table 15.3. Biosynthetic pathway of flavons and flavan-3-ols in plant is depicted
as Fig. 15.3.

Anthocyanins

Potatoes, particularly colored-fleshed cultivars, can contain substantial amounts of
anthocyanins, compounds that can function as antioxidants and have other health-
promoting effects. Anthocyanins from potatoes have been found to have anti-cancer
properties (Reddivari et al. 2007). A wide range of variations in anthocyanin content
in potato have been reported (Table 15.3). Lewis et al. (1998) screened 26 colored-



446 S. Dutt et al.

fleshed cultivars for anthocyanin content and found up to 7 mg/g FW in the skin
and 2 mg/g FW in the flesh. Oertel et al. (2017) screened 57 cultivars of potato for
anthocyanin contents. Another study evaluated 31 colored genotypes and found a
range of 0.5–3 mg/g FW in the skin and up to 1 mg/g FW in the flesh (Jansen and
Flamme 2006). Brown et al. (2005) evaluated several genotypes for anthocyanins
and found that whole tubers contained up to 4 mg/g FW and that anthocyanin con-
centration correlated with the antioxidant value. In 2005, Parr et al. reported the com-
pounds called kukoamines in potatoes. These compounds are phenolic–polyamine
conjugates and had previously only been found in a Chinese medicinal plant, in
which they were being studied because they lower blood pressure. Roles of tuber
polyamines include regulation of starch biosynthesis, calystegine synthesis, disease
resistance, and sprouting (Tanemura and Yoshino 2006; Matsuda et al. 2005). Using
high-throughput HPLC analysis, 30 putative polyamines were detected in potato
tubers (Shakya and Navarre 2006).

Biosynthetic pathway of anthocyanins in plant is depicted as Fig. 15.3. It has
been demonstrated that tuber-specific expression of the native and slightly modified
MYB transcription factor gene StMtf1(M) activates the phenylpropanoid biosyn-
thetic pathway. Compared with untransformed controls, transgenic tubers contained
fourfold increased levels of caffeoylquinates, includingCGA (1.80mg/g dryweight),
while also accumulating various flavonols and anthocyanins. Subsequent impairment
of anthocyanin biosynthesis through silencing of the flavonoid-3′,5′-hydroxylase
(F3′5′h) gene resulted in the accumulation of kaempferol-rut (KAR) to levels that
were approximately 100-fold higher than in controls (0.12 mg/g dry weight). The
biochemical changes were associated with increased expression of both the CGA
biosynthetic hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transferase (Hqt)
gene and the upstream chorismate mutase (Cm) and prephenate dehydratase (pdh)
genes. Field trials indicated that transgenic lines produced similar tuber yields to
the original potato variety. Processed products of these lines retained most of their
phenylpropanoids andwere indistinguishable from untransformed controls in texture
and taste (Rommens et al. 2008).

15.4.1.2 Carotenoids

Carotenoids are the second most abundant naturally occurring pigments on earth,
with more than 750 members. Carotenoid pigments are mainly C40 lipophilic iso-
prenoids and synthesized in all photosynthetic organisms (bacteria, algae, and plants)
and range from colorless to yellow, orange, and red, with different degree of vari-
ations. Carotenoids have numerous health-promoting properties. Some carotenoids
are precursors of vitamin A and prevent human age-related macular degeneration,
and some are potent antioxidant and are considered to prevent prostate cancer and
cardiovascular disease. In humans, carotenoids also serve as antioxidants and reduce
age-related macular degeneration of the eye, the leading cause of blindness in the
elderly worldwide. An increasing interest in carotenoids as nutritional sources of
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pro-vitamin A and health-promoting compounds has prompted a significant effort in
metabolic engineering of carotenoid content and composition in food crops.

Potatoes also contain lipophilic compounds such as carotenoids, though in lesser
amount (Table 15.4). The yellow/orange flesh color found in some potatoes is due
to carotenoids. The carotenoids’ content of tubers in most potato cultivars ranges
between 0.2 and 36 μg/g FW (Iwanzik et al. 1983; Brown et al. 1993; Andre et al.
2007a). This variation in carotenoid concentrations has been suggested to be reg-
ulated mainly at the transcriptional levels (Morris et al. 2006). The most abundant
potato carotenoids are composed mainly of the xanthophylls lutein, antheraxanthin,
violaxanthin, and xanthophyll esters. Carotenoids are synthesized in plastids from
isoprenoid pathway (Fig. 15.4) and are accumulated in most plant organs. Various
genes of these pathways have been characterized in a range of organisms, and under-
standing of the regulation of the carotenoids pathway has led to devising strategies
for manipulating this pathway. Numerous groups have attempted to increase potato
carotenoids using transgenic strategies. The strategy commonly used in plants is
to increase the biosynthetic capacity by altering the carotenogenic enzyme activi-
ties. Overexpressing a bacterial phytoene synthase in tuber of the cultivar Desiree
increased carotenoids from 5.6 to 35 μg/g DW and changed the ratios of individual
carotenoids. Beta-carotene concentrations increased from trace amounts to 11 μg/g
DW and lutein levels increased 19-fold (Ducreux et al. 2005). Carotenoids have
also been increased by the approaches that do not directly involve use of carotenoids
biosynthesis genes, as shown by overexpression of the cauliflowerOr gene inDesiree
resulting in a sixfold increase in tuber carotenoids to about 20–25μg/g DW (Lu et al.
2006). A twofold increase in carotenoids was observed in tubers overexpressing Or
after six months of cold storage, but no such increase was observed in wild-type
or empty-vector transformed plants (Lopez et al. 2008; Li et al. 2012). However,
this is in contrast to earlier findings that potato cultivars undergo a decline in total
carotenoids during cold storage (Morris et al. 2006). Cultivated diploid potatoes
derived from Solanum stenotomum and Solanum phureja were found to contain up
to 2000μg/100 g FW zeaxanthin (Brown et al. 1993). A study of 24Andean cultivars
were found with almost 18 μg/g DW each of lutein and zeaxanthin and just over
2 μg/g DW of beta-carotene (Andre et al. 2007a). Overexpression of three bacterial
genes in Desiree resulted in 20-fold increase in total carotenoids to 114μg/g DWand
a 360-fold increase in beta-carotene to 47 μg/g DW (Diretto et al. 2007). Bub et al.
(2008) investigated whether zeaxanthin from genetically modified zeaxanthin-rich
potatoes is bioavailable in humans and found that consumption of zeaxanthin-rich
potatoes significantly increased chylomicron zeaxanthin concentrations suggesting
that potentially such potatoes could be used as an important dietary source of zeaxan-
thin. Diretto et al. (2006) silenced the first dedicated step in the beta-epsilon branch
of carotenoid biosynthesis, lycopene epsilon cyclase (LCY-e), by introducing, via
Agrobacterium-mediated transformation, an antisense fragment of this gene under
the control of the patatin promoter. Antisense tubers showed 2.5-fold increase in total
carotenoids, with beta-carotene showing themaximum increase of up to 14-fold. The
data suggested that epsilon cyclization of lycopene is a key regulatory step in potato
tuber carotenogenesis.
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Table 15.4 Carotenoids content reported in potato tubers (mg/kg DW* or FW**)

Carotenoid Content Potato cultivars References

Total carotenoids

28.0* Skin of tubers Campbell et al. (2010)

9.0* Flesh of tubers

1.10–12.2* Different cultivars Hamouz et al. (2016)

0.50–15.5* Different cultivars Fernandez-Orozco et al.
(2013)

0.58–1.75 Yellow cultivars Breithaupt and Bamedi
(2002)

0.38–0.62 White cultivars

26.2*/5.69* Yellow/red/purple Brown (2005)

8.0–20.0 Yellow–orange cvs.

