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ABSTRACT: Potatoes (Solanum tuberosum) are one of the most important crops worldwide. However, its production and nutrient
content are endangered by both biotic and abiotic stresses. The main yield losses are caused by pest damage (e.g., Colorado potato
beetle and aphids), virus disease (e.g., Potato leafroll virus and Potato viruses Y and X), or oomycete pathogens (like Phytophthora
infestans), which also significantly affect the production of antinutrients and toxic metabolites of plants. Therefore, the use of genetic
engineering could be an efficient tool, not harmful to the environment, and beneficial to the consumer. In this review, we focus on
the main sources of problems in the field of potato production according to approved genetic modifications, their traditional solution
and positive impact of gene transfection reducing economic losses, use of insecticides, and improving the nutritional properties of
potatoes. We summarize all transgenic events that have been performed on potatoes and have been approved for cultivation and/or

direct use or processing as feed or food.
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1. INTRODUCTION

A perennial plant Solanum tuberosum from the family
Solanaceae produces starchy tubers called potatoes. With
more than 5000 varieties, it is the fourth most productive crop
after rice, maize, and wheat."' The main producers are China,
Russia, and India. In 2018, potato production reached 4% of
the total world food production.” In comparison to other
crops, potatoes are less demanding to grow and can also be
grown at higher altitudes.” Moreover, they need less input than
other vegetables. In 2019, more than 17 million hectares of
potatoes were harvested worldwide.”

The dominant nutrients in potatoes are carbohydrates,
mainly starch.® However, potatoes are also an important source
of vitamins By, B;, By, and C, fiber, magnesium, potassium,
phosphorus, and iron.’ As a result of their composition, they
are important in preventing micronutrient deficiencies,
especially in poorer regions of the world, or preventing
problems with high blood pressure.” However, the composi-
tion of nutrients and antinutrients is directly proportional to
the potato variety, growing conditions, method of storage, and
last but not least, processing of tubers for food or feed.

To make starch and some other nutrients more bioavailable,
potatoes must be processed.” However, boiling or other
treatment at high temperatures for a long period causes losses
of some of the nutrients. Potatoes are one of the important
sources of vitamin C in the human diet, but cooking without
their skin causes a loss of vitamin C by up to 45%.° The most
favorite method of potato preparation is frying. This requires
higher temperatures (more than 170 °C) that could cause the
formation of acrylamide.”'’. In addition to acrylamide, other
antinutrients, such as glycoalkaloids or malondialdehyde, may
be present in potatoes as the secondary metabolites of the
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plant immune system synthesized as a defense against different
pests or diseases.

Climate change could have a significant impact on world
potato production as a result of the higher probability of
disease occurrence.'' Higher temperatures can help spread
insect pests, such as the Colorado potato beetle, into areas that
are too cold for them today; similarly, some diseases (such as
potato late blight) could benefit from these conditions and,
therefore, may become a greater threat.'”"* Another factor that
directly affects potato production is poorer water availability.
The solution of these problems could be in shifting of growing
areas, improving water management, or creating new potato
cultivars. The creation of new cultivars can be a long-term
solution. Traditional plant breeding techniques are very time-
consuming and often unsuccessful. In contrast, genetic
modification (GM) is targeted more precisely; thus, genetically
modified organisms (GMOs) have a given property, and
currently, the adverse effects of natural long-term breeding are
eliminated. In recent years, the view of GMOs has changed
because these crops help address some of the nutritional
deficiencies of consumers.

In 1996, Argentina, Australia, Canada, China, Mexico, and
the United States have begun planting GM crops. Since then,
GM crop cultivation has spread to 26 countries."* GM
potatoes occupied 2265 ha in United States and Canada during

Received: June 1, 2022
Revised:  August 23, 2022
Accepted: August 31, 2022
Published: September 14, 2022

https://doi.org/10.1021/acs jafc.2c03837
J. Agric. Food Chem. 2022, 70, 11833—11843


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ba%CC%81ra+Kr%CC%8Ci%CC%81z%CC%8Ckovska%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jitka+Viktorova%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Lipov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.2c03837&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c03837?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c03837?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c03837?goto=recommendations&?ref=pdf
https://pubs.acs.org/toc/jafcau/70/38?ref=pdf
https://pubs.acs.org/toc/jafcau/70/38?ref=pdf
https://pubs.acs.org/toc/jafcau/70/38?ref=pdf
https://pubs.acs.org/toc/jafcau/70/38?ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jafc.2c03837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org/JAFC?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

