Acta Physiol Plant (2016) 38:276
DOI 10.1007/s11738-016-2290-8

CrossMark

@

REVIEW

Acrylamide in processed potato products: progress made

and present status

Vijay Paul'® - R. Ezekiel® - Rakesh Pandey'

Received: 29 December 2015/Revised: 8 October 2016/ Accepted: 24 October 2016/ Published online: 4 November 2016
© Franciszek Gorski Institute of Plant Physiology, Polish Academy of Sciences, Krakow 2016

Abstract Concerns related to higher levels of acrylamide
in processed carbohydrate-rich foods, especially in fried
potato products, are well known. This article provides
updates on various aspects of acrylamide in processed
potato products including mechanisms of acrylamide for-
mation and health risks due to its intake. Levels of reducing
sugars in potatoes are considered as a main factor con-
tributing towards the formation of acrylamide in processed
potato products. Useful approaches in lowering the levels
of reducing sugars such as use of suitable varieties, storage
methods, storage temperature and duration of storage are
described and discussed. Importance and practical utility of
various steps before and during the processing that can
contribute in reducing the final concentration of acrylamide
are highlighted. Progress made and present status of potato
processing industry in India are part of this article. The
article describes varietal improvement and spread of short-
term and long-term storage technologies in India and their
contribution towards round the year availability of pro-
cessing-grade potatoes to the processing industries and how
all this has helped in achieving reduced levels of acry-
lamide in chips and French fries. Outcome and implications
of cold-induced sweetening tolerance in potatoes are pre-
sented along with other management practices and strate-
gies that can lower the acrylamide levels in processed
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potato products. Future lines of work have been suggested
to make the consumption of fried potato products safer.
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Introduction

Acrylamide (C3;HsNO, molar mass 71.08 dalton, other
names; ethylenecarboxamide, prop-2-enamide or 2-prope-
namidemes) is an odourless crystalline solid which is highly
soluble in water (2004 g/l of water at 25 °C) and organic
solvents. Mostly, acrylamide is used to synthesize poly-
acrylamide, which is used as water-soluble thickeners for
waste water treatment, gel electrophoresis (SDS-PAGE),
paper making, ore processing and in preparation of perma-
nent press fabrics. Some acrylamide is used in the manu-
facturing of dyes and other monomers. The categorization of
acrylamide as a potential carcinogen (Group 2A) by IARC
(1994) has been a cause of concern. Researchers of Swedish
National Food Administration (SNFA) and the University of
Stockholm discovered that acrylamide is present in high
concentrations in carbohydrate-rich foods such as French
fries and potato crisps (Rosen and Hellenas 2002; Tareke
et al. 2002). EC (2002) and WHO (2002) have listed acry-
lamide as Category 2 of mutagens. This finding has lead to a
huge surge in interest and research in this area. Studies have
established that acrylamide is a byproduct and it is formed
when carbohydrate-rich foods are fried, baked or roasted at
high temperatures above 120 °C (Pedreschi 2007). Among
different food products, highest levels of acrylamide have
been reported in French fries, potato chips and other potato
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products where frying, deep-fat frying or oven-cooking is
involved (Tareke et al. 2000; Weisshaar 2004). Tareke et al.
(2002) pointed out that although human exposure to acry-
lamide is primarily occupational, in view of above finding
general public may also be exposed to acrylamide by con-
suming heated starchy foods including potato processed
products in their diet. This article provides update with
respect to the status of international research on various
aspects of acrylamide in processed potato products with
special reference to the work done in India. Article elaborates
how the varietal improvement and spread of short-term and
long-term storage technologies in India have contributed
towards round the year availability of potato for table and
processing purposes and also how this has affected the issue
of acrylamide in processed potato products. Importance and
scope of reducing acrylamide content by different strategies
during pre-processing and processing of potatoes are also
highlighted. Lastly, implication of cold-induced sweetening
(CIS) tolerance is discussed along with future lines of
research work for making the consumption of fried potato
products safer.

Mechanism of acrylamide formation

Maillard reaction (Maillard 1912) is mainly responsible for
the formation of acrylamide in starchy foods (Mottram et al.
2002; Everts 2012; NTP 2013). This reaction involves
condensation of the amino acid (primarily asparagine) with
reducing sugars, i.e. fructose or glucose on heating at
temperatures more than 120 °C (Fig. 1) (Stadler et al. 2002;
Mottram et al. 2002; Everts 2012). During frying, heat
transferred from the hot oil increases the internal energy of
potato strip till the surface temperature reaches more than
the boiling point of water (103—104 °C). After this, a large
amount of incoming energy is used for moisture evapora-
tion. At temperatures of <150 °C, the energy input to potato
strip is limited which prevents its surface from reaching the
temperatures above 120 °C within 10 min of frying. How-
ever, when the oil temperature is high (>170 °C) the energy
input becomes sufficient for rapid moisture evaporation and
as a result the surface temperature increases to 120 °C or
more, a favourable condition for the formation of acry-
lamide (Gokmen et al. 2006a).

The acrylamide synthesis pathway is not completely
clear, but it has been shown that acrylamide formation has

close relationship with the Maillard reaction (Stefano and
Avellone 2014). Hence, the Maillard reaction is considered
as the principal mechanism behind the formation of acry-
lamide in fried potatoes. In the Maillard reaction, melanoi-
dins are the main end products. They are brown polymers
and have significant effect on colour, quality, taste and
acceptability of food products (Gokmen and Senyuva 2006a;
NTP 2013). Thus the Maillard reaction leads to browning
and formation of acrylamide in processed food products.
Acrylamide formation begins at temperatures of about
120 °C and it increases sharply at temperatures between 160
and 180 °C (Mottram et al. 2002; Matthaus et al. 2004).
Besides potato, carbohydrate-rich foods on frying generate
acrylamide (Tareke et al. 2002). In addition to Maillard
reaction, decarboxylated asparagine  (3-aminopropi-
onamide), when heated, can also generate acrylamide in the
absence of reducing sugars (Zyzak et al. 2003; Zamora et al.
2009). Further, degradation of amino acids with ammonia
can produce acrylamide via thermal decomposition. Other
amino acids like aspartic acid, cysteine and glutamine are
also known to produce low amounts of acrylamide (Sohn
and Ho 1995; Becalski et al. 2004). Acrylamide is reported
to be present in number of food products which are prepared
by either frying or roasting of any commodity rich in starch
or carbohydrates. Levels of acrylamide present in different
types of processed potato products are presented in Table 1.
Potatoes are high in asparagine and reducing sugars, and are
commonly prepared for consumption by frying or baking.
All these factors contribute to the formation of acrylamide in
processed potato products. This also explains the reason for
relatively high levels of acrylamide in fried/heated potato
products (Stefano and Avellone 2014). In a study carried out
on the fried snacks of Southern India, it has been reported
that potato chips have mean acrylamide content of

Table 1 Levels of acrylamide reported in different processed prod-
ucts made from potato. Sources: Codex Alimentarius Commission
(2004), Petersen and Tran (2005) and Mills et al. (2009)

Product group Acrylamide levels (ug kg™

Minimum Maximum
Potatoes (raw) <10 <50
Potatoes (boiled) <4 <50
Potato chips (also called crisps) 117 4215
French fries (also called chips) 59 5200

Frying at > 120 °C

Asparagine + Reducing sugars
(fructose/glucose)

» Acrylamide

(low moisture condition)

Fig. 1 Acrylamide is formed by Maillard reaction. Reaction utilizes amino acid asparagine and reducing sugars (fructose or glucose) as

substrates during heating/frying at temperatures above 120 °C

@ Springer



Acta Physiol Plant (2016) 38:276

Page 3 of 23 276

1456.5 pug kg~' (range 82.0-4245.5 pg kg™') (Shamla and
Nisha 2014). In a number of studies it has been found that
there is a positive correlation between acrylamide content in
chips and chip colour score (Kotsiou et al. 2013; Elmore
et al. 2015). Lower the colour score lower will be the con-
tent of acrylamide in the chips or French fries.