26.0 Papa Amarilla cvs. Brown et al. (2008)

5.67 Inca-no-hitomi orange Kobayashi et al. (2008)

5.60–35.0* Transgen. Desirée Ducreux et al. (2005)

3.0–36.0* Andean landraces Andre et al. (2007a)

1.03–21.4 S. phureja accession Bonierbale et al. (2009)

2.57 ± 0.53* Shetland Black

14.8 ± 2.22* Red Laura Burmeister et al. (2011)

8.23 ± 2.98* Boiled M. Twilight

1.51 ± 0.31* Boiled Shetl. Black Tierno et al. (2015)

1.51 ± 0.31* Boiled Shetl. Black

Sum of carotenoid
esters

0.41–1.31 Yellow and white Breithaupt and Bamedi
(2002)

Individual carotenoids

All-trans-Lutein 1.12–17.7 Andean landraces Andre et al. (2007b)

0.55–1.89 S. phureja accession Bonierbale et al. (2009)

3.27–9.50* Raw tubers Clevidence et al. (2005)

3.89–9.50* Boiled tubers

All-trans-Violaxanthin trace–2.78 S. phureja accession Bonierbale et al. (2009)

All-trans-Antheraxantin 0.03–3.54 S. phureja accession Bonierbale et al. (2009)

All-trans-Zeaxanthin 18 Andean landraces Andre et al. (2007b)

12.9 S. phureja Burgos et al. (2009)

>10.0 S. phureja Bonierbale et al. (2009)

Trace–12.9 S. phureja

Trace–40* Accession raw/boiled
tubers

Clevidence et al. (2005)

All-trans-β-Carotene 2 Andean landraces Andre et al. (2007b)

(continued)
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Table 15.4 (continued)

Carotenoid Content Potato cultivars References

>0.1 S. phureja accession Bonierbale et al. (2009)

Lutein-5,6-epoxide Identified Commercial, bred, old,
and native cultivars

Fernandez-Orozco et al.
(2013)

9-cis-Lutein Identified

13-cis-Lutein Identified

9-cis-Violaxanthin +5,6-epoxide

All-trans-Neoxanthin +5,6-epoxide

9′-cis-Neoxanthin +5,6-epoxide

Mutatoxanthin Identified

Luteoxanthin +5,6 epoxide

Neochrome Identified

All-trans-β-
Cryptoxanthin

Identified

Adapted from Lachman et al. (2016)

In 2006, Morris et al. engineered astaxanthin in potato tubers. Both S. tubero-
sum and S. phureja transgenic lines were produced that expressed an algal bkt1
gene, encoding a beta-ketolase, and accumulated ketocarotenoids. Two major keto-
carotenoidswere detected, ketolutein and astaxanthin. The level of unesterified astax-
anthin reached 14 μg/g DW in some bkt1 expressing lines of S. phureja but was
much lower in the S. tuberosum. Similarly, expression of Erwinia uredovora crtB
gene encoding phytoene synthase in potato resulted in increased levels of carotenoids
(Ducreux et al. 2005). The tuber of S. tuberosum L. cultivar Desiree normally pro-
duces tubers containing 5.6 μg carotenoid/g DW and tubers of S. phureja cultivar
“Mayan Gold” contain carotenoid content of typically 20 μg carotenoid/g DW. In
developing tubers of transgenic crtB Desiree lines, carotenoid levels reached 35 μg
carotenoid/g DW and the balance of carotenoids changed radically compared with
controls. Beta-carotene levels in the transgenic tubers reached 11 μg carotenoid/g
DW, whereas control tubers contained negligible amounts and lutein accumulated to
a level 19-fold higher than empty-vector transformed controls. The crtB gene was
also transformed into S. phureja (cv. Mayan Gold), again resulting in an increase
in total carotenoid content to 78 μg/g DW in the most affected transgenic line. In
these tubers, the major carotenoids were violaxanthin, lutein, antheraxanthin, and
beta-carotene. No increases in expression levels of the major carotenoid biosyn-
thetic genes could be detected in the transgenic tubers, despite the large increase
in carotenoid accumulation. Romer et al. (2002) genetically modified two potato
varieties. By transforming with sense and antisense constructs encoding zeaxanthin
epoxidase, zeaxanthin conversion to violaxanthin was inhibited. Both approaches
(antisense and co-suppression) yielded potato tuberswith higher levels of zeaxanthin.
Depending on the transgenic lines and tuber development, zeaxanthin content was
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elevated 4–130-fold reaching values up to 40–78 μg/g DW. As a consequence of the
genetic manipulation, the amount of violaxanthin was diminished dramatically and
in some cases the monoepoxy intermediate antheraxanthin accumulated. In addition,
most of the transformants with higher zeaxanthin levels also showed increased total
carotenoid contents (up to 5.7-fold) and some of them exhibited reduced amounts
of lutein. The increase in total carotenoids suggested that the genetic modification
affects the regulation of the whole carotenoid biosynthetic pathway in potato tubers.
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15.4.1.3 Vitamins

Vitamins are a class of organic compounds, absolutely required for the maintenance
of healthy life processes. Role of vitamins inmaintaining human health via regulating
metabolism and supporting the biochemical process related to the energy released
from food or other sources in living organisms is well established. Vitamins are also
important in the synthesis of hormones, enzyme activity, red blood cells, genetic
materials, and neurotransmitters (Jube and Borthakur 2006). Although vitamins are
required in small amounts, their capability of sustenance and their ability to perform
biochemical functions is remarkable. Based on the solubility, vitamins have been
grouped into water-soluble vitamins and fat-soluble vitamins. Fat-soluble vitamins
are A, D, E, and K, and the rest are water soluble. Most of the vitamins have been
found to act as coenzymes; some act as growth regulators, andmost of them as antiox-
idants. Well-known human vitamin-related disorders include blindness (Vitamin A),
beriberi (Vitamin B1), pellagra (Vitamin B3), anemia (Vitamin B6), neural defects
in infants (Vitamin B9), scurvy (Vitamin C), sterility-related diseases (Vitamin E),
and Rickettsia (Vitamin D). In potato, predominant vitamin is vitamin C (Camire
et al. 2009). Potato also contains several B vitamins (folic acid, niacin, pyridoxine,
riboflavin, and thiamin), the composition of which is given in Table 15.5. Vitamin
in potatoes can be increased through fortification in processed foods, conventional
breeding, or through use of transgenic techniques, a process known as biofortifica-
tion. The major vitamins present in potato and the research outcome to increase these
vitamins level in potato are discussed below.

Vitamin C

Predominant vitamin in potatoes is vitamin C (also known as l-ascorbic acid), which
ranges from 84 to 145 mg/100 g DW depending on cultivar and soil composition
(Camire et al. 2009). A medium red-skinned potato (173 g) provides about 36%
vitaminC of the RDA according to theUSDAdatabase (Navarre et al. 2009). Vitamin
C is an important component in nutrition with the property of antioxidant, immuno-
protection, cardiovascular function improvement, prevention of ailments associated
with connective tissues, and help in iron metabolism. Vitamin C is a cofactor for
numerous enzymes, functioning as an electron donor. The best-known symptom of
vitamin C deficiency is scurvy, which in severe cases is typified by loss of teeth, liver
spots, and bleeding. More than 90% of vitamin C in human diets is supplied by fruits
and vegetables. It has been suggested that 100–200 mg vitamin C should be supplied
by human diets, and this quantity is expected to be increasing because of increasing
stress in modern life. Therefore, it is valuable to increase vitamin C content in edible
products of plant. In India, the available supply of vitamin C is 43 mg/capita/day, and
in the different states of India, it ranges from 27 to 66 mg/day which is far below the
recommended dose of 400 mg/day by ICMR (National Institute of Nutrition 2011).

Plantsmayhavemultiple vitaminCbiosynthetic pathways;with all of the enzymes
of the l-galactose pathway have been characterized (Laing et al. 2007; Wolucka and
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Table 15.5 Nutrient composition of potato (Solanum tuberosum), white, flesh, and skin, raw per
100 g

Nutrient Units Value per 100 g

Proximates Water g 81.6

Energy kJ 288

Protein g 1.68

Total lipid (Fat) g 0.1

Ash g 0.94

Carbohydrate, by diff. g 15.7

Fiber, total dietary g 2.4

Sugar, total g 1.15

Sucrose g 0.28

Glucose (destrose) g 0.53

Fructose g 0.34

Lactose g 0

Maltose g 0

Galactose g 0

Starch g 13.5

Available carbohydrate2 g 14.65

Minerals Calcium, Ca mg 9

Iron, Fe mg 0.52

Magnesium, Mg mg 21

Phosphorous, p mg 62

Potassium, K mg 407

Sodium, Na mg 6

Zinc, Zn mg 0.29

Copper, Cu mg 0.116

Manganese, Mn mg 0.145

Selenium, Se mg 0.3

Vitamins Vitamin C mg 19.7

Thiamin mg 0.071

Riboflavin mg 0.034

Niacin mg 1.066

Pantothenic acid mg 0.281

Vitamin B-6 mg 0.203

Folate, total mcg 18

Folic acid mcg 0

Folate, food mcg 18

(continued)
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Table 15.5 (continued)