Review

Stacked traits
61%

ypy |

Insect resistance

\/ 31%

|

Modified product
Disease resistance quality

4% 4%

Figure 1. Traits affected by genetic modifications in approved potato cultivars.
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Figure 2. Structures of (a) a-solanine and (b) a-chaconine.
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2019."° Up to date, 51 GM events in potatoes have been
approved.'® All of these GM potatoes are prepared by
Agrobacterium tumefaciens-mediated plant transformation.
Most GMOs are connected with insect resistance (60%),
disease resistance (38%) and modification of potato quality
(34%). These properties are usually stacked in one potato
(Figure 1), which is especially beneficial for farmers, who can
then increase their productivity even in difficult agricultural
conditions."” Of the 51 approved GM potatoes, 37 are

approved for cultivation, 43 are approved for feed and 47 are
approved for food.'® Approved transgenic potatoes usually
contain antibiotic resistance genes, which allowed transformed
plants to metabolize/modify antibiotics during selection.
Today’s research is trying to avoid the usage of selectable
markers'® as a result of the antibiotic resistance spread.
Current research is also focused on usage of new breeding

. 1
techniques.'”
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In this review, we focus on possible consumer health risks
connected with the main adverse condition cultivation of
potato that cause economic loss. We present individual issues
with their scope and traditional solution, together with a
simple solution offered by GM. In conclusion, we want to
clarify the approved genetic modifications in potatoes and
show their benefits for not only the farmers but also the
consumers.

2. POTATO INSECT PESTS

Potatoes are endangered by various insect pests, which could
destroy potato production directly (defoliation and tuber
damage) or indirectly (expansion of viruses). Extensive
damage depends upon insect, season, and vegetative
conditions. Some insect pests are just minor (aphids), and
some of them are very serious and worldwide.

Colorado potato beetle (Leptinotarsa decemlineata, CPB) is a
well-known pest, which belongs to coleopteran insects. This
pest causes extensive economical losses mainly on potatoes.”’
The CPB causes the loss of around a third of the global potato
crop each year.”' Adult CPB can overwinter in the soil for a
period of at least 30 days. After this period (in spring), they are
ready to disperse, preferring to walk over flight to the host.””
Females can lay up to 800 eggs during their lifetime. The eggs
deposit in masses of 20—60 eggs on the lower surface of the
foliage of the host plant.”> CPB larvae and adults feed on the
leaves of the host plant, resulting in its defoliation and, unless
controlled, eventual loss. As a defense, the infested potato plant
produces glycoalkaloids (GAs).”*

GAs, nitrogen-containing steroidal glycosides, are typical
alkaloids found in the Solaneceae family. More than 80
different GAs have been identified, and the most common GAs
found in potatoes are a-chaconine and a-solanine (Figure 2).*
These metabolites are highly stable and are found throughout
the plant. A higher level of these metabolites is found in
actively growing tissues (flowers, berries, etc.), whereas in
tubers, they are lower and predominantly under their skin.”® A
higher concentration of these substances could be found in
parts turned green and also in sprouting or rotting parts of the
tubers.”” According to the Implementing Regulation of the
European Commission (2017/2470), the accepted safety limit
is less than 150 mg of total GAs/kg of fresh weight of unpeeled
raw potato tuber as a result of the potential toxicity of these
metabolites.”® The lowest adverse effect observed was at a dose
of 1 mg of GAs/kg of body weight per day.”” However, the
concentrations of these metabolites also depend upon fl‘aotato
cultivar, extent of damage, and exposure to light.2 The
mechanism of GA metabolism is very complex, and the toxicity
is higher for humans than for animals. There have been
reported inhibition of acetylcholinesterase and affection of the
digestive system through the disruption of the cell membrane.
High concentrations could cause nausea or vomiting in
humans.”>*’