Health risks due to acrylamide intake

Most of the acrylamide taken in with food is absorbed in
humans. Since acrylamide molecule is small and hydrophilic
(highly soluble in water; 2004 g/ of water at 25 °C), it pas-
sively diffuses throughout the body (Friedman 2003). Acry-
lamide is absorbed through unbroken skin, mucous
membranes of gastrointestinal tract and lungs (Klaassen et al.
1986; Merck 1989). Due to this, almost all tissues are theo-
retically targets of acrylamide-mediated carcinogenesis (Jan-
neke 2008). On 4 June, 2015 European Food Safety Authority
(EFSA) published its first full risk assessment of acrylamide in
food (EFSA 2015). Experts from EFSA’s Panel on Contami-
nants in the Food Chain (CONTAM) reconfirmed that acry-
lamide in the food items has the potential to increase the risk of
developing cancer in all age groups (EFSA 2015). Acrylamide
is reported to cause cancer (Shipp et al. 2006) and damage to
nervous system in humans and animals is one of the non-
cancerous effects linked to acrylamide (LoPachin and Lehning
1994; LoPachin 2004). Details of mechanisms involved in
acrylamide-mediated neurotoxicity are described by LoPachin
and Gavin (2012). According to them, acrylamide causes a
direct inhibitory effect on presynaptic function and it also
reduces neurotransmission at central and peripheral synapses
by disturbing signalling pathways. This results in cumulative
neurotoxicity in exposed humans and laboratory animals.
Acrylamide is a soft electrophile that can preferentially form
adducts with soft nucleophilic sites on macromolecules. Fur-
ther, acrylamide is a type-2 alkene that can interact with
endogenous unsaturated aldehydes leading to development of
diabetes, atherosclerosis, Alzheimer’s diseases and other
pathogenic conditions due to cellular oxidative stress (re-
viewed by LoPachin and Gavin 2012). Acrylamide is also a
developmental and reproductive toxin (Dearfield et al. 1988;
Costa et al. 1992; Manson et al. 2005) with carcinogenic and
mutagenic properties, experimentally shown in mammalian
system under in vitro and in vivo conditions (Dearfield et al.
1995; Friedman et al. 1995; EU Scientific Committee Report
2002; EFSA 2005, 2015). Acrylamide causes increase in
micronucleus formation in peripheral blood cells. In rat and
human systems, it causes cancer when administered orally and
increases tumours in the ovary, breast, bladder, prostate, lung,
gastrointestinal tract, brain, nervous system, oral cavity, peri-
toneum, thyroid gland, mammary gland, uterus and clitoris
(Rice 2005; Hogervorst et al. 2007, 2008, 2010; Besaratinia

and Pfeifer 2007; Larsson et al. 2009a, b, c, d; Pedersen et al.
2010; Lyn-Cook et al. 2011; Pelucchi et al. 2011). Acrylamide
also reacts with glutathione and this may (1) alter the redox
status of cells, (2) gene transcription, (3) interference with
DNA repair or (4) bring about hormonal imbalance (Besara-
tinia and Pfeifer 2007). Acceptable daily intake (ADI) limit of
acrylamide is 1.0 pug kg~ of body weight day ' (WHO 2002;
Grob et al. 2003; Cummins et al. 2006).

Two years of study by National Toxicology Program (NTP),
USA, on acrylamide revealed clear evidence of carcinogenic
activity based on tumour in multiple sites (NTP 2013). This
study was carried out by NTP based on the demand for such
study by the US Food and Drug Administration (FDA). FDA
actually wanted high-quality data from animal studies to
exactly know about the potential risk to humans due to dietary
exposure to acrylamide. After this report by NTP, FDA is
currently developing guidelines for industry to bring down the
acrylamide levels in food products (see advisories at http:/
www.fda.gov/Food/FoodbornelllnessContaminants/Che
micalContaminants/ucm151000.htm).

Glycidamide is a major metabolite of acrylamide. When
acrylamide is consumed through food, the body converts it to
glycidamide (NTP 2013). Acrylamide and its epoxide
metabolite glycidamide [produced by cytochrome P4502E1
(CYP2E1)] are clastogenic and glycidamide can forms DNA
adducts (Doerge et al. 2005; Hogervorst et al. 2008; EFSA
2015). As already stated above for non-genotoxic pathways,
acrylamide reacts with glutathione and in this way it can not
only alter the redox status of cells but also the gene tran-
scription. In addition to this, it may interfere with hormonal
balances and repair of DNA (Besaratinia and Pfeifer 2007).
The genotoxic action of glycidamide (Gamboa da Costaet al.
2003; Ghanayem et al. 2005; Doerge et al. 2005) is currently
considered as the mechanism of carcinogenic action of
acrylamide in cancer risk assessments. Toxicological studies
with the main metabolite of acrylamide, i.e. glycidamide
have shown that the metabolite is carcinogenic and geno-
toxic (NTP 2013). Acrylamide probably accounts for neu-
rotoxicity while the glycidamide may be critical for the
carcinogenic and genotoxic responses in animals and
humans (Codex Alimentarius Commission 2004; Ghanayem
etal. 2005; Rice 2005; Burley et al. 2010; Anonymous 2010;
LoPachin and Gavin 2012).

Levels of reducing sugars in potato is a main factor
contributing towards the formation of acrylamide
in processed potato products

Reducing sugars (glucose and fructose) and free asparagi-
nes are the major determinants of acrylamide formation in
potatoes (Haase et al. 2003; Amrein et al. 2003; Becalski
et al. 2004; Matsuura-Endo et al. 2006; Halford et al.

@ Springer


http://www.fda.gov/Food/FoodborneIllnessContaminants/ChemicalContaminants/ucm151000.htm
http://www.fda.gov/Food/FoodborneIllnessContaminants/ChemicalContaminants/ucm151000.htm
http://www.fda.gov/Food/FoodborneIllnessContaminants/ChemicalContaminants/ucm151000.htm

276 Page 4 of 23

Acta Physiol Plant (2016) 38:276

2012a, b). Since the concentration of asparagine is already
high in potatoes (0.5-3.0% on dry weight basis), it is the
concentration of reducing sugars which is considered as
rate-limiting factor for acrylamide formation in fried potato
products (Pedreschi et al. 2014). Sugar concentration in
fact exhibits a strong correlation with the amount of
acrylamide formed in processed potato products (Bieder-
mann et al. 2002; Amrein et al. 2004; Matthaus et al. 2004;
Gokmen et al. 2007; Mestdagh et al. 2008). These findings
re-emphasize the importance of ongoing practice of
selecting varieties with low levels of reducing sugars. Out
of two reducing sugars, glucose and fructose, it is the
fructose (as carbonyl source) which has been found more
effective in forming acrylamide. Basically, it is the
chemical reactivity and physical state of sugars that play
role in acrylamide formation. The melting point of fructose
(126 °C) is lower than that of glucose (157 °C) (Claeys
et al. 2005; Robert et al. 2004; Gokmen and Senyuva
2006a), therefore, fructose is more reactive than glucose
towards the formation of acrylamide on heating (Gokmen
and Papazoglu 2008). Changes in the levels of substrates
(reducing sugars and free amino acids) of acrylamide are
also reported to be influenced by nitrogen and sulphur
fertilization (Elmore et al. 2008; Muttucumaru et al.
2013, 2014).

Based on the correlation studies, many research reports
have highlighted the relationship between levels of
reducing sugars present in the tuber and acrylamide for-
mation in crisps (Ohara-Takada et al. 2005; Matsuura-
Endo et al. 2006; Viklund et al. 2008; Elmore et al.
2015). In practice, a limit of reducing sugars ranging from
150 to 200 mg per 100 g of tuber FW (fresh weight) is
used as an indicator for suitability of potatoes for pro-
cessing (Pedreschi 2007). In addition to potato variety,
temperature prevailing during storage of potatoes play a
major role in determining the levels of reducing sugars
present in potatoes and their suitability for processing
(Kumar et al. 2004; Ezekiel et al. 2007a, b). Therefore,
temperature during potato storage influences the level of
acrylamide formed in the processed products prepared
from stored potatoes. More details on this aspect are
described later in this article.