Nutrient Units Value per 100 g

Folate DFE Mcg_DFE 18

Choline, total mg 11

Betaine mg 0.2

Vitamin B12 mcg 0

Vitamin A IU IU 8

Vitamin A RAE Mcg_RAE 0

USDA National Nutrient Database, No. 11365

Van Montagu 2007). One study examined tuber vitamin C content in 75 genotypes
and found concentrations ranging from 11.5 to 29.8 mg/100 g FW (Love et al. 2004).
This study also reported that some genotypes had more consistent concentrations of
vitamin C than others across multiple years or when grown in different locations
and suggests that the year may have a bigger effect than location. Dale et al. (2003)
measured vitamin A in 33 cultivars grown in three locations around Europe and
found vitamin C in a range of 13–30.8 mg/100 g FW. Extensive research work has
been undertaken at molecular levels of vitamin C biosynthetic pathway in plants.
An outline of plant vitamin C biosynthesis pathway is represented in Fig. 15.5. This
knowledge has made it possible to manipulate vitamin C content in several crops
(including potato) using various approaches including genetic engineering based.
Transfer of l-gulone-γ-lactone oxidase gene from rat to potato resulted in 40%
increase in vitamin C (Jain and Nessler 2000). Overexpression of gene encoding
enzyme d-galacturonic acid reductase (catalyzes reduction of d-galacturonic acid
or l-galactonic acid in the pathway for ascorbic acid biosynthesis via uronic acids)
from strawberry in potato gave rise to twofold increase in tuber ascorbate content
with respect to wild-type plants (Hemavathi et al. 2010; Vathi et al. 2009, 2011). Qin
et al. (2011) transformed potato with its native cytosolic- and chloroplastic-targeted
DHAR cDNAs, each under the control of theCaMV 35S promoter. Overexpression of
cytosol-targeted DHAR led to increased ascorbate content in both tubers and leaves
while overexpressing the chloroplastic enzyme also affected leaf ascorbate content.
Bulley et al. (2012) reported an up to threefold increase in ascorbate through the
overexpression of a single potato gene, GDP-l-galactose phosphorylase. In another
report, the potato transgenic lines were developed by overexpressing DHAR gene,
driven by the CaMV35S constitutive promoter and a tuber-specific patatin promoter.
The AsA level in tubers of patatin: DHAR transgenic lines showed an enhanced level
(up to 1.3-folds) as compared to that of control plants (Young et al. 2008). In another
report, two independent transgenic potato lines were developed by overexpression of
cytosolic DHAR (Cyt DHAR) gene and chloroplast DHAR (Chl DHAR) gene (Qin
et al. 2011). The Cyt DHARgene considerably augmented DHAR activities andAsA
contents in potato tubers and leaves, becauseoverexpressionofChlDHARgene could
only increaseDHARactivities andAsAcontents in leaves, not in tubers. These results
indicated that AsA level of potato is enhanced by increasing recycling ascorbate via
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DHAR overexpression. Similarly, the potato transformation was done using the gene
construct with potato isolate GGP (GDP-l-galactose phosphorylase) gene under the
control of polyubiquitin promoter (tubers only). The molecular and biochemical
study revealed that transgenic potato showed an increase in tuber ascorbate of up to
threefold (Bulley et al. 2012).

Vitamin A

Vitamin A deficiency is one of the most prevalent nutrient deficiencies in many
underdeveloped regions of the world, where it affects an approximately 250 million
children under 5 years of age. Beta-carotene is the primary substrate for synthesis
of vitamin A in humans. Plant pro-vitamin A carotenoids are the primary dietary
precursors of vitamin A. While many fruits and vegetables have high levels of pro-
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vitamin A carotenoids, staple crops contain low levels of these compounds, which
contributes to the global prevalence of vitamin A deficiency. Vitamin A deficiency
(VAD) is the leading cause of preventable blindness in children and increases the risk
of disease and death from severe infections. To help combat vitamin A deficiency,
a global effort is underway to increase pro-vitamin A content in major food crops
including potato. Cultivated potato is extremely poor in pro-vitamin, i.e., β-carotene.
However, metabolic engineering efforts to accumulate high levels of β-carotene in
potato tubers proved successful. Ducreux et al. (2005) worked on two potato cultivars
to increase the carotenoid content of potato tubers. S. tuberosum cv Desiree, which
typically accumulates 5.6 μg/g DW carotenoids with negligible β-carotene content
andS. phureja cv.MayanGoldwhich typically accumulates 20μg/gDWcarotenoids.
Both cultivars were transformed with the phytoene synthase gene (crtB) (for place
of this enzyme in carotenoid biosynthetic pathway kindly see Fig. 15.4) from E.
uredovora. Transgenic potato showed an accumulation of 35 total carotenoids and
11 μg/g DW β-carotene in developing tubers of Desiree and 78 μg/g DW in Mayan
Gold tubers. In another study, the gene encoding lycopene ε-cyclase (Lcy-ε) (for place
of this enzyme in carotenoid biosynthetic pathway kindly see Fig. 15.4) was targeted
with a tuber-specific antisense construct in order to suppress epsilon cyclization
of lycopene and direct the flux toward β-β-carotenoid branch (Diretto et al. 2006).
Results showed a tuber-specific increase in the accumulation of β-carotene (up to 14-
fold) and β-β-carotenoids (up to 25-fold) with a decrease in accumulation of lutein.
When the β-carotene hydroxylation step of the β-β-carotenoid branchwas targeted by
tuber-specific antisense silencing of the beta-carotene hydroxylase (chy1 and chy2)
(for place of this enzyme in carotenoid biosynthetic pathway kindly see Fig. 15.4),
a 38-fold increase in tuber β-carotene content was achieved (Diretto et al. 2007).
Similarly, by silencing the β-carotene hydroxylase gene in potato using RNAi, Van
Eck et al. (2010) were able to significantly increase beta-carotene content of tubers,
even in lines that normally accumulate only low levels of zeaxanthin.

Vitamin E

Vitamin E (also known as tocopherols) is another essential nutrient for human health,
but is consumed at suboptimal levels. The importance of vitamin E for reproductive
health was recognized as early as 1922. Humans and other animals are not capa-
ble of synthesizing tocopherol (vitamin E) autonomously and must be obtained from
their diet. The vitamin E (α-tocopherol) is only synthesized by photosynthetic organ-
isms which show potent antioxidant activity and vital for human health, however,
consumed at the suboptimal level. The metabolic pathways involved in tocopherol
biosynthesis in plants have been deciphered to a greater extent. A generalized path-
way of the vitamin Emetabolic biosynthesis in plants is represented in (Fig. 15.6). In
2008, Crowell et al. reported the development of transgenic tuber over accumulating
vitamin E where the transgenic potato lines developed via Agrobacterium-mediated
transformation using two vitamin E biosynthetic genes, p-hydroxyphenylpyruvate
dioxygenase (At-HPPD) and homogentisate phytyl transferase (At-HPT), isolated
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Fig. 15.6 Biosynthesis of tocopherols in plants. HPPD: p-hydroxyphenyl-pyruvate dioxygenase;
HPT: homogentisate phytyltransferase; MPBQ: methylphytylbenzoquinone; MT: methyltrans-
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from Arabidopsis thaliana. Biochemical and molecular analysis revealed that the
overexpression of At-HPPD and At-HPT resulted in a maximum 266 and 106%
increase in alpha-tocopherol, respectively, still lesser alpha-tocopherol than leaves
or seeds. This might be limiting factors for tocopherol accumulation in potato tubers
due to physiological and biochemical regulatory constraints. Overexpression of Ara-
bidopsis At-HPPD and homogentisate phytyl transferase (At-HPT ) genes in potato
transgenics was carried in an attempt to increase vitamin E content of potato. At-
HPPD resulted in maximum 266% increase in α-tocopherol, and overexpression of
At-HPT yielded a 106% increase in potato.

Vitamin B9

Vitamin B9, also known folates, is used as generic name to designate tetrahydrofolate
(THF) and its on-carbon (C1) unit derivatives. Folates are essential micronutrients
in the human diet. Folates are important cofactors involved in C1 unit transfer reac-
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tions. Folates exist in various forms. All-native reduced folate derivatives are very
sensitive to oxidative cleavage at the C9 and N10 bond; however, there are marked
differences in stability of those species, 5-formyl-THF being the most stable natural
folate, THF the least, and 5-methyl-THF intermediate. Folate deficiency is associated
with the increase risk of neural tube defects, cardiovascular diseases, megaloblastic
anemia, and some cancers (Bailey et al. 2003; Scott 1999). Unfortunately, folate
intake is suboptimal in most of the world’s populations, even in developed countries
(Scott et al. 2000). Therefore, there is an urgent need to increase folate content and
bioavailability in staple foods. Because of its large consumption worldwide, potato
is an appealing target for enrichment.