The most commonly used method for the control of CPB is
the application of insecticides. In fact, the CPB is responsible
for creating the modern insecticide industry.”’ As is well-
known, the overuse of synthetic substances is a major factor in
environmental pollution. Many organic contaminants, such as
organochlorine pesticides, polycyclic aromatic hydrocarbons,
phthalate esters, and polychlorinated biphenyls, are known for
their persistence, relatively high toxicity, and bioaccumulation
in the environment. Some of these chemicals enter the soil and
act as a secondary source of emissions.”” The residues of these

substances in the soils pose a potential threat to animal and
human health when entering the food chains.”’ Another
danger of insecticides lies in their metabolites that could be
more toxic than the original insecticide.”” They can later cause
health problems, such as cancer or interference with the
endocrine system. Another challenge is a selective pressure on
the pest, resulting in growing insecticide resistances. The
ability of insect pests to form a resistant subpopulation has
been reported against 56 major insecticides.”” However, there
still exist some alternatives to sgmthetic insecticides that could
be gentler to the environment.”

One such alternative is related to the CPB pathogen Bacillus
thuringiensis (Bt). Bt is a Gram-positive soil bacterium known
mainly for the production of proteinateous insecticidal &-
endotoxins. These insecticidal crystal toxins are divided into
two main groups, namely, Cry and Cyt protein toxins. These
toxins are encoded by multigenic family cry or cyt genes and
form parasporal inclusions during sporulation. Cry proteins are
toxic to Lepidoptera, Diptera, Hymenoptera, and Coleoptera
orders of insects, whereas the Cyt proteins are active only
against Diptera and, therefore, are not widely used.”*** Cry
proteins are produced as protoxins, and they must be ingested
by CPB larvae. Protoxins are solubilized under alkaline
conditions. The activation is performed by trypsin- and
chymotrypsin-like proteases forming toxic fragments. Frag-
ments are capable of specific interaction with the midgut cell
receptors and create a pore in the epithelium.’*’® These toxins
in combination with Bt spores are used as biological
insecticides. The main advantage is the specificity of the
toxins. Bt insecticides are %entle to humans, non-target wildlife,
and beneficial arthropods.”" On the other hand, the toxins are
specific only to young larval stages, are not active against borer
insects, and are very sensitive to ultraviolet (UV) radiation.’”
Today, several biopesticides are commercially available and are
used mainly in ecological agriculture. However, these products
still need to improve their effectivity and stability.”® With the
development of biotechnologies, transgenic plants expressing
Cry toxin genes started to be developed. Previously, transgenic
potatoes containing the cry3A toxin encoded by the cry3A gene
have been shown to possess specific resistance to CPB.>” To
date, approximately 30 potato events with the integrated cry3A
gene have been approved.” These GM plants are able to
produce Cry toxins evenly throughout the plant as a result of
the constitutive, tissue non-specific promoter of the Cauliflower
mosaic virus (CaMV 35S). The genetic modification of potato
solves the main problems: protein is produced inside the plant
and, thus, is protected against UV, and thanks to stable
production, there is no need to look for the correct larval stage.
The majority of the approved GM potatoes were developed by
the Monsanto Company. Atlantic NewLeaf and New Leaf
Russet Burbank potatoes are approved for cultivation in
Canada and the United States. Hi-Lite NewLeaf Y, New Leaf Y
Russet Burbank, and Shepody NewLeaf Y potatoes have also
included genes for resistance to Potato virus Y. All of these
three GM potatoes are approved for cultivation in Canada and
the U.S.A.*® Following doubts and public opposition to
products containing GM potatoes, the market for processed
potatoes was closed, and thus, the cultivation of these potatoes
was reduced. In addition, processors began to label their
products (especially french fries) as GM-free. On the basis of
these facts, there was a significant drop in sales, and Monsanto
stopped selling these potatoes in the spring of 2001.*" The
Russian Academy of Sciences developed two GM potatoes
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with the trade names Elizaveta plus and Lugovskoi plus. These
potatoes have been approved since 2005 and 2007,
respectively, in Russia for direct use or processed in food."
During 2016, the Federation Council of the Russian
Federation adopted a law that banned the usage of GMO for
food production. This law includes new registration procedures
for GMO and necessary permissions to work in this field.
Implementation of this law should support the Russian strategy
“to produce the cleanest agricultural products in the world”.**