Approaches useful in reducing acrylamide content
in potato products

Use of suitable varieties

At a given point of time, sugar contents in potatoes are
reported to be influenced more by variety and storage

conditions than any other factor (Olsson et al. 2004;
Amrein et al. 2004; Becalski et al. 2004; Kumar et al. 2004;
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Viklund et al. 2008; Knutsen et al. 2009; Whittaker et al.
2010; Halford et al. 2012a, b). Potato variety has a sig-
nificant effect on acrylamide formation (Williams 2005; De
Meulenaer et al. 2008; Elmore et al. 2015). Natural vari-
ation in DNA at candidate loci is reported to be associated
with potato chip colour (Li et al. 2008). The trait of acry-
lamide producing potential and chip colour of potato is
known to segregate in breeding population with significant
variations (Manivel et al. 2007; Shepherd et al. 2010).
Besides the levels of reducing sugars and amino acids,
phenolic compounds and other antioxidants also influence
the formation of acrylamide (Trelka 2010; Zhu et al. 2010;
Ou et al. 2010; Jin et al. 2013). De Wilde et al. (2006)
reported the influence of fertilization (preharvest factor) on
acrylamide formation during frying. In a study by Elmore
et al. (2015), 20 UK varieties were stored for 2 and
6 months at 8 °C. Before processing into chips varieties
were analysed for the levels of precursors involved in the
formation of acrylamide. Results showed very large vari-
etal differences in the total free amino acids (73—-137 mmol
kg~' dry weight), asparagine (14-29% of the total free
amino acids) and total reducing sugars (3.7-520 m mol
kg~ ! dry weight). Acrylamide content in chips ranged from
131 to 5360 pg kg~ ' of chips. The study thereby con-
cluded that varietal selection and varietal improvement are
of great importance in minimizing the levels of acrylamide
in processed potato products.

Use of appropriate storage method, temperature
and duration

Content of sugars and free amino acids in stored potato
tubers is strongly influenced by storage conditions mainly
the temperature and duration of storage (Kumar et al.
2004, 2005; Ezekiel and Dahiya 2004; Paul et al. 2005;
Ohara-Takada et al. 2005; De Wilde et al. 2005; Matsuura-
Endo et al. 2006; Mehta and Ezekiel 2006; Ezekiel et al.
2007a, b; Paul and Ezekiel 2007; Kyriacou et al. 2009). In
contrast to normal cold storage of potatoes at 24 °C (RH
90-95%), storage at 8-12 °C (RH 85-90%) results in
lower accumulation of reducing sugars in potatoes (Ezekiel
et al. 2005a, b) which make them suitable for processing.
The rate of respiration by tubers at 8—12 °C is lower than
that at 4 °C (Burton 1989), therefore the respiratory losses
in tubers stored at 8-12 °C are lower than that at 4 °C.
Storing of potatoes at 2—4 °C however results in cold-in-
duced sweetening (CIS) leading to a large accumulation of
reducing sugars in potatoes (Sonnewald 2001; Blenkinsop
et al. 2002; Ezekiel et al. 2005a; Mehta et al. 2010; Kumar
2011). So, potatoes stored at this temperature become
unsuitable for processing because higher levels of reducing
sugars finally result in brown or dark-brown colour of fried
products mainly due to higher degree of Maillard reaction
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and formation of higher levels of acrylamide (Ezekiel et al.
2003, 2007a). Therefore, storage of potatoes at 8—12 °C is
widely accepted as the optimum storage temperature for
maintaining lower or acceptable levels of reducing sugars
in potatoes (Ezekiel et al. 2005a, 2007b). Since storage at
8-12 °C induces sprouting on potatoes, they are treated
with isopropyl N-(3-chlorophenyl) carbamate (CIPC)
(Ezekiel and Singh 2007; Ezekiel et al. 2007b; Mehta et al.
2007, 2010; Wustman et al. 2011; Paul et al. 2014). CIPC
is a sprout suppressant (Marth and Schultz 1952; Burton
et al. 1992; Blenkinsop et al. 2002; Ezekiel et al. 2005a, b;
Mahajan et al. 2008; Singh and Ezekiel 2010; Paul and
Ezekiel 2013), which is applied in the form of a fog
treatment (Ezekiel et al. 2005a, b). For long-term storage of
potatoes (4—8 months; from March to October), two CIPC
treatments are required [each @ 18 g (a. i.) per metric
tonne of potatoes] (Kumar and Pandey 2008; Brajesh and
Ezekiel 2010).

On-farm or traditional methods of potato storage such as
pits and heaps have proved to be highly useful in supplying
potatoes to the processing industry for 2-3 months after the
harvest of potato crop (Paul et al. 2005; Mehta and Ezekiel
2010; Wustman et al. 2011; Paul and Ezekiel 2013; Gau-
tam et al. 2013; Ezekiel 2015). In these storage methods,
high storage temperature (21-32 °C with RH ranges from
51 to 95%) helped in maintaining the lower concentration
of reducing sugars in potatoes (Paul and Ezekiel
2003a, 2005; Kumar et al. 2005; Ezekiel et al. 2005a).
Generally, potatoes stored by traditional methods have
acceptable weight loss and chip colour (Paul and Ezekiel
2003a, b, 2004a, b). Studies on traditional methods of
potato storage done at various locations in India indicated
that after 90 days of storage levels of reducing sugars can
decrease up to 30% (Kumar et al. 2005; Paul et al. 2005;
Mehta and Ezekiel 2010). This reduced level of reducing
sugars results in lower chip colour score, which is an
indicator of low levels of acrylamide in the processed
potatoes (Gokmen et al. 2007; CPRI Annual Report
2011-2012). Kufri Chipsona-1, a processing variety could
be stored up to 110 days under traditional storage methods
(CIPC was used as sprout suppressant) with accept-
able chip colour (Singh and Ezekiel 2005; Mehta et al.
2007). The levels of reducing sugars decreased from its
initial value of 155 to 34 mg per 100 g of tuber FW at the
end of storage period and the residue level of CIPC was
also found to be below the permissible level of 10 mg per
kg of tuber FW (Singh and Ezekiel 2005). Use of various
sprout suppressants other than CIPC have been reviewed
(Mehta and Ezekiel 2006; Paul et al. 2016a) and a few
(maleic hydrazide and glyphosate) have been tested in
India as preharvest treatment (Paul and Ezekiel 2006a, b;
Mehta and Ezekiel 2010; Mamani Moreno et al. 2012; Paul
et al. 2014). Alcohols, acetaldehyde, 2,4-dichlorophenoxy

acetic acid ethyl ester, triadimefon, y radiation, 1,4-DMN,
essential oils like caraway, mentha oil (Burton et al. 1992;
Tayler et al. 1996; Paul and Ezekiel 2002, 2003c, 2004a;
Mehta and Kaul 2002; Ezekiel et al. 2008; Campbell et al.
2010; Chauhan et al. 2011; Olsen et al. 2011; Rezaee et al.
2011; Gomez-Castillo et al. 2013; Paul et al. 2016a) have
been tried for their efficacy and potential as alternatives of
CIPC during storage of potatoes.

There is a significant effect of storage duration, partic-
ularly longer storage duration, on the content of acrylamide
detected in potato chips (Halford et al. 2012a; Mut-
tucumaru et al. 2014). Largest increases in acrylamide
levels were observed after 6 months of storage, while the
increase was small from potatoes stored up to 6 months
(Halford et al. 2012a). Similar conclusions were drawn in a
recent study with 20 UK-grown varieties of potatoes by
Elmore et al. (2015) and they recommended that potatoes
for processing should be used within the optimal storage
window of 2-6 months (Elmore et al. 2015).

Steps before processing

Reconditioning is the process of storing potatoes at ele-
vated temperature (10-20 °C at RH 75-90%) for a period
of 2-3 weeks. This results in a decrease in the levels of
reducing sugars (Coffin et al. 1987; Sukumaran and Verma
1993; EFSA 2003; Grob et al. 2003; Kumar et al. 2004;
Kumar and Ezekiel 2005; Singh et al. 2008; Mestdagh et al.
2008; Truong et al. 2013).