Importance of folates in human diets urges to increase the folate levels in potato.
Humans are not capable of synthesizing folates and thus require dietary supply. Plants
represent the major source of folate in the diet. As such potato is in the lower range
of folate contents among plant foods, even then potato is a well-known significant
source of folates in the diet due to its high level of consumption more so that for
its endogenous content. Several studies reported folate concentrations in potatoes
of usually unspecified genotypes, and the reported values can vary substantially
depending on the analytical method used. Values for folate concentrations in mature
rawpotato vary between 12 and 37μg/100 gFW(Konings et al. 2001;Vahteristo et al.
1997) except a study by McKillop et al. (2002) who reported an exceptionally high
folate concentration (125 μg/100 g FW). The USDA National nutrient Database
for Standard Reference (SR20) gives values of 14 and 18 μg/100 g FW for raw
potatoes. Goyer and Navarre (2007) determined total folate concentration of potato
tubers from >70 cultivars, advanced breeding lines, and wild species and found
showed an approximately threefold difference in folate values ranging from 0.46 to
1.37 μg/g DW or 11 to 35 μg/100 g FW. Vahteristo et al. (1997) determined that raw
potatoes contain 21 μg/100 g FW of 5-methyl-THF, 3 μg/100 g FW of THF, and
traces of 10-formyl folic acid, an oxidation product of 10-formyl-THF. Konings et al.
(2001) showed that >95% of folates were present as a 5-methyl-THF derivative in
potato tubers, the rest comprising 10-formyl folic acid and folic acid, and that total
folate derivatives were >90% polyglutamylated. Therefore, polyglutamated forms
of 5-methyl-THF seem to constitute most of the folate pool in potato tuber as is the
case in most fruits and vegetables. This variation in folic acid content in various
potato genotypes can be utilized through transgenic approaches for improving the
folic acid content in popular commercial cultivars of potato. Nevertheless, improving
folate contents using genetic engineering has been thought to be possible. As folate
biosynthesis has been fairly delineated in recent years, metabolic engineering of the
pathway is feasible. Recently, De Lepeleire et al. (2018) provided a proof of concept
that additional introduction of HPPK/DHPS and/or FPGS, downstream genes in
mitochondrial folate biosynthesis, enable augmentation of folates to satisfactory
levels (12-fold) and observed folate stability upon long-term storage of tubers. This
engineering strategy can serve as a model in the creation of folate-accumulating
potato cultivars, readily applicable in potato-consuming populations suffering from
folate deficiency.
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Vitamin B6

Vitamin B6 (chemically know as pyridoxine) is water soluble and like folate has
several vitamins. Vitamin B6 may be involved in more bodily functions than any
other nutrient, is a cofactor for many enzymes, especially those involved in protein
metabolism, and is also a cofactor for folate metabolism. Vitamin B6 has anti-cancer
activity, is a strong antioxidant, and is involved in hemoglobin biosynthesis, lipid and
glucose metabolism, and immune and nervous system function (Tambasco-Studart
et al. 2005; Theodoratou et al. 2008; Denslow et al. 2005). Possible consequences of
deficiency include anemia, impaired immune function, depression, confusion, and
dermatitis (Spinneker et al. 2007).

Themost significant sources ofVitaminB6 are animal proteins, starchy vegetables
(potatoes), bananas, avocados, walnuts, peanuts, and legumes. Potatoes are an impor-
tant source of dietary vitamin B6 (Kant and Block 1990) with amedium-baked potato
(173 g) providing about 26% of the RDA (USDANational Nutrient Database SR20).
Very little research has been conducted on this vitamin in potato; thus, little is known
about how much its concentration vary among genotypes. Rogan et al. (2000) had
reported the content of Vitamin B6 in potato in the range of 0.26–0.82 mg/200 g FW
have been reported. Vitamin B6 content varies substantially among the potato geno-
types. There is thus great potential for improving potato further through increasing
the content of this specific phytonutrient, by either breeding or genetic manipulation
to fortify the B6 vitamin as a healthy food resource for human nutrition. Work on
elucidation of metabolism of vitamin B6 in plants is in progress which may be of
vital importance for improving the vitamin B6 content in potatoes. Recently, Bagri
et al. (2018) developed the of transgenic potato cv. Kufri Chipsona overexpress-
ing key vitamin B6 pathway gene, the PDXII from A. thaliana under the control of
CaMV 35S constitutive promoter. Transgenic tubers exhibited 107–150% increase
in vitamin B6 accumulation in comparison to the untransformed controls potato.

15.4.2 Protein and Essential Amino Acids

Origin of name “Protein” (derived from the Greek word “proteios” means primary)
itself justifies it as one of the primary components of the living cells and is the most
important nutrient for humans. Lack of sufficient proteins in diet leads to deleterious
effects on growth and development in human beings. The deleterious effects of diets
that are sufficient in protein quantity but deficient in protein quality are well docu-
mented: poor growth, tissue wasting, and in severe cases, death. Lack of sufficient
protein in diet is known as protein energy malnutrition (PEM), and this is the most
lethal form of malnutrition and affects every fourth child worldwide. Building blocks
of proteins are twenty common amino acids. Humans like other animals can only
produce about half of the 20 common amino acids needed for life, the rest amino acids
must be obtained via diet, and these amino acids are referred to as essential amino
acids. Plant proteins contribute about 65% of the per capita supply of protein on
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worldwide basis. Among plants, cereal grains, tubers, and food legumes are the most
important suppliers of proteins. As the world’s population increases (and with it the
load on our agricultural resources), the need to make good-quality protein available
efficiently and economically becomes increasingly important. The importance and
urgency of providing humans with quality proteins are reflected in the growing sci-
entific and industrial interest in augmenting the nutritive value of the world’s protein
sources. Major efforts have been made to enhance the overall protein content and/or
to improve the essential amino acid composition of plant protein. The latter may be
considered as improving the quality of the targeted protein(s). Most plant proteins
are incomplete sources of amino acids. Among essential amino acids, methionine
(Met), lysine (Lys), and tryptophan (Trp) are present in very low quantity as com-
pared to other food sources (Table 15.6). This clearly shows that there is urgent need
and ample scope for improving these essential amino acids in potato. Because of the
importance of dietary protein and the fact that plants are its major source, develop-
ment of strategies to increase protein levels and the concentration of essential amino
acids in food crops is of primary importance in a crop improvement program. In
potato, protein content ranges from 1 to 1.5% of tuber fresh weight (Ortiz-Medina
and Donnelly 2003). Compared with other, it is negligible a source, potatoes are not
typically considered to be good dietary protein sources due to their low overall pro-
tein content although it has excellent biological value of 90–100 (Camire et al. 2009).
Keeping these facts in view, genetic engineering-based strategies and the efforts to
enhance the protein quality/quantity and essential amino acids (specifically methion-
ine, lysine and tryptophan) in various crop plants including potato have been targeted
worldwide. Here, efforts been made in potato are described.

Table 15.6 Lys, Met, and
Trp contents (mg/100 g food)
in the major protein sources
worldwide

Food Lysine Methionine Tryptophan

Potatoes 130 30 30

Beans 1870 260 230

Peas 610 100 100

Soybean 1900 580 450

Maize 290 190 70

Barley 380 180 150

Rice 290 170 90

Wheat 380 220 150

Nuts 750 330 450

Pig meat 2200 750 310

Freshwater fish 2020 700 240

Marine fish, other 2050 600 240

Adapted from Le et al. (2016)
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15.4.2.1 Role of Methionine, Lysine, and Tryptophan in Humans

Roles of these three essential amino acids, viz. lysine, methionine, and tryptophan
have been described in several literatures. Methionine acts as a precursor for the syn-
thesis of S-adenosylmethionine (SAM). SAM is a substrate involved in epigenetics
and in fatty acid oxidation. Methionine also acts as an important methyl donor in
human metabolism. Lack of methionine in diet leads to methylation-related disor-
ders such as fatty liver, tumorigenesis, neurological disorders, and atherosclerosis.
The limited availability of methionine leads to DNA strand breakage and fragmenta-
tion, which may be significant to the carcinogenic process (Garcia et al. 2011; Forges
et al. 2007;Guthikonda andHaynes 2006; Scott andWeir 1998; Fowler 2005). Lysine
plays several important roles in defense mechanism of humans. Lysine deficiency
decreases defense ability of mammalian cells to viruses. Lysine deficiency is also
the major cause of the osteoporosis in humans. Defects of lysine metabolism may
result in familial hyperlysinemia due to genetic disorder (Gaby 2006; Sacksteder
et al. 2000; Civitelli et al. 1992; Galvez et al. 2008). A diet deficient in methion-
ine and lysine intake reduces biological value of plant-based nutrition to 50–70%,
compared to a balanced diet with high abundance of essential amino acids. Unlike
other amino acids, tryptophan acts as a precursor to several neurochemicals, such
as serotonins and melatonin. Tryptophan deficiency in daily diet leads to several
symptoms. Stresses caused by the loss of sleep were reportedly caused by the lack of
tryptophan in daily food (Badawy 2013). Loss of lysine, methionine, and tryptophan
in diet caused several symptoms include weight loss, decrease in muscle mass, and
stress caused by losing sleep.