The safety of the Cry toxins is still discussed. Some studies
showed the potential of Cry proteins to activate the human
immune system and cause the allergic response.’®*"*
However, these results are obtained from purified Cry toxins,
and in the case of potatoes, an analysis of these proteins should
be performed after heat treatment. A possible solution of this
problem lies in the usage of specific promoters. For example,
the ST-LS1 promoter, which is a potato promoter active only
in photosynthetic tissues (leaf/stem), caused higher concen-
trations of Cry toxins in potato leaves, and almost no Cry
toxins were detected in the roots.”” For the specific expression
of the toxin in place where the larvae started to consume the
plant, the wound-inducible promoter isolated from Asparagus
officinalis (AoPR1) could also be used effectively.*®

3. POTATO VIRUS DISEASES (POTATO VIRUS Y AND
POTATO LEAFROLL VIRUS)

Potatoes are a vegetatively propagated crop. Without proper
control of tubers for the presence of a virus particles, it can
spread quickly and could cause a reduction in plant vitality and
tuber yield."” The virus infection can also spread easily by
insects and cause huge losses. For periodic plant controls and
virus infection testing, the double antibody sandwich enzyme-
linked immunosorbent assay (DAS-ELISA) or polymerase
chain reaction (PCR) is used.”® Sufficient testing for virus
detection is a problem mainly in the developing world. Higher
temperatures are associated with an increased number of insect
vectors and the next spread of the virus from the inoculated
potato.'” There are about 50 different viruses infecting the
Solanaceae plants, but only a few of them are responsible for
major losses globally.”” The most important and well-known
viruses that affect potato production are the Potato virus Y
(PVY) and Potato leafroll virus (PLRV).

PVY is a member of the family Potyviridae, a group of
viruses with single-stranded positive-sense RNA (+ssRNA)
genomes. These viruses are characterized by high mutation
rates and extremely high genetic variability.”” PVY could be
classified, on the basis of the presence/absence of recombina-
tion events in their genome, into several strain groups (PVYO,
pvYS, PvYYN, PVYN™N pyYNW pVYE and PVY?). These
groups vary in their symptomology in different potato
cultivars.">*"** Symptoms are also related to environmental
conditions or whether the infection is primary or secon-
dary.'>**>* Symptoms may occur in the foliage or tubers.
Different types of mosaic, necrotic reactions (from limited
localized necrotic lesions to systemic yellowing and vein
necrosis) could be induced in foliage that could result in
growth retardation.'” Some strains can cause so-called potato
tuber necrotic ringspot disease in susceptible cultivars, making
these tubers unmarketable.'” The PLRV belongs to the
Luteoviridae family (+ssRNA virus)."® Primary infection
causes chlorosis, necrosis, and leaf curling. The leaves of
some cultivars may turn red. Seed-borne infection results in
stunted, severely damaged plants with reduced yield in both

tuber size and number, as in the case of PVY infection.*
Tubers with typical net necrosis may be the result of infection
in the current season. During infection, there is an excessive
accumulation of carbohydrates in the leaves, corresponding to
a reduction in the tubers. This may be related to necrosis of
phloem cells or blocking the photoassimilation movement
from the chloroplast to the cytosol by the triosephosphate
translocator. Tuber symptoms are rare and depend upon the
cultivar.

In response to virus infection, the potatoes change their
sugar balance. Soluble sugars accumulate in non-infected leaves
of the infected plants.”> For example, callose, a plant
polysaccharide produced in response to viral infection, is
used to detect the viral infection by staining with resorcinol
blue. The accumulation of reactive oxygen species scavengers is
rapid in PVY™-infected leaves, which is related to the lower
damage seen on the leaves.” Another response is the
upregulation of proteins during the virus infection; it could
be calreticulin, salt tolerance protein, acidic endochitinase, and
patatin.”® Some of these proteins may trigger an allergic
reaction in consumers. The typical response of plants to biotic
stress is the synthesis and accumulation of phenylpropanoids.
Significant accumulation was observed mainly for 3-trans-
caffeoylquinic acid and 4-trans-caffeoylquinic acid. These
substances are also related to the resistance of plants to
these viruses.”> They are stored under the peel of the potato.’”
Caffeoylquinic acids are well-known for their antioxidant,
antibacterial, neuroprotective, and other activities; ™ there-
fore, the consumer should not be afraid of these substances.