Steps during processing
Enzymatic browning

Enzymatic browning does not produce acrylamide because
this browning is not mediated by Maillard reaction. Here
discolouration takes place due to the oxidation of phenolic
compounds by the enzyme polyphenol oxidase. Quinones
are formed as a result of this enzymatic reaction and they
impart brownish colour. This enzymatic browning is usu-
ally reduced by inhibiting the action of above enzyme by
high temperature dip (which results in inactivation of
enzyme). Technically, this step is known as blanching and
it involves dipping of cut slices into hot water at temper-
ature of 60-80 °C for 2—3 min. This step not only reduces
the enzymatic browning significantly, but it also removes
(washout) some proportion of reducing sugars and aspar-
agine from the tubers (Grob et al. 2003; Pedreschi et al.
2004, 2014; Marwaha et al. 2008; Viklund et al. 2010 ).
Blanching not only helps in reducing the extent of enzy-
matic browning, but also the extent of Maillard reaction.
This finally results in reduction in the formation of acry-
lamide during frying. Dipping in normal water has also
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been found useful. Pedreschi et al. (2004) found 32 and
25% decrease in glucose content in the potato slices when
soaked for 90 and 40 min in distilled water, respectively.
Earlier to this report, Grob et al. (2003) documented
reduction of 6% in glucose and 12% in fructose by 30 min
of washing of potato slices in cold water.

pH

Acrylamide formation in food is dependent on pH because
the rate of Maillard reaction is strongly dependent on the
pH of the reaction environment. The pH around 7.0 is
considered as optimum for the formation of acrylamide in
food. At pH below 7.0, acrylamide formation is inhibited
(Brown 2003; Baardseth et al. 2006). Lowering the pH of
the potatoes by various approaches including treatment
with citric acid (0.5-1.0%, for about 20 min) results in
lowering the levels of acrylamide (Jung et al. 2003; Ryd-
berg et al. 2003; Anonymous 2003; Taubert et al. 2004;
Surdyk et al. 2004; Kita et al. 2004; Gama-Baumgartner
et al. 2004; Low et al. 2006).

Water activity

Acrylamide formation in food is also dependent on water
activity. Acrylamide formation takes place only when
the water activity of food is below 0.8 and rate of
acrylamide formation is reported to be very high at the
water activity value of 0.4 or less than this (Hoenicke
and Gatermann 2004, 2005). Removal of acrylamide
from heated foods (bakery products and potato chips) is
reported to enhance with the rise of water activity (Sadd
et al. 2008).

Temperature during frying

One of the straight ways to lower the levels of acrylamide
is to avoid visual browning when frying or baking (WHO
2002). Acrylamide formation is less in the beginning of the
frying process, because in the beginning the moisture level
of the food item is high (a condition not favourable for the
formation of acrylamide). But, as the frying proceeds, the
acrylamide level increases exponentially (due to higher rate
of dehydration or sharp decrease in moisture levels (now
conditions become favourable for the Maillard reaction to
take place) (Gokmen and Papazoglu 2008). Due to this,
acrylamide formation increases sharply towards the end of
the frying process (Xu et al. 2014) especially when the
frying temperature is also high (above 175 °C). It is
thereby suggested that the initial frying temperature should
not exceed 170 °C (Matthaus et al. 2004) and further
reduction in the formation of acrylamide can be achieved
by lowering the temperature to 150 °C towards the end of

@ Springer

the frying period. This necessitates for better control of
frying temperatures. So, it is necessary to have reliable and
accurate temperature control system inbuilt in the frying
equipments. In view of higher cost of such equipments
(with precise temperature controlling system), they are
more expected to be the part of commercial or industrial
setup and preparations (Qu et al. 2008; Medeiros Vinci
et al. 2011).

Optimum time of frying

Overcooked French fries show a very high level of acry-
lamide (>10,000 pug kg™'). This clearly indicates the
impact of frying temperature and frying time on acrylamide
formation (WHO 2002; Gokmen et al. 2006a). Matthaus
et al. (2004) also reported that in French fries the amount of
acrylamide increases with the temperature and the frying
time (especially at the temperature more than 175 °C). On
the other hand, with the same frying time but at the tem-
perature of 150 °C there is little or no effect on the for-
mation of acrylamide in potato slices. After frying at
190 °C for 3 min, acrylamide content was about 40 times
higher than that of frying at 150 °C for 9 min (Pedreschi
et al. 2005). This study also reports that after frying for
7 min (at 150 °C) the acrylamide content of potato slices
was about 500 pg kg~' and after frying for 3.5 min (at
190 °C) the level was 4500 pg kg~'. The increase in
acrylamide with the time follows a linear function, while a
non-linear relationship exists with the temperature of fry-
ing. Further it was noted that after frying for 10 min (at
170 °C) the acrylamide content in French fries was about
800 pg kg~' and this increased to about 3700 pg kg™
after frying for 10 min (at 190 °C). The above study thus
showed that a reduction in the processing temperature
results in lower concentrations of acrylamide in the prod-
ucts. Romani et al. (2008) studied acrylamide content in
French fries fried at fixed initial oil temperature of 180 °C
for different time durations (3, 4, 5, 6, 7, 8 and 9 min). It
has been found that after about 4 min of frying when the
temperature of potato surface reaches 120 °C and that of
oil reaches 140 °C; the increase of frying time becomes a
key factor in deciding the rate of formation of acrylamide.
Thus, the above studies have demonstrated that higher
temperature and longer frying time contribute to higher
levels of acrylamide during processing. Based on the col-
our, oil content and acrylamide content, the best culinary
product can be obtained after 5 min of frying at tempera-
ture of 180 °C. It was concluded by Williams (2005) and
Fiselier et al. (2006) that it would be prudent for manu-
facturers to search for a time/temperature combination at
which acrylamide levels may be reduced without unduly
affecting quality and such solutions are likely to be product
specific.
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Type of oil

It was noted that the type of frying oil used for frying has
little influence on the formation of acrylamide (Becalski
et al. 2003; Mestdagh et al. 2005). However, a recent report
by Zhang et al. (2015) reported higher levels of acrylamide
in French fries when frying was done in oils with higher
heat transfer coefficient in comparison to the oils with
lower heat transfer coefficient. Another report (Anonymous
2009) showed that among different types of oils, potatoes
fried in sunflower oil exhibited highest levels of acrylamide
formation.

Home versus commercially produced chips and French
fries

Individual or home cooking is likely to have higher levels
of acrylamide than the commercially produced chips or
French fries. This highlights the importance of the steps
such as reconditioning, soaking, blanching and pre-frying
in reducing the levels of sugars and asparagine and these
steps are either not carried out or difficult to do in home
environment (Cummins et al. 2006). For home cooking,
chip colour may be aimed at white or golden yellow instead
of brown and frying temperatures should not be higher than
175 °C (EU 2003; Food Drink Europe 2011).

Extruded product

In a study on extrusion of blends of potato flour and
semolina it was observed that both, the formation and
extrusion processing conditions influence the acrylamide
formation. The moisture content of the flour sample and the
die temperature had a strong influence on acrylamide for-
mation than the screw speed (Mulla et al. 2011a).

Present status of potato and potato processing
industry in India

With the average productivity of 21.1 metric tonnes per
hectare, India produced 41.55 million metric tonnes of
potatoes from 1.973 million hectares of area in 2014 and
ranked second in the world (FAOSTAT 2015; NHB
2014a). India contributes about 11.37% of the global potato
production of 365.44 million metric tonnes. In India about
89.5% of the total potato production comes from the
Northern plains (also referred as Indo-Gangetic plains)
(Paul et al. 2014). The situations and problems linked to the
storage of potatoes in temperate countries of the world are
different from that of sub-temperate, sub-tropical and
tropical countries. This is because the harvest of potatoes in
the former is followed by cool winter months, whereas in

the latter harvest is followed by hot summer months. Potato
crop in India is mainly grown during winters. Out of total
annual production of potato in India, about 68% are uti-
lized for table purpose, 7.5% for processing, 8.5% is used
as seed for next year planting and remaining 16% represent
a loss, mainly the postharvest loss (Gupta et al. 2014).
Gupta et al. (2014) reported that about 65% of the total
potato produce in India are kept in cold stores. Remaining
35% of potatoes are stored under ambient (non-refrigerated
conditions) by using traditional/on-farm storage methods.
As per a recent survey published by NHB (2014b), total
number of cold stores in India is about 5367 and they can
provide storage capacity up to 26.85 million metric tonnes.
Out of these, around 3414 cold stores stock raw potatoes.
Two major aspects that determine the progress of pro-
cessing sector of potatoes in India are the availability and
spread of (1) potatoes suitable for processing and (2) short-
term and long-term potato storage methods. Chips, French
fries and other processed products made from varieties
which are not suitable for processing or even from pro-
cessing-grade potatoes but not stored properly result in
products of inferior quality along with high degree of
browning due to higher levels of reducing sugars. The
above two aspects are described and discussed below.