15.4.2.2 Genetic Engineering for Improving Methionine, Lysine,
and Tryptophan in Potato

Genetic engineering exploits the metabolic pathway genes or the associated tran-
scription factors. Hence, information at the genes levels of the metabolic pathways
aimed for manipulation is prerequisite. As far as lysine, methionine, and tryptophan
biosynthesis is concerned, their metabolic pathways in plants are fairly known. The
success of the genetic approach has been mostly restricted to improving protein
quality in model plants with enriched lysine, methionine, and tryptophan produc-
tion. These are briefly described as follows. Lysine and methionine are synthesized
by aspartate pathway within the chloroplast (Fig. 15.7). They share the initial three
steps of this biosynthetic pathway. The first enzymatic step of the aspartate family
is catalyzed by aspartate kinase which has multiple isoenzymic forms. Using ATP
and Mg2+, phosphorylation of aspartate leads to the formation of aspartyl phosphate
which is subsequently oxidized to aspartate semialdehyde by aspartate semialde-
hyde dehydrogenase (ASDH). In the last step of the common pathway, ASD forms
either dihydrodipicolinate (DHDP), a precursor of diaminopimelic acid and lysine,
or O-phosphohomoserine (OPH). OPHmay be channeled to threonine or methionine
(Azevedo et al. 2006). Methionine is converted from OPH in three enzymatic steps:
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dipicolinate; DAPAE: DAP epimerase; DAP: diaminopimelate; DAPAT: DAP-aminotransferase

CgS catalyzes the formation of the thioether cystathionine from substrates of cys-
teine, the sulfur atom donor, and OPH by trans-sulfuration. The next step converts
the intermediate to homocysteine and subsequently to methionine. In this mecha-
nism, reactions are catalyzed by the enzymes CgS, cystathionine-lyase (CbL), and
methionine synthase (MS), in that order. Almost 80% of methionine is converted
into SAM, and the remainder takes part as a protein constituent (Hesse and Hoef-
gen 2003). Tryptophan biosynthesis too takes place in chloroplasts and is synthesized
from chorismate (Fig. 15.8). Anthranilate synthase (AS) catalyzes the first reaction of
the tryptophan biosynthesis which converts chorismate and an amine donor (usually
glutamine) to form anthranilate; its activity is subject to feedback inhibition by Trp.
In subsequent step, anthranilate phosphoribosylanthranilate transferase catalyzes a
conversion of anthranilate and phosphoribosylpyrophosphate to phosphoribosylan-
thranilate and inorganic pyrophosphate. The third enzyme in the biosynthesis of
tryptophan is phosphoribosylanthranilate isomerase (PAI) activity converting phos-
phoribosylanthranilate to l-(O-carboxyphenylamino)-l-deoxyribulose-5-phosphate



462 S. Dutt et al.

Fig. 15.8 Tryptophan
biosynthesis pathway. AS:
Anthranilate synthase; PAT:
phosphoribosylanthranilate
transferase; PAI:
phosphoribosyl anthranilate
isomerase; IGPS:
indole-3-glycerol phosphate
synthase; Trp: tryptophan;
TS: Trp synthase; Tyr:
tyrosine; Ser: serine; IAA:
indole-3-acetic acid; Phe:
phenylalanine; AH:
arogenate dehydro; DAHPS:
DAHP synthase
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(CDRP). Then, indole-3-glycerol phosphate synthase (IGPS) accepts CDRP as the
substrate which is transferred to indole-3-glycerol phosphate (Tzin and Galili 2010).

The major genetic engineering-based strategies for improving protein quan-
tity/quality can be broadly grouped into three categories. These three groups are: (1)
genetic engineering of essential amino acids. In potato tubers, in addition to amino
acids present in proteins, some amino acids are “free” in the cytosol of seed cells
and available to be digested within the tuber. These “free” amino acids also represent
the pool available to the plant cell for protein synthesis and, to some extent, limit
the amount and type of protein synthesized by the cell. Thus, genetic engineering to
increase the level of amino acid synthesis has the potential to both remove some of
the limitations to protein synthesis and enrich the “free amino acid content” of the
plant. (2) Genetic engineering to enhance the levels of natural high-quality proteins
within the plant tissue. In this approach, the gene copy number and transcription
rate for specific genes are increased, or genes with appropriated essential amino acid
profile from different organism can be imported for heterologous expression in the
desired tissue (in case of potato, it is off-course tubers). (3) Improving the nutri-
tional quality of protein plant synthesise, through protein engineering and/or design.
Under this approach, the amino acid content of proteins expressed in potato tubers
can be tailored, or entirely new, modified proteins with more desirable complement
of amino acids can be designed and expressed. Although these three approaches
can be followed separately, however, application of any one of these three strategies
invariably results into more than one outcome in terms of improvement in protein
quantity/protein quality/free amino acid levels. Therefore, various research works
pertaining to improvement of proteins/amino acids in potato are discussed together
under one section.
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Efforts are being on for increasing content of various essential amino acids
(methionine, lysine, tryptophan, threonine, etc.) in potato. Advances in biotechnol-
ogy allowed the use of transgenic approach to increase the content of specific essential
amino acids in a target plant. It was first demonstrated by the significant enhancement
of methionine content in tobacco seed proteins through expressing transgene encod-
ing a methionine-rich protein from Brazil nut (Altenbach et al. 1989). Beauregard
et al. (1995) created an 11-kD synthetic protein, MBI, with 16% Met and 12% Lys,
and transformed soybean using vectors targeted to seed protein storage bodies using
appropriate leader sequences and seed-specific promoters. This was also achieved in
a nonseed food crop, sweet potato (Ipomoea batatas), modifiedwith an artificial stor-
age protein gene (Egnin and Prakash 1997). These transgenic plants exhibited two-
and fivefold increases in the total protein content in leaves and roots, respectively,
over that of control plants. A significant increase in the level of essential amino acids,
such as Met, Thr, Trp, Ile, and Lys, was also observed. In potato, higher methion-
ine levels increase the nutritional quality and promote the typically pleasant aroma
associated with baked and fried potatoes. Several attempts have been made to ele-
vate tuber methionine levels by genetic engineering of methionine biosynthesis and
catabolism. Chakraborty et al. (2000) developed transgenic potato overexpressing
the sunflower albumin or an amaranth seed albumin (AmA1), driven under the con-
stitutive promoters, which resulted in five- to sevenfold increase in total methionine
level in tubers. Further analysis of transgenic potato lines with enhanced methionine
amino acid via tuber-specific expression of a seed protein, AmA1 (Amaranth albu-
min 1), revealed an increase in total protein contents up to 60% in comparison to
the transformed potato (Chakraborty et al. 2010). Similarly, the methionine was also
enhanced in transgenic potato by overexpression of gene encodingPrLeg polypeptide
(isolated fromPerilla), driven under the tuber-specific patatin promoter. This resulted
in an increase in ~3.5-fold methionine in transgenic potato without changes in other
amino acids or growth, development, and yield of the potato (Goo et al. 2013). It was
also reported that higher isoleucine accumulation in transgenic tubers enhanced the
methionine accumulation via methionine gamma-lyase (MGL) catabolism pathway
(Huang et al. 2014). Recently, Kumar and Jander (2017) reported that overexpression
of A. thaliana cystathionine γ-synthase gene in S. tuberosum increased methionine
levels in tubers. Also, silencing S. tuberosummethionine γ-lyase gene, a gene encod-
ing protein which causes degradation of methionine into 2-ketobutyrate, resulted in
increase in methionine levels in tubers. Further, they reported that S. tuberosum cv.
Désirée plants with A. thaliana cystathionine γ-synthase gene overexpression and
S. tuberosum methionine γ-lyase gene silenced by RNA interference accumulated
higher free methionine levels than either single-transgenic line. The paradise nut 2S
seed protein is abundant Met residues (16 mol%). To explore the feasibility of fur-
ther increasing Met content of this protein, modifications were made in the sequence
region between the Cys-6 and Cys-7 codons of PN2S cDNA to contain 19, 21, and
23 mol% Met, respectively. All the three modified Met-rich PN2S were expressed,
processed, and accumulated in transgenic tobacco seeds. The same modifications
were also made in the Brazil nut 2S protein, and the chimeric genes were used to
transform potato. Results revealed that the mutated Met-enriched BN2S proteins
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were expressed and accumulated as well as normal 2S protein in the leaves and
tubers of transgenic potato. The accumulation of the methionine-rich protein could
make a significant enhancement in methionine levels in seed protein of transgenic
potato (Tu et al. 1998). In another study, attempts were made to increase the Met
content in potato tubers through heterologous overexpression of Arabidopsis cys-
tathionine γ-synthase (CgS�90), which is not regulated by Met in potato plants and
a storage Met-rich 15-kD zein in Desiree cultivar. There was sixfold increase in free
Met content and in the Met content of the zein containing protein fraction of the
transgenic tubers. In addition, in line with higher Met content, the amounts of solu-
ble isoleucine and serine were also increased. However, all the lines with higher Met
content CgC�90 expressions were phenotypically abnormal showing severe growth
retardation, changes in leaf architecture, and 40–60% reduction in tuber yield. Fur-
thermore, the color of the transgenic tubers was altered due to reduced amounts of
anthocyanin pigments.