PVY is not specific only to potato plants but could cause
serious diseases to several other members of the Solanaceae
family, including tobacco, tomato, or pepper.’’ PVY is
transmitted mainly in non-persistent form by aphids.'>**®*
Acquisition and transmission of virus particles occur when
winged aphids briefly test the plants. The virus stays in the
aphid stylet, and aphids are viruliferous only for a short period
of time (minutes to tens of minutes).”’ For this type of virus
transmission, the usage of pesticides is inefficient because the
aphid can spread the virus to a healthy plant before it dies.”>**
On the other hand, the transmission of PLRV is more
complicated. The infection could be introduced by planting
infected potatoes or an insect vector. Here, the primary insect
vectors are only a few species of aphids (mainly Myzus
persicae). The acquisition of the virus by the aphid is by feeding
on infected plants. The virus enters the hemocoel by crossing
the intestinal membrane of the aphid digestive system. From
this place, the virus can easily cross another membrane and
enter the salivary glands. From that moment on, the aphid
transmits the virus for its remaining life.”* This is called
persistent transmission.’” Aphids can also infect tubers in
storage. The reduction of insect vectors could help to regulate
virus spread.

The essential way to reduce the virus spreading is the crop
screening programs and destruction of infected plants.”* When
PVY® was the dominant strain, potato tuber certification was
mainly based on visual inspections before 2000, because this
strain induces visible mosaic foliar disease in many cultivars.*”
Today, the situation is completely different as a result of new
recombinant strains that show only mild and often transient
foliar symptoms. Therefore, detection of this infection during
field inspection is difficult.*’ In addition, the infection could be
spread unnoticed by infected aphids. In the case of PLRV, the
use of insecticides is very effective compared to PVY.”* Mineral
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oils have been used to limit the spread of PVY. These oils are
capable of interfering with aphid feeding and virus trans-
mission; however, phytotoxic activity was observed.”® There
are also substances that are able to make a physical barrier to
stylet penetration.64 To minimize PVY infection, different
planting strategies can be used (such as planting a non-host
border crop around the potato crop).®

Plant virus resistance is divided into two types. The
hypersensitive reaction (HR) involves programmed cell
death, conferred by Ny genes.63 The replication of a virus is
limited and leads to local necrotic lesions. These lesions
prevent further spread of the virus.'”> The second type of
resistance is called extreme resistance (ER) and involves the R
genes. These genes could possibly encode specific inhibitors of
a specific virus strain accumulation.”” During virus inoculation,
potatoes are without or with very little visible necrosis.”® ER to
PVY has been found in the Solanum tuberosum L. group
Andigena (Ry,g,), Solanum stoloniferum (Ryy,), Solanum
chacoense (Ryg.), Solanum demissum, and Solanum hougassi.*”
These genes are used during breeding progreims.63”70 Breeding
resistant cultivars could prevent infection and spreading of the
virus in the plant.”> On the other hand, these breeding
strategies are very difficult, long-term, and sometimes very
expensive. The other plant response to virus invasion is
antiviral RNA silencing [RNA interference (RNAi)]. It is a
host response triggered by viral double-stranded RNA. The
process involves a RNA-induced silencing complex (RISC), a
multiprotein complex that contains one strand of small-
interfering RNA (siRNA) or micro RNA (miRNA). RISC uses
this RNA to guide the complex to recognize complementary
viral mRNA. Upon recognition, the RNase component of
RISC called Slicer is activated and cleaves the viral mRNA.
The initial RNA material for the activation of the process is
provided by RNase type-IlI-like enzyme called Dicer by
sensing and subsequent cleavage of the double-stranded RNA
intermediates of viral replication. This resistant strategy is
effective against all DNA and RNA viruses, but it is relatively
slow and does not lead to complete removal of the virus.”'
This defense strategy is also known as pathogen-derived
resistance.