Availability and supply system
of suitable and processing-grade potato varieties

About 25 years back, suitable raw material for chips and
French fries was not available in India. But today, potato
processing industry in India has witnessed a sea change
with availability of quality raw material round the year
especially for chips (Ezekiel et al. 2005a, b; Pandey et al.
2006a, 2008a, b; Brajesh and Ezekiel 2010; Marwaha et al.
2010; Mehta and Ezekiel 2010; Mehta et al. 2010; Paul and
Ezekiel 2013). CPRI (Central Potato Research Institute, an
ICAR institute) has developed and released six new potato
varieties suitable for processing viz. Kufri Chipsona-1
(Gaur et al. 1998), Kufri Chipsona-2 (Gaur et al. 1999),
Kufri Chipsona-3 (Pandey et al. 2006b), Kufri Himsona
(Pandey et al. 2008c), Kufri Chipsona-4 (CPRI Annual
Report 2009- 2010) and Kufri Frysona (Singh 2010) dur-
ing the last 15 years. Out of these newly released potato
varieties for processing only Kufri Chipsona-1 is being
grown on considerable area. Other, four potato varieties
have not become as popular as Kufri Chipsona-1 due to
several reasons including keeping quality, crop duration
and tuber characteristics. So, Kufri Chipsona-1 along with
other earlier released Indian varieties namely Kufri Jyoti,
Kufri Lauvkar and Kufri Chandramukhi have helped in
fulfilling the needs of potato processing industries in India
for wide range of products like chips, French fries, flakes
and other items including laccha, dehydrated chips, flour
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and starch. Important features and quality parameters of
some of indigenously developed and exotic being grown on
large area are presented in Table 2. It is important to note
that depending upon the location and cultural practices
followed, there exist wide variations in the levels of
reducing sugars and dry matter in different varieties
(Table 2) (Ezekiel et al. 1999a, b; Marwaha et al. 2007,
Pandey et al. 2009; Singh et al. 2009).

Acrylamide content in potato chips prepared from
freshly harvested tubers of Indian potato varieties varies
widely (CPRI Annual Report 2009-2010). Minimum con-
centrations of acrylamide were found in processing vari-
eties Kufri Chipsona-2 (40 pg kg~' of chips) and Kufri
Chipsona-1 (109 pg kg_l) (Table 3). Other varieties such
as Kufri Jyoti, Kufri Lauvkar and Kufri Chandramukhi
which are also being used for processing at commercial
scale had comparatively lower concentrations of acry-
lamide (ranging from 108 to 306 ug kg~'). While, vari-
eties which are considered unsuitable for processing
namely Kufri Anand, Kufri Girdhari, Kufri Sutlej, Kufri
Lalima and Kufri Pukhraj, etc., contained very high con-
centrations of acrylamide in them (more than
1000 pg kg~') (Table 3). There was a significant and
positive relationship between acrylamide content and chip
colour (CPRI Annual Report 2009-2010). Mulla et al.
(2011b) determined the content of reducing sugars, aspar-
agine and acrylamide in eight Indian potato varieties (Kufri
Chipsona-2, Kufri Anand, Kufri Sutlej, Kufri Bahar, Kufri
Surya, Kufri Lauvkar, Kufri Jyoti and Kufri Badshah).
Levels of all these constituents were significantly influ-
enced by storage temperature (4 and 14 °C), duration of
storage (2, 4 and 6 months) and treatment (with and
without irradiation). Variety Kufri Chipsona-2 showed
lowest levels of reducing sugars (68.07 £ 5.65 mg
100 g~' FW) and acrylamide (416.75 + 15.25 pg kg~ " of
chips). Variety Kufri Lauvkar showed lowest levels of
asparagine content (207.44 £ 12.22 mg 100 g~' FW). At
storage temperature of 14 °C, levels of acrylamide in non-
irradiated potatoes of Kufri Chipsona-2 changed from
416.4 &= 7.8 (initial value), 451.8 £ 5.3 (2 months),
5119 £ 4.6 (4 months) and 548.8 &+ 1.8 (6 months).
Similar values for irradiated potatoes were 416.4 + 7.8
(initial value), 432.7 &+ 4.6 (2 months), 469.3 &+ 1.7
(4 months) and 502.6 £ 2.8 (6 months) (Mulla et al.
2011b). Comparison of different studies [Mulla et al. 2011b
and CPRI Annual Report 2009-2010 (Table 3)] for content
of acrylamide present in potato chips of different Indian
varieties showed wide variations. This could be due to
differences in the procedures followed for determination of
acrylamide.

Determination of acrylamide contents in French fries
prepared from freshly harvested potato tubers of different
varieties (Singh 2013) showed that concentrations of
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acrylamide were minimum in processing varieties namely
Kufri Chipsona-1, Kufri Chipsona-2, Kufri Chipsona-3,
Kufri Himsona, Kufri Frysona and Kufri Chandramukhi
varying from 63 to 101 pg kg™ '. These varieties also had
lower concentrations of reducing sugars. However, the
varieties which are generally considered unsuitable for
processing such as Kufri Arun, Kufri Anand, Kufri Giriraj,
Kufri Ashoka, etc., had significantly higher concentrations
of acrylamide (364—-3686 pg kg™'). A positive correlation
between the content of acrylamide and reducing sugars and
also with colour score was observed (CPRI Annual Report
2011-2012; Singh 2013).

The complete cycle for round the year availability of
processing-grade potatoes in India is presented in Fig. 2.
Kufri Chipsona-1 along with other earlier released Indian
varieties namely Kufri Jyoti, Kufri Lauvkar and Kufri
Chandramukhi are being used by potato processing
industries in India (Patel et al. 2007; Singh et al. 2009;
Wustman et al. 2011; Vivan Fernandes 2015; Virendra
Pandit 2015a). In addition to these Indian varieties, exotic
varieties such as Lady Rosetta and Atlantic are grown in
India for chipping industry (Wustman et al. 2011; Virendra
Pandit 2015b) and Shepody, Kennebec and Santana are
grown in Gujarat state for French fries (Vivan Fernandes
2015; Virendra Pandit 2015a). The strides made in Gujarat
state in potato processing are praise worthy. At present,
around 7.5% of total area under potato is occupied by the
processing varieties both of Indian and exotic origin. Out of
total processing-grade potato produced in Gujarat, 65% is
used for making chips, while the remaining 35% is used for
preparation of French fries.

From the month of May and onwards, industries utilize
potatoes stored at 10-12 °C with CIPC treatment (Fig. 2).
But, after July/August, stored potatoes start accumulating
higher amount of reducing sugar (due to prolonged storage)
and this makes these potatoes unsuitable for processing.
The period after July/August was considered critical due to
non-availability of potatoes from plains. This problem is
now solved in view of the availability of potatoes suit-
able for processing from the hilly regions of the country
(Fig. 2). Hills have a long planting and harvesting season
for potato depending upon the altitude where the crop is
grown. So, now hills are the source of potatoes suitable for
processing from July to September (Fig. 2).