In 1989, Yang et al. inserted the high essential amino acid encoding DNA
(HEAAEDNA) into the chloramphenicol acetyltransferase (CAT ) coding sequence
to generate a CAT-HEAAE fusion protein. Transgenic study indicated that CAT-
HEAAE protein was accumulated at 0.02–0.35% of total tuber protein in transgenic
potato. Based on the structurally well-studied maize zeins, the group later designed
and synthesized another artificial storage protein (ASP1) composed of 78.9% essen-
tial amino acids and estimated to possess a more stable storage protein like structure
in plants (Kim et al. 1992). The 284-bp asp1 gene, under the control of CaMV 35S
promoter, was normally expressed in transgenic tobacco leaves resulting in the accu-
mulation of relatively high levels of ASP1 proteins. Surprisingly, the overall levels
of total amino acid and protein were found to be increased remarkably in trans-
genic potato. Gene silencing by RNAi technology also has been tried in potato to
increase the essential amino acid content. The threonine synthase (TS) involved in
synthesis of threonine in potato was targeted for silencing so as to divert the cycle
and increase the Met content (Fig. 15.7). A reduction of 6% TS activity levels in
transgenic potato which increased the methionine levels up to 30-fold developing on
the transgenic line and environmental conditions and had no reduction in threonine
(Zeh et al. 2001). Most enzymes in biosynthesis pathways leading to amino acids are
inhibited by their end-products (allosteric regulation). 2S-sunflower seed protein has
been characterized for its IgE-binding capacity; the protein possesses a significant
amount of sulfur-containing amino acids (Hudson et al. 2005). This could be used
to improve protein quality of other crops through genetic engineering. A chimeric
gene encoding a methionine-rich Brazil nut (Bertholletia excelsa) protein contains
over 18%methionine, whereas most proteins contain only a few percent of methion-
ine. To increase methionine levels in plants, several transgenic approaches have been
used. Cystathionine γ-synthase (CGS), the first committed enzyme in themethionine
biosynthesis pathway, was overexpressed in transgenic potato plants. The transfor-
mation of PrLeg gene into potato, which contains low amounts of sulfur-containing
amino acids, was found to enhance Met content in the tubers (Goo et al. 2013).
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15.4.2.3 Minerals

Humans require various minerals to maintain health and for proper growth, and
plants are essential source of such minerals (Welch 2002). Minerals can generally be
classified as (a) major minerals [such as calcium (Ca), potassium (K), magnesium
(Mg), sodium (Na), phosphorus (P), cobalt (Co), manganese (Mn), nitrogen (N),
and chlorine (Cl)] and (b) minor/trace minerals [such as iron (Fe), copper (Cu),
selenium (Se), nickel (Ni), lead (Pb), sulfur (S), boron (B), iodine (I), silicon (Si), and
bromine (Br)]. Importance of optimal intake of theseminerals tomaintain goodhealth
has been universally recognized (Avioli 1988). Potatoes are an important source of
different dietary minerals. However, there are significant differences in major and
trace mineral contents among different genotypes of potato (Randhawa et al. 1984;
True et al. 1979). The minerals present in significant concentrations in potato are
given in (Table 15.6). In addition to genetic factors, many other factors affect the
mineral composition of potatoes; these include: location, stage of development, soil
type, soil pH, soil organic matter, fertilization, irrigation, and weather. Therefore, the
same genotype grown in different locationsmay have different mineral concentration
due to these environmental factors (Burgos et al. 2007). The available information
pertaining to the mineral content of potatoes and their improvement is described
below.

In terms of mineral content, potato is best known as an important source of dietary
potassium. Potassium plays a fundamental role in acid–base regulation, fluid bal-
ance, required for optimal functioning of the heart, kidneys, muscles, nerves, and
digestive systems. Health benefits of sufficient potassium intake include reduced
risk of hypokalemia, osteoporosis, high blood pressure, stroke, inflammatory bowl
disease, kidney stones, and asthma. Potato is listed as providing 18% of the RDA
of potassium. Potato qualifies for a health claim approved by the U.S. Food and
Drug Administration, which states: “Diets containing foods that are good source of
potassium and that are low in sodiummay reduce the risk of high blood pressure and
stroke.” Potassium varies from 3550 to 8234 μg/gFW (Casanas et al. 2002; Rivero
et al. 2003). The dietary reference intake of potassium for adult men and women is
3000–6000mg per day. TheUSNational academy of Sciences has recently increased
the recommended intake for potassium from 3500 mg to at least 4700 mg per day.
Besides potassium, phosphorus is the main mineral in potato tubers. It has many
roles in the human body and is a key player for healthy cells, teeth, and bones. Inad-
equate phosphorus intake results in abnormally low serum phosphate levels, which
affect loss of appetite, anemia, muscle weakness, bone pain, rickets/osteomalacia,
susceptibility to infection, numbness and tingling of the extremities, and difficulty
in walking. In potatoes, phosphorus ranges from ~1300 to 6000 μg/g DW (Lisinka
and Leszczynski 1989). Daily requirement of phosphorus is 800–1000 mg. Potato is
listed as providing 6% of the RDA of phosphorus. Calcium is important for bone and
tooth structure, blood clotting, and nerve transmission. Deficiencies are associated
with skeletal malformation and blood pressure abnormalities. The RDA for calcium
is 600–1200 mg (Table 15.1). Potatoes are a significant source of calcium and have
been shown to provide 2% of the RDA of calcium. Among 74 Andean landraces
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screened, calcium ranged from 271 to 1093 μg/g DW (Andre et al. 2007b). Mag-
nesium is required for normal functioning of muscles, heart, and immune system.
Magnesium also helpsmaintain normal blood sugar levels and blood pressure. Potato
magnesium levels range from 142 to 359μg/g FW (Casanas et al. 2002; Rivero et al.
2003) and provides 6% of the RDA of magnesium. Manganese has a role in blood
sugar regulation, metabolism, and thyroid hormone function. RDA for manganese
is 2–10 mg. The range of potato manganese content has been reported from 0.73
to 3.62 μg/gFW (Rivero et al. 2003) to 9–13 μg/g DW (Orphanos 1980). Copper
is needed for synthesis of hemoglobin, proper ion metabolism, and maintenance of
blood vessels. The RDA for copper is 1.5–3.0 mg. Copper in potatoes varies from
0.23 to 11.9 mg/kg FW (Randhawa et al. 1984; Rivero et al. 2003). Like zinc, copper
is also high in yellow-fleshed potatoes (Dugo et al. 2004).

Iron deficiency affects more than 1.7 billion people worldwide and has been
called the most widespread health problem in the world by the World Health Orga-
nization. Due to severe iron deficiency, more than 60,000 women die in pregnancy
and childbirth each year, and almost 500 million women of childbearing age suffer
from anemia. Dietary iron requirements depend on numerous factors, for example,
age, sex, and diet composition. Potato is a modest source of iron. Potato is listed
as providing 6% of the RDA of iron. Iron content in cultivated potato tubers has
been found in the range of 0.3–2.3 mg 100 g FW or 6–158 μg/g DW (True et al.
1979; Andre et al. 2007b). Potato iron has been suggested to be quite bioavailable
because it has very low levels of phytic acid unlike the cereals. Zinc is needed for
body’s immune system to properly work and is involved in cell division, cell growth,
and wound healing. Iron and zinc deficiencies result in decreased immune function
and can interfere with growth and development (Zimmermann and Hurrell 2002).
The RDA for zinc is 15–20 mg, and potato is listed as providing 2% of the RDA
of zinc. The zinc content ranges from 1.8 to 10.2 μg/g FW (Andre et al. 2007b;
Randhawa et al. 1984; Rivero et al. 2003). Yellow-fleshed potatoes from different
cultivars contain zinc in 0.5–4.6 μg/g FW (Dugo et al. 2004).

Improving Mineral Content in Potatoes Using Genetic Engineering

Very few reports are there about research attempts improving mineral content in
potato through biofortification. Because plants cannot synthesize theseminerals, they
must be acquired from soil. As a result, engineering of plant mineral content is quite
different from modifications of improving other nutrition associated constituents
such as proteins and vitamins that the plant itself synthesizes. There are four main
strategies which can be employed for improving the mineral contents in potatoes
(Fig. 15.9); these are: (i) improvingminerals uptake fromsoil, (ii) increasing transport
to storage organ, (iii) increasing storage capacity of sink, and (iv) decreasing anti-
nutrient (phytic acid, phytase, etc.) components which reduce availability of the
minerals. Research to improve the mineral composition of crop plants has mostly
focused on iron content. Several reports exist in this particular area, most of which
describe research that was performed on iron biofortification in rice crop. However,
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Fig. 15.9 Approaches for improving mineral content in potato. The four main strategies include:
(i) improving minerals uptake from soil, (ii) increasing transport to storage organ, (iii) increasing
storage capacity of sink, (iv) decreasing anti-nutrient (phytic acid, phytase, etc.) components which
reduce availability of the minerals

very less research in this regard in potato has been carried out worldwide. An attempt
was made to over express Arabidopsis sCAX (Cationic Exchanger 1) and H+/Ca2+

transporter genes in potato. Transgenic tubers expressing sCAX1 displayed up to
threefold more calcium content compared to wild type without significant alteration
in growth and development. The trait was also found to be stably inherited when
monitored over three generations (Park et al. 2005). In other work, a chimeric, N-
terminus-truncated Arabidopsis cation transporter (CAX2B) that contains a domain
fromCAX1 for increased substrate specificitywas over expressed in potato to improve
calcium accumulation. The transgenic plants had 50–65% improved tuber calcium
content relative to wild type, with stable inheritance and no deleterious effects on
plant growth or development (Kim et al. 2006).