The above described system of potato availability and
supply chain have enabled a number of potato processors
in India including ITC Ltd. (Bingo), Potato King, GP
Foods, Marino Industries Ltd., Century Lamination Co.,
Haldiram, Balaji Wafers, Himalaya International Ltd,
Bikano Namkeen, Ace Food, Arumugam Industries,
Golden Fries, Vimpy International, Vista Foods, Kakaji
Namkeen, Mota Chips, Shivdeep Foods, Vimal Oil and
Foods, Prakash Snacks, Twinkle Chips, Budhani Brothers,
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Table 3 Acrylamide content in potato chips and reducing sugars in
most popular varieties of potatoes in India. Source: CPRI Annual
Report (2009-2010)

Variety Acrylamide

(ug kg™" of chips)

Reducing sugars (mg
100 g~' FW of tuber)

Processing variety

Kufri Chipsona 2 40 95
Kufri Himsona 56 97
Kufri Chipsona 3 69 73
Kufri Chipsona 1 109 101
Table potato varieties also used/suitable for processing
Kufri Chandramukhi 108 125
Kufri Jyoti 147 146
Kufri Lauvkar 252 117
Table potato varieties (not suitable for processing)
Kufri Badshah 414 182
Kufri Pushkar 494 328
Kufri Sindhuri 503 125
Kufri Jawahar 510 172
Kufri Khasigaro 559 357
Kufri Bahar 574 186
Kufri Shailja 594 150
Kufri Swarna 645 205
Kufri Muthu 679 205
Kufri Giriraj 812 187
Kufri Ashoka 990 361
Kufri Pukhraj 1052 340
Kufri Lalima 1173 176
Kufri Anand 1388 519
Kufri Sutlej 3043 384
Kufri Girdhari 3252 202

Chintamani Food and Snacks, Kishlay Foods, Faber
Leather, etc., to produce quality potato products, mainly
the potato chips. Multinational companies such as Pepsi
(Lays, Lehar, Uncle Chips) and McCains have also set up
potato processing units in the country (Rana and Pandey
2007; Pandey et al. 2009; Marwaha et al. 2010; Wustman
et al. 2011; Virendra Pandit 2015a, b). In addition to
above referred organized sector, high proportion of potato
in India is also processed by unorganized sector (Rana
and Pandey 2007). Farmers in the identified areas (suit-
able for growing processing quality potatoes) have
entered into contract farming of processing-grade potatoes
to the processing industries. This arrangement has ensured
timely availability of required quality raw materials to
processors along with assured profitable returns to the
farmers (Rana and Pandey 2007; Ganguly 2013; Virendra
Pandit 2015a, b; Vivan Fernandes 2015). In addition to
this, contract farming has also helped in avoiding gluts
leading to distress sale by farmers.

@ Springer

Although the above Indian varieties contributed towards
the development of processing sector in India, potato
processors use Atlantic (USA, released in 1968) and also
Lady Rosetta (the Netherlands, released in 1988) as raw
material for potato chips (Wustman et al. 2011). Lady
Rosetta is preferred especially in Gujarat (Wustman et al.
2011; Virendra Pandit 2015b). Chips prepared from this
variety have low levels of acrylamide, i.e. 340 and
655 ug kg™' even after 2 and 6 months of storage,
respectively, and these values are far below the European
Commission (EC) indicative value of 1000 pg of acry-
lamide per kg of chips (EC 201 1based technology has been
standard; Elmore et al. 2015).

Availability and spread of short-term and long-term
potato storage methods

Work on standardization, gradual improvements and multi-
location testing of traditional storage methods and trials in
modern potato stores were carried out in India during the
last 15 years (Paul and Ezekiel 2003a, 2004b, 2013; Eze-
kiel et al. 2003, 2005a, 2007a, b; Kumar et al. 2005;
Marwaha et al. 2005; Kumar and Ezekiel 2006; Mehta
et al. 2010; Wustman et al. 2011; Sandhu et al. 2014;
Ezekiel 2015). CIPC-based technology has been standard-
ized and recommended for storing potatoes at 10-12 °C
with 85-90% RH (Ezekiel et al. 2003, 2005a, b, 2007a, b;
Ezekiel and Singh 2007; Singh and Ezekiel 2010). Pre-
sently this technology is used for large-scale storage of
processing potatoes for 5-6 months (with the use of CIPC
as sprout suppressant). This technology has proved prof-
itable to the farmers, cold store owners and traders not only
for processing potatoes but for storing table potatoes as
well. In addition to this, this technology has played a
pivotal role in enabling round the year availability of
required quantity of suitable potatoes for potato processing
industry (Fig. 2). Potatoes stored by above technology
fetch higher price in the market due to better quality and
processing traits. In view of economic benefits and also as
an effective way of better postharvest management of
potato this technology has witnessed rapid progress and
spread across the country in the past (Paul and Ezekiel
2013). This is also evident from the fact that in the year
2011, 390 cold stores exclusively practised this technology
for storing 1.065 million metric tonnes of potatoes at
10-12 °C with CIPC treatment (Paul and Ezekiel 2013).
This figure has increased to more than 2.5 million metric
tonnes in the year 2015 (Paul et al. 2016b). Further
improvement in the above technology is achieved by reg-
ulating the level of CO, (carbon dioxide) during the period
of storage. Besides maintaining the temperature at
10-12 °C (with 85-90% RH), CO, levels are maintained
lower than 0.5% or 5000 ppm (Paul and Ezekiel 2013).
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Fig. 2 The complete cycle for the availability of processing-grade
potatoes in India. Months and the duration between months represent
the time period for which potatoes are at present available for
processing and table purposes. Varieties with names beginning with K
(Kufri) are Indian varieties while Lady Rosetta and Atlantic are
imported varieties grown for chipping industry and Shepody,

With two CIPC treatments during the storage period, pro-
cessing potatoes can be stored up to 6 months and
table potatoes can be stored up to 9 months (Paul and
Ezekiel 2013). Problems of age-related sweetening (se-
nescence sweetening) and decay (rottage) were also found
to be low. Several cold stores in different states such as
Gujarat, Uttar Pradesh, West Bengal, Madhya Pradesh,
Haryana and Punjab are now using this improved tech-
nology (Paul and Ezekiel 2013).

In addition to the above large-scale modern storage
methods, different types of non-refrigerated traditional
storage methods (heaps, pits, spreading tubers on floor, a
dark room as such or with provision of evaporative passive
cooling, storing in bins, ventilated wooden or bamboo
structures and hanging potatoes in bamboo baskets) are
also used by farmers for short-term storage of potatoes
(Ezekiel et al. 1999a, b; Paul et al. 2002a, b; Paul and
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Kennebec and Santana are again imported varieties grown for French
fries. Although a number of potato varieties such as Kufri Chipsona 1,
2, 3, and 4 are available for processing, only those potato varieties
(Indian and Exotic) which are being cultivated in considerable area in
different states have been shown here

Ezekiel 2004b; Wustman et al. 2011; Gautam et al. 2013;
Ezekiel 2015). These methods are cost-effective and
helpful in extending the time period for marketing (Ezekiel
et al. 2005a; Paul and Ezekiel 2013). With the gradual
improvements in these on-farm storage methods of potato
storage and integration of time-bound schedule of crop
production and storage-related activities (Paul et al.
2002a, b; Paul and Ezekiel 2003a, b, 2004b, 2005; Kumar
et al. 2005; Mehta et al. 2007) these methods have become
more popular among the farmers of low or medium income
groups. Today, thousands of metric tonnes of potatoes are
being stored by these on-farm methods in states like
Madhya Pradesh, Punjab, Gujarat, Uttar Pradesh, Kar-
nataka and Maharashtra (Wustman et al. 2011; Paul and
Ezekiel 2013; Ezekiel 2015).

Glut of potatoes at the time of harvest, low utilization of
available potatoes for processing, non-availability of

@ Springer
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storage space in cold stores, unequal distribution of cold
stores in India (about 70% of the total storage capacity
exists in six states of India), high cost of cold storage (Rs
10-15 per 50 kg bag of potatoes for 1 month), poor man-
agement during cold storage, outdated cold storage facili-
ties and operation of cold stores as stand-alone unit
(majority of cold stores in India are not networked) con-
tribute to substantial postharvest losses (Wustman et al.
2011; Paul and Ezekiel 2013; NHB 2014b). This situation
demands a better postharvest management of potatoes
including increased utilization of potatoes for processing
(Wustman et al. 2011; CPRI 2013a, b). As already stated
only 7.5% of total potato production in India is processed.
This fraction is quite low in comparison to the figures of
75% in the Netherlands (40% into food products and 30%
for making potato starch) and 40-50% in USA (French
fries, chips and other processed potato products) (Wustman
et al. 2011). The present scenario needs to be changed with
major policy decisions and an urgent initiative for mod-
ernization of cold stores in India on priority basis. This step
will ensure better monitoring of temperature, RH, air cir-
culation and levels of CO,, This in turn will improve the
efficiency of cold stores and processing quality of stored
potatoes besides contributing for energy efficiency and
higher effectiveness of CIPC as sprout suppressant.