15.4.3 Reducing Anti-nutritional Factors

15.4.3.1 Glycoalkaloids

Steroidal alkaloids (SAs) and their glycosylated forms, i.e., steroidal glycosy-
lated alkaloids (SGAs) are toxic compounds mainly produced by members of the
Solanaceae and Liliaceae plant families. In humans and animals, steroidal alkaloids
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are considered anti-nutritional factors because they affect the digestion and absorp-
tion of nutrients from food and might even cause poisoning. In spite of the first report
on steroidal alkaloids nearly 200 years ago, much of the molecular basis of their
biosynthesis and regulation remains unknown. It has been perceived that elaborating
the knowledge regarding the steroidal alkaloids biosynthetic pathway, the subcellular
transport of these molecules, as well as the identification of regulatory and signaling
factors associated with steroidal alkaloids metabolism, will also provide the means
to develop, through classical breeding or genetic engineering, crops with modified
levels of anti-nutritional SAs (Cardenas et al. 2015). Recently, co-expression anal-
ysis and metabolic profiling revealed metabolic gene clusters in tomato and potato
that contain core genes required for production of the prominent SGAs.

The presence of SGAs in potatoes has been of a particular concern due to their
toxicity to humans (Friedman et al. 1997). In potatoes, SGAs are found in every plant
organs (roots, tubers, stolons, stems, foliage, flowers, and fruits) with fresh weight
concentrations ranging from 10 mg per kg (fresh weight) in tubers to 5000 mg
per kg (fresh weight) in the flowers (Smith et al. 1996). Solanine and chaconine,
derived from the aglycone solanidine, are the most prevalent glycoalkaloids found in
cultivated potato (Dale et al. 1993). Solanine and solasonine have a common sugar
moiety (solatriose) while chaconine and solamargine have chacotriose in common.
The alkamine steroidal skeletons (aglycones) of the glycoalkaloids are classified into
two groups, the spirosolanes and solanidanes, of which solasodine and solanidine
are representatives, respectively. These compounds are derived frommevalonic acid.
The use of wild germplasm in potato breeding is extensive and the main source of
transmission of unusual SGAs (Väänänen et al. 2006).

Elimination of solanidine glycosylation has been found to decrease toxicity of
edible tuber. Antisense DNA constructs of SGT1 coding for solanidine galactosyl
transferase involved in α-solanine biosynthesis, SGT2 coding for solanidine glu-
cosyltransferase involved in α-chaconine biosynthesis, or SGT3 coding for sterol
rhamnosyltransferase, the last step in the triose formation of α-chaconine and α-
solanine (McCue et al. 2005, 2006, 2007), reduced the corresponding glycoalkaloids
in transgenic potato plants. Antisense silencing of a potato gene encoding a sterol
alkaloid glycosyl transferase (sgt1) resulted in complete inhibition of α-solanine
accumulation. But this decrease was compensated by elevated levels of α-chaconine
and resulted in wild-type total steroidal glycoalkaloids (SGA) levels in transgenic
lines (McCue et al. 2005). Arnqvist et al. (2003) overexpressed soybean (Glycine
max) type 1 sterol methyl transferase (GmSTM1) in potato (cv. Desiree) in an attempt
to reduce glycoalkaloids. The transgenic potato showed decreased glycoalkaloid lev-
els in leaves and tubers, down to 41 and 63% of wild-type levels, respectively. In
2002, Esposito et al. estimated the glycoalkaloid content in potatoes improved with
nonconventional breeding approaches. They performed chemical analyses on two
distinct groups of new potato genotypes. The first group contained clones trans-
formed with the gene ech42 encoding for an endochitinase. The second included
interspecific hybrids between the cultivated potato S. tuberosum and the wild species
Solanum commersonii, obtained either by somatic fusion or by sexual hybridiza-
tion. The results suggested that chitinase gene insertion did not alter other metabolic
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pathways of potato tubers and did not cause unintentional pleiotropic effects. In
interspecific hybrids, wide variability for all of the parameters analyzed was found.
In a number of genotypes, glycoalkaloid levels were close to or lower than those of
the control varieties, suggesting that selection for low glycoalkaloid content is possi-
ble. The results also indicated that glycoalkaloids from S. commersonii may be lost
rapidly. Recently, co-expression analysis and metabolic profiling revealed metabolic
gene clusters in tomato and potato that contain core genes required for production
of the prominent SGAs (Cardenas et al. 2015).

15.4.3.2 Acrylamide and Allergens

Acrylamide has been classified as probable carcinogen in humans and has neurolog-
ical and reproductive effects. It is formed from free asparagine and reducing sug-
ars during high-temperature cooking and processing of common foods. Potato and
cereal products are major contributors to dietary exposure to acrylamide. One of the
promising approaches to reduce the acrylamide formation in plant-based processed
products is to develop crop varieties with lower concentrations of free asparagine
and/or reducing sugars, and of best agronomic practice to ensure that concentrations
are kept as low as possible (Halford et al. 2012). Chawla et al. (2012) reported that
simultaneous silencing of asparagine synthetase (Ast)-1 and -2 reduced asparagine
formation and, consequently, reduces the acrylamide-forming potential of tubers.
However, phenotypic analysis revealed that the phenotype of silenced lines appears
normal in the greenhouse, but field-grown tubers were small and cracked. Assessing
the effects of silencing StAst1 and StAst2 individually, they found that yield drag
was mainly linked to down-regulation of StAst2. Interestingly, tubers from untrans-
formed scions grafted onto intragenic StAst1/2-silenced rootstock contained almost
the same low ASN levels as those in the original silenced lines, indicating that ASN
is mainly formed in tubers rather than being transported from leaves. Further, field
studies demonstrated that the reduced acrylamide-forming potential achieved by
tuber-specific StAst1 silencing did not affect the yield or quality of field-harvested
tubers.

Allergies to potatoes appear to be relatively uncommon. Patatin, the primary
storage protein in potato unfortunately, has also been suggested to be major allergen
in potato. Patatin may be cross-reactive for persons with allergy to latex, and children
with atopic dermatitis appear to have increased sensitivity to this potato protein
(Schmidt et al. 2002). However, boiling of potatoes reduce or nullify the allergic
reaction. No significant work has been carried out to remove or minimize the allergic
potential of potatoes. The biotechnological way to overcome this patatin-associated
allergymay be developing potato cultivar engineered for the patatin protein at specific
site(s) which is/are responsible for inducing the allergic response upon consumption.
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15.4.4 Improving Carbohydrates Quality

After cellulose, starch is the second most abundant compound produced in higher
plants. Starch represents the most important carbohydrate used for food and feed
purposes. While cellulose is a structural component of plants, starch mainly serves
as a compound to temporarily store energy that can be accessed at a later time
point. Chemically, starch is an alpha-glucan (α-glucan) and composed of two types
of polysaccharides: amylose and amylopectin (Fig. 15.10). Amylopectin is highly
branched, leavingmore surface area available for digestion. It is broken down quickly
and thus produces a larger rise in blood glucose. On the other hand, amylose is a
straight chain, which limits the amount of surface area exposed for digestion. There-
fore, digestion of amylose is slow than that of amylopectin and hence is responsible
for resistant nature of starch. Thus, improving the resistant starch content refers to
increasing the amylose content of the target crop. Resistant starch provides health
benefits such as glycemic control, control of fasting plasma triglyceride and choles-
terol levels and absorption of minerals. In view of the industrial application and
the nutritional benefits of resistant starch, researchers around the globe have been
working to increase the RS content of the plants. The approaches for increasing
the RS content in plants include natural selection, conventional breading as well
as transgenic. All these approaches are based on biosynthetic pathways of starch
metabolism. The key enzymes for starch biosynthesis are AGPase, starch synthases,
and branching enzymes. Generation of the sugar nucleotide ADP glucose is cat-
alyzed by AGPase. Starch synthases catalyze the polymerization of glucose residues
resulting in formation of α-1,4 glucans. Branching enzymes cleave α-1,4 glucans and
reattach the cleaved chain to an α-1,4 glucan chain by an α-1,6 glycosidic linkage,
thereby forming a branch (Fig. 15.10).

As potato contains high starch, they have been genetically modified for increasing
the resistant starch content (i.e., amylose content). In 2000, Schwall et al. developed
very-high-amylose potato starch by manipulating starch branching enzymes through
genetic engineering. They simultaneously inhibited two isoforms of starch branch-
ing enzyme to below 1% of the wild-type activities which resulted in altered starch
granule morphology and composition. In these, potato amylopectin was found to
be absent, whereas the amylose content increased to levels comparable to the high-
est commercially available maize starches. Expression of amylosucrase in potato
resulted in larger starch granules with rough surfaces and novel physicochemical
properties, including improved freeze–thaw stability, higher end viscosity, and bet-
ter enzymatic digestibility. In 2005, Blennow et al. reported genetic engineering of
potato tuber starch by simultaneous antisense suppression of the starch branching
enzyme (SBE) I and II isoforms. Starch prepared from12 independent lines, and three
control lines were characterized with respect to structural and physical properties.
The lengths of the amylopectin unit chains and the concentrations of amylose and
monoesterified phosphate were significantly increased in the transgenically engi-
neered starches. With the aim of increasing starch content, Regierer et al. (2002)
modulated the adenylate pool by changing the activity of the plastidial adenylate
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Fig. 15.10 Starch components in potato. Starch has two components, viz. amylose and amylopectin.
Amylose is considered as resistant starch
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kinase in transgenic potato plants. A substantial increase in the level of adenylates
and, most importantly, an increase in the level of starch to 60% above that found in
wild-type plants were observed.

Beaujean et al. (2000) demonstrated that it is possible to replace starch degrada-
tion using microbial enzymes via a system where the enzymes are produced directly
in the plants, but active only at high temperature, thus offering novel and viable
strategies for starch-processing industries. They reported for the first time that starch
was degraded and glucose and fructose were produced directly when crushed potato
tubers expressing a starch degrading bifunctional gene were heated for 45 min at
65 °C. To achieve this, we have constructed a fusion gene encoding the thermostable
enzymes: alpha-amylase (Bacillus stearothermophilus) andglucose isomerase (Ther-
mus thermophilus) under the control of the granule-bound starch synthase promoter.
This enzymatic complex produced in transgenic tubers was only active at high tem-
perature (65 °C). More than 100 independent transgenic potato plants were regen-
erated. The biochemical analyses performed on young and old tubers after high-
temperature treatment (65 °C) revealed an increase in the formation rate of fructose
and glucose by a factor of 16.4 and 5.7, respectively, in the transgenic tubers as
compared to untransformed control tubers. Potato tuber pectin is rich in galactan
(oligomer of beta-1,4-linked galactosyl residues). Oxenboll Sorensen et al. (2000)
expressed a fungal endo-galactanase cDNA in potato under control of the granule-
bound starch synthase promoter to obtain expression of the enzyme in tubers during
growth.Analyses of transgenics revealed alterations in pectin composition.Monosac-
charide composition of total cell walls and isolated rhamnogalacturonan I fragments
showed a reduction in galactosyl content to 30% in the transformants compared with
the wild type.

15.4.5 Improving Processing Attributes

Accumulation of reducing sugars (primarily glucose and fructose) in cold-stored
potato tubers is referred to as “cold-induced sweetening” (CIS). CIS makes the cold-
stored potatoes unfit for processing purposes such as chips and French fries making
(Fig. 15.11). Two separate metabolic events are critical in determining a potato
tuber’s ability to produce sugars in the cold storage: the ability to form sucrose and
the ability to hydrolyze sucrose to the reducing sugars glucose and fructose. The
control of sucrose synthesis is controlled by several related enzymes while reducing
sugar formation ismore specifically related to level of vacuolar acid invertase activity.
Role of vacuolar acid invertase in cold-induced sweetening has been demonstrated by
various researchers (Fig. 15.12). Bhaskar et al. (2010) demonstrated that silencing the
potato vacuolar acid invertase gene (VInv) prevented reducing sugar accumulation
in cold-stored tubers. Potato chips processed from VInv silencing lines were light in
color even when tubers were stored at 4 °C. Comparable, low levels of VInv gene
expression were observed in cold-stored tubers from wild potato germplasm stocks
that are resistant to cold-induced sweetening. Wiberley-Bradford et al. (2014) have



15 Biotechnology for Nutritional and Associated Processing … 473

Fig. 15.11 Chips prepared from potatoes having high glucose content due to cold-induced sweet-
ening (a); and from potatoes having low glucose content (b)

shown that vacuolar invertase (VInv) silencing significantly reduced cold-induced
sweetening in stored potato tubers, likely by means of differential VInv expression
early in storage. Zhu et al. (2014) suppressed the expression of Vacuolar Invertase
gene (VInv) in cultivars Russet Burbank and Ranger Russet using RNA interference
to determine if this approach could control sugar-end defect formation.Acid invertase
activity and reducing sugar content decreased at both ends of tubers. Clasen et al.
(2016) used transcription activator-like effector nucleases (TALENs) to knockout
vacuolar invertase gene (VInv, which encodes a protein that breaks down sucrose
to glucose and fructose) within the commercial potato variety, Ranger Russet. They
isolated 18 plants containing mutations in at least one VInv allele, and five of these
plants had mutations in all VInv alleles. Tubers from full VInv-knockout plants had
undetectable levels of reducing sugars, and processed chips contained reduced levels
of acrylamide and were lightly colored. These results provide a framework for using
TALENs to quickly improve traits in commercially relevant autotetraploid potato
lines.

Rommens et al. (2006) improved potato storage and processing characteristics
through all-native DNA transformation. They simultaneously lowered the expression
of Ranger Russet’s tuber-expressed polyphenol oxidase, starch-associated R1, and
phosphorylase-l genes. This genetic modification was accomplished without insert-
ing any foreign DNA into the plant genome. French fries from the intragenic potatoes
also contained reduced amounts of the anti-nutritional compound acrylamide while,
unexpectedly, displaying enhanced sensory characteristics. Processed potato tuber
texture is an important trait that influences consumer preference, a detailed under-
standing of tuber textural properties at the molecular level is lacking. Tuber pectin
methyl esterase activity is a potential factor impacting on textural properties. Expres-
sion of a gene encoding an isoform of pectin methyl esterase (PEST1) was associated
with cooked tuber textural properties. Ross et al. (2011) changed the texture of potato
by engineering pectin and thus changed the texture of potato. They used transgenic
approach to investigate the impact of the PEST1 gene. Antisense and overexpressing
potato lines were generated. In overexpressing lines, tuber pectin methyl esterase
activity was enhanced by up to 2.3-fold, whereas in antisense lines, pectin methyl



474 S. Dutt et al.

Fructose-6-P 

Sucrose

Glucose-6-P 

UDP glucose

Starch

Fructose 

Respiration

Glucose-1-P 

Glucose-6-P 

Glucose 

Glucose-1-P 

Glucose 

+ 
Glucose 

Sucrose

Vacuole 

FructoseGlucose 

Starch granule

E-3 

E-4 

E-8 

E-6 

E-5 

E-9 

E-9 

E-9 E-10 

E-11

E-13 

E-12 

Cytosol 

Fig. 15.12 Carbohydratemetabolism in stored potato tubers. Enzymes: (E1) sucrose synthase; (E2)
fructokinase; (E3) UDP glucose pyrophosphorylase; (E4) phosphohexose isomerase; (E5) phospho-
glucomutase; (E6) ADP glucose pyrophosphorylase; (E7) starch synthases, branching enzymes;
(E8) neutral invertase; (E9) hexokinase; (E10) acid invertase; (E11) sucrose phosphate synthase;
(E12) starch phosphorylase; (E13) amylases, debranching enzymes. Partially adapted from Dale
and Bradshaw (2003)

esterase activity was decreased by up to 62%. Pectin methyl esterase isoform anal-
ysis indicated that the PEST1 gene encoded one isoform of pectin methyl esterase.
Analysis of cell walls from tubers from the overexpressing lines indicated that the
changes in pectin methyl esterase activity resulted in a decrease in pectin methyla-
tion. Analysis of processed tuber texture demonstrated that the reduced level of pectin
methylation in the overexpressing transgenic lines was associated with a firmer pro-
cessed texture. Thus, there was a clear link between pectin methyl esterase activity,
pectin methylation, and processed tuber textural properties (Ross et al. 2011). Potato
polyphenol oxidases are the enzymes responsible for enzymatic browning reaction
observed in impacted, damaged, or sliced tubers. These oxidative deterioration reac-
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tions alter the organoleptic properties of food and greatly affect potato tuber quality.
Llorente et al. (2011) silenced the PPO gene in transgenic potato which reduced the
enzymatic browning and enhanced the shelf life of potato.

15.5 Future Prospects

Malnutrition is the most chronic and pressing agricultural and human health prob-
lem of the twenty-first century. Potato being an important constituent of our diets is
expected to play vital role in tackling this serious malnutrition problem. Therefore,
improvements in the nutritional quality of potato would have most visible positive
impact. For achieving this, full potential of biotechnological tools must be put in
use in association with conventional plant breeding programs with the sole aim of
bio-fortifying potatoes with superior nutritional levels. The genomic resources need
to be continuously enriched to have deeper insights for identifying key molecular
regulators which can be utilized through biotechnological approaches in potato with
the aim of developing nutritionally superior cultivars. Present mechanisms put in
place for evaluation and recommendation for commercial application of the geneti-
cally engineered superior potato, and other crops need to be streamlined so that the
real benefit of the biofortified nutritionally superior food can reach the consumers.
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