Colour of processed potato products
as an indicator of acrylamide content

In many studies a significant positive correlation has been
reported between acrylamide content and chip colour score
(Gokmen and Senyuva 2006b; Pedreschi et al. 2006;
Gokmen et al. 2007; Serpen and Gokmen 2009; Halford
et al. 2012a, b). For baked potato discs (made from potato
mash consisting of potato powder (30%), oil (10%), flour
(10%), and water (50%), it was observed that browning
ratio higher than 45% and moisture content lower than 17%
result in dark brown or almost burnt products. In these
cases, no correlation was noticed between the selected
variable and acrylamide content. However, a good linear
correlation can be observed with the acrylamide formation
when the browning ratio falls in the range of 0—45%. This
suggests that the browning ratio may be considered as a
reliable indicator of acrylamide concentration (Kotsiou
et al. 2013). Acrylamide formation in low-fat potato snacks
was also found to be correlated with the colour develop-
ment (Majcher and Jelen 2007). In a recent study by
Elmore et al. (2015), chips which were brownest were
found to be the highest in acrylamide content while those
which were relatively pale were low in acrylamide. These
studies have made it clear that dark-coloured chips/French
fries are not only disliked by consumers but can also be
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harmful to health due to higher levels of acrylamide. It was
suggested that computer-based digital colour images of
fried potato chips and French fries can be used for the
estimation of acrylamide levels (Gokmen et al
2006b, 2007). Further progress in this area in fact made use
of computer-based optic-electronic combination to suc-
cessfully demonstrate the sorting and selective removal of
dark fried potato products (Gokmen et al. 2007; Pedreschi
2007; Gokmen and Mogol 2010; Food Drink Europe 2011;
Medeiros Vinci et al. 2011). These technological
advancements will be highly beneficial in safeguarding the
limits of acrylamide in processed potato products for the
benefits of consumers. Here, it is also important to mention
that European Commission (EC 2011) has set indicative
value for acrylamide in chips as 1000 pg per kg of chips
and the similar value for ready-to-eat French fries is 600
(600 pg per kg of French fries). Kotsiou et al. (2013) have
reported that the indicative value of 1000 pg kg~' corre-
sponds to a browning ratio of less than 8% and moisture
content of fried potato products more than 23.5%.

Efforts to select/modify genotypes with better cold-
induced sweetening (CIS) tolerance and reduced
acrylamide formation

Cold-induced sweetening (CIS) tolerance

Storage at 8—12 °C with CIPC has reduced the problem of
reducing sugar accumulation to a large extent in stored
potatoes meant for processing. But at the same time, use of
CIPC has some limitations and it is linked with issues
pertaining to health and environmental safety (Balaji et al.
2006; Sakaliene et al. 2009; Sihtmaee et al. 2010; Smith
and Bucher 2012; El-Awady Aml et al. 2014; Cools et al.
2014; Mohammed et al. 2014; Paul et al. 2014). In the
present scenario, there is continuous demand for the lowest
possible levels of chemical residues in potatoes and pro-
cessed potato products. Therefore, it is necessary to iden-
tify/develop new varieties of potato that can show high
level of tolerance or resistance to CIS under prolonged
storage period of 6-9 months at 2—4 °C (Marwaha et al.
2010; Paul et al. 2016a; Mohammed et al. 2015). Devel-
opment of processing potato varieties that can resist the
CIS has become a priority area of research all over the
world. Progress made so far in this area at international and
national levels is discussed below.

Biochemical and molecular controls of CIS in potato
were elaborated by Sowokinos (2001a). After this, con-
siderable progress has been made in understanding the CIS
at biochemical and molecular levels by following different
approaches including (1) silencing of vacuolar invertase
(Ye et al. 2010; Bhaskar et al. 2010; Brummell et al. 2011;
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Wu et al. 2011; Wiberley-Bradford et al. 2014; Zhu et al.
2014); (2) enhancing expression of apoplastic invertase
inhibitor gene INHap (Greiner et al. 1999; Brummell et al.
2011; McKenzie et al. 2013); (3) lowering the expression
of UDP-glucose pyrophosphorylase (Sowokinos 2001b;
Gupta et al. 2008); (4) lowering amylose content in tubers
(Jansky and Fajardo 2014); (5) enhancing expression of
amylase inhibitor gene SbAI (Zhang et al. 2014); (6)
enhancing the expression of RING finger gene (SbRFPI)
(Chen et al. 2012; Zhang et al. 2013) and a new isoform of
thioredoxin h group in potato (SbTRXh) (He et al. 2012)
and (7) looking for allelic variation in the expression of
apoplastic invertase, apoplastic invertase inhibitor and
UDP-glucose pyrophosphorylase genes and using them as
markers in molecular breeding programme (Gupta et al.
2008; Baldwin et al. 2011).

Broadly, three approaches were followed in India
towards improvement in tolerance to CIS. First was to
identify genetic resources with low temperature sweetening
tolerance trait and then their subsequent uses in the
development of varieties with tolerance to CIS. One
tuberosum accession CP3103 and 2 andigena accessions
(JEX/A 663 and JEX/A 785) have been identified as cold
chippers and presently they are being used as parents in the
ongoing breeding programme (Marwaha et al. 2008; Luthra
et al. 2009). In addition to this, a hexaploid wild clone
SS1735-02 (possessing tolerance to CIS up to 6 months of
storage) was identified by Bhardwaj et al. (2013). Sec-
ondly, efforts were made to make the existing processing
varieties cold tolerant through transgenic approach. This
was attempted in two different ways: (1) reducing vacuolar
acid invertase (INV) by over expression of tobacco inver-
tase inhibitor gene (Nt-Inhh) in varieties Kufri Chipsona-1,
Kufri Jyoti and Kufri Badshah. The transgenics produced
showed acceptable chip colour even after cold storage
(Pandey et al. 2009). (2) Silencing of INV gene expression
at the post-transcriptional level through artificial micro-
RNA (amiRNA), RNA interference (RNAIi), or ribonucle-
ase P (RNase P)-mediated silencing. In addition to this,
reduction of UDP-glucose pyrophosphorylase (UGPase)
was also attempted. This was done by silencing the gene
either via introduction of intron containing inverted repeat
gene construct against UGPase promoter (silencing at the
transcriptional level) or through the introduction of amiR-
NAs against UGPase gene (silencing at the post-tran-
scriptional level) (Pandey et al. 2009). RNAi, amiRNA and
RNase P-mediated suppression of invertase activity has
generated transgenic lines in variety Kufri Chipsona-1.
These lines exhibited good cold chipping attributes even
after 3 months of cold storage at 4 °C (CPRI Annual
Report 2009-2010, 2010-2011). In yet another study,
positive attempts have been made in identifying allelic
variations in the expression of asparagine synthase,

vacuolar invertase, apoplastic invertase, apoplastic inver-
tase inhibitor and UDP-glucose pyrophosphorylase genes
(Yadav et al. 2012). In future, combinations of these allelic
variations can be used as markers in molecular breeding
programme for varietal improvement. Although consider-
able work has been done and some transgenics have also
been raised exhibiting tolerance to CIS, final and accept-
able product that can pass through acceptability, popularity
and commercial angle is still awaited.

Transgenic potato with reduced acrylamide

As per arecent report on potatopro.com (Anonymous 2016),
the food regulator of Australia and New Zealand (Food
Standards Australia New Zealand or FSANZ) has called for
reviewing genetically modified (GM) potato which produces
less of acrylamide when fried. This GM potato (named as
Innate potato) is designed by Simplot (SPC International),
wherein expression of four of the potato’s own genes is
reduced. Last year, this GM potato has already been
approved for its production and processing in US.

Additional management practices/strategies
to lower acrylamide content in processed potato
products

It is now clear that the level of acrylamide can be reduced
by reducing the concentration of reducing sugars in pota-
toes. Further, it has also been shown that out of two types
of reducing sugars, i.e. glucose and fructose, it is the
fructose which is more actively involved in the reaction
leading to the formation of acrylamide during frying
(Gokmen and Papazoglu 2008). So, efforts should be made
to reduce the level of fructose either through physiological
breeding or biotechnological interventions. Asparaginase
(enzyme which reduces the levels of free asparagine) if
added before cooking leads to reduction in the acrylamide
formation (Zyzak et al. 2003; Ciesarova et al. 2006; Ped-
reschi et al. 2011). New frying method such as vacuum
frying is reported to reduce the acrylamide formation
(Granda et al. 2004; Granda and Moreira 2005). It has also
been shown that potato slices when treated with cations in
non-transition state such as Ca®" can reduce the acrylamide
formation in foods during heating (Lindsay and Jang 2005).
Likewise, out of various additives, calcium chloride
reduced formation of acrylamide formation (up to 65%) in
extruded snacks, prepared from blends of semolina and
potato flour (Mulla et al. 2011a). Cations basically prevent
the formation of Schiff base, a key intermediate responsible
for acrylamide formation (Gokmen and Senyuva 2007).
For French fries, lowering of surface area-to-volume ratio
(SVR) results in lower levels of acrylamide formation. It is
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therefore recommended to cut thicker strips (Haase 2006;
Food Drink Europe 2011). Based on the growing experi-
ence of researchers and food industry a guidance document
referred as “Toolbox” has been created to bring down the
levels of acrylamide in processed products (Codex 2009;
Food Drink Europe 2011; Anonymous 2011; Food Drink
Europe Acrylamide Toolbox 2013). These guidelines cover
mitigation strategies applicable at different stages during
manufacturing, including raw material, ingredient (recipe),
and food processing (heating).

Recent past has shown incremental trend in the aware-
ness on human health safety and environmental issues.
Hence, today there is higher concern on the issue of acry-
lamide in processed potato products (Fohgelberg et al.
2005; Deryck 2007; Pedersen et al. 2010; Anonymous
2010; Lyn-Cook et al. 2011; Lin et al. 2011; EFSA 2011;
EC 2011; WHO 2011; LoPachin and Gavin 2012; Medeiros
Vinci et al. 2012; Riboldi et al. 2014; EFSA 2015). But at
the same time it can also be said that scientific progress has
contributed towards better assessment (Grob 2007;
Besaratinia and Pfeifer 2007; EFSA 2011), monitoring
(CIAA 2009; EC 2009; Serpen and Gokmen 2009; Gokmen
and Mogol 2010; Biedermann et al. 2010; EC 2011) and
availability of strategies to lower the levels of acrylamide in
processed potato products (Gerendas et al. 2007; Gobel and
Kliemant 2007; Anese et al. 2009; Mestdagh et al. 2009;
Pedreschi 2009; Pedreschi et al. 2010, 2011; US Patent
2010; Cheng et al. 2010; Bassama et al. 2010; Anese et al.
2010; Medeiros Vinci et al. 2010, 2011, 2012; Lineback
et al. 2012; Troise and Fogliano 2013; Zhang et al. 2015).
Advancements in different areas pertaining to potato crop
improvement, crop production, storage methods, pre- and
post-processing protocols and associated technologies and
other management practices will help in achieving still
higher level of food safety standards for processed potato
products. This statement is supported by the fact that during
the year 2002-2011, modifications in cooking practices and
improvements in management of potato storage in Europe
resulted in about 53% decrease in the acrylamide present in
potato crisps (Powers et al. 2013).

Acrylamide exposure varies and it depends primarily on
eating habits of the peoples and the method by which foods
are processed and prepared (Svensson et al. 2003; Konings
et al. 2003; Dybing and Sanner 2003; FDA 2004; Boon
et al. 2005; Wilson et al. 2009, 2010; Borda and Alexe
2011; EFSA 2011). Generally, daily consumption of fried
potato products, baked food, roasted coffee and ready-to-
eat breakfast cereals contribute to the acrylamide exposure
(Gokmen and Papazoglu 2008). Since acrylamide is pre-
sent in a very wide range of food items which are con-
sumed on a daily basis, the above-mentioned health
concern applies to all consumers but based on the body
weight, children fall in the most exposed group (EFSA
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2015). Due to food habit and life style, European people
are expected to get exposed to higher levels of acrylamide
as they consume lots of chips, French fries, coffee and
baked food like cake, bread, biscuits (Boon et al. 2005;
Larsson et al. 2009a, b, c, d; Burley et al. 2010; Lin et al.
2011; EFSA 2014). But at the same time availability of
food products with higher levels of acrylamide due to
inferior raw material and or technological limitations dur-
ing processing in developing and poor countries is also a
cause of worry. Acrylamide is present in varieties of food
besides in chips and French fries (Swedish National Food
Administration 2002a, b; Codex Alimentarius Commission
2004; Gokmen and Senyuva 2006a). So, the threat of
acrylamide causing cancer, neurotoxicity and other health
issues should not be viewed with respect to the consump-
tion of chips and French fries only.

Conclusions

In the last decade, India has made visible progress not only
in the production and productivity of potatoes, but also in
channelizing the surplus potatoes into processing. In India,
market for processed potato products is growing at the rate
of 15-20% annually (Virendra Pandit 2015a). Potato chips
are the major processed product in India and French fries,
potato flakes and Alu Bhujia are the other processed potato
products in the country. In India, presently, Gujarat is the
state where processing varieties are grown on a large scale
to meet the requirement of potato processing industries for
chips and French fries. But still, processing varieties
account for less than 10% of the total potato production in
the state (Vivan Fernandes 2015). At national level, more
than 2.8 million metric tonnes of potatoes are processed
and this is about 7.5% of the total potato production in
India (Gupta et al. 2014). This figure is expected to
increase further to more than 10% by 2020 in view of
growing demand for diverse potato products. The expected
demand for processing potatoes in India will be about 25
million metric tonnes by 2050 (CPRI 2013b). This demand
is expected to be met from increase in area as well as
productivity of potato in India. Development of suit-
able varieties, increase in cold storage capacity, efficient
storage technologies, setting up of more number of small
and big processing units in country will contribute in
enhancing the growth of potato processing sector in India.
Further, the government of India proposes to set up 30
mega food parks in the country. Additionally, Big Mac is
investing in India to open 250 new restaurants in the next
3-5 years and its potato supplier, McCain Foods India has
plan to double the contract farming area for potato in
Gujarat state (Virendra Pandit 2015a; Vivan Fernandes
2015). Today, potato chips and French fries available in the
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Indian market or food courts are of international standards.
This indicates minimum and acceptable levels of acry-
lamide in these products. With the advancements in dif-
ferent aspects of potato production and processing, still
higher level of food safety standards can be met for pro-
cessed potato products.

Future perspectives

Today, at global level, potato is the 4th major food crop
after rice, wheat and maize. Potato crop is being grown in
nearly 155 countries and more than a billion people
worldwide consume potatoes (FAOSTAT 2015). In future,
potatoes will continue to play a major role in achieving food
and nutritional security (Pandey et al. 2005; IPY 2008,
Lutaladio and Castaidi 2009; Topcu et al. 2010; Singh and
Rana 2013). Efforts made in breeding for the development
of potato varieties that can tolerate CIS even under pro-
longed storage (up to 9 months) at low temperature (4 °C)
are expected to yield good results in the near future. In
addition to this, considerable molecular and biochemical
work done has also enhanced our understanding of CIS
leading to the possibility of developing new vari-
eties/transgenics. This will help in lowering acrylamide
content in processed potato products. It would be desirable
to make use of pre-breeding, traditional and marker-assisted
breeding for the development of varieties tolerant to CIS.
But, at the same time it is also true that storing the potatoes
for longer duration at 4 °C instead of 8—12 °C will increase
the demand for electricity. As per an estimate, storing
potatoes at 4 °C is about 40% costlier than storing them at
8-12 °C (CPRI 2013a). Due to higher cost and problems
pertaining to the continuous availability and accessibility of
electricity, this storage option may be less preferred in
developing and third world countries. Storage of potatoes at
8-12 °C will require effective and judicious use of sprout
suppressant/s. There will also be a demand for the use of
more safe, effective and natural sprout suppressants that can
be either used alone or as supplement to the existing sprout
suppressant (CIPC) to keep the residue levels of sprout
suppressants in the potatoes within acceptable levels. Other
future lines of research work should include extending the
dormancy period, from the present duration of 2 to about
4 months or even more. This will improve storability and
also assist in maintaining the quality as required for pro-
cessing. Developing varieties that have lower levels of
reducing sugars at harvest and after short- and long-term
storage should be among the top priorities.
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