There are five different approved GM potatoes with
resistance to viral infection. Their trade names are Hi-Lite
NewLeaf Y potato, New Leaf Y Russet Burbank potato, New
Leaf Plus Russet Burbank potato, Shepody NewLeaf Y potato,
and a new potato SPT TICAR (potato event TIC-AR233-S).
Except for the last potato, the GM potatoes were developed by
the Monsanto Company and were commented on in the
previous section. The last GM potato was developed by
Technoplant Argentina and has been approved for food, feed,
and cultivation in Argentina since 2018.7% During 2019, there
is a formal registration of this GM potato in the National Seed
Institute’s register.73 The main advantage for the farmers is the
cost reduction; less insecticides have to be used, and the tubers
do not need any crop screening before planting for the next
year. The TICAR potatoes should be available on the
Argentinian market in the near future. The rest of the GM
potatoes are approved for cultivation only in the United States
and Canada. Countries with approval for the food use of these
potatoes are Australia, Canada, Japan, Mexico, New Zealand,
South Korea, and the United States.”*”> All of these approved
GM potatoes are using the gene silencing strategy that is a part
of a plant active defense mechanism.”® The gene inserted for
PVY resistance encodes the PVY coat protein (CP). CP plays

an important role in viral translation and activation of host R
genes and helps cell-to-cell virus propagation.”” Resistance
against PLRV is achieved by inserting and expressing the
replicase gene.”® In the case of resistance to both viruses, GM
potato plants do not express a detectable amount of transgenic
proteins inserted. This confirms the functional mechanism of
gene silencing and proves the safety of these GM plants.””~*'

4. OOMYCETE PATHOGENES

One of the oldest potato diseases is the late blight (LB) disease
caused by the fungus Phytophthora infestans. This disease
caused a huge famine in Ireland during the 19th century. To
date, LB is one of the most devastating and economically
important diseases that affects potato and tomato crops.*”
Costs associated with crop damage and costs located for the
control of P. infestans could cross a billion euros annually.*

P. infestans belongs to a group of fungi-like organisms. The
Oomycetes include the genus Phythophtora with mainly plant
pathogens widely spread around the world,** affecting tubers
and foliage. Foliar infection (water-soaked lesions) reduces the
tuber production; thus, the effect is indirect.*® The lesions are
surrounded by sporangia that are easily dispersed on other
leaves and can cause new lesions in a short time.*® During
watering, the sporangia are often washed from the leaves and
can infect the potato tubers, which usually results in complete
yield loss. Furthermore, tuber lesions of the LB could easily be
colonized by soft-rotting bacteria.”>*° Pathogen infection
causes oxidative damage: when the potato plant is attacked
by the pathogen, the cell membrane peroxidation increases
with the production of peroxidase, hydrogen peroxide, and
malondialdehyde [CH,(CHO),].*” Malondialdehyde is a
highly toxic aldehyde and potential mutagen and artherogen
interacting with DNA or proteins.*® As a response to biotic
stress, the plant could synthesize chitinase, a potential allergen
for sensitive consumers.

To control the disease, fungicides are used in increased
amounts; therefore, potatoes become one of the most
fungicide-treated crops.86 However, P. infestans can easily
develop resistance to fungicides. Nowadays, farmers apply
about 10 or more different fungicides during the season to
protect the yield.**®” This burdens the environment and
endangers public health through chemical accumulation in
food chains, as mentioned above. Several pesticides are known
as resistance inducers. For example, application of potassium
phosphite increased levels of antioxidant enzymes, phenolics,
flavonoids, and anthocyanin and activated plant defense
responses to LB disease.”” Additionally, exogenous application
of ethylene supported the induction of defense responses in
resistant potato type.”’ A haustorium grows from the mycelium
of P. infestans into the intercellular space but is not able to
penetrate the cell membrane. The haustorium produces
avirulence (Avr) factors that could be recognized by the host
plant when they cross the cell membrane. If the host plant
holds the corresponding R gene, it responds with HR.”' Rapid
evolution of the Awr genes is necessary for successful
breakdown of resistance in the host plant. Therefore, the ER
genes are also under pressure to recognize these new Avr to be
able to trigger HR and stop the spread of the pathogen. Most
cultivated potatoes are susceptible to LB disease, but wild
relatives are a perfect source of resistance.”” By conventional
breeding, a resistant gene from Solanum deemissum was bred
into a new potato variety, but over time, the resistance broke
down. Introgression (hybridization between two species and
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Figure 3. Scheme of the Maillard reaction: (a) asparagine, (b) glucose, (c) Schiff base, and (d) acrylamide.

repeated backcrossing) of R genes from wild species is time-
consuming and eflicient just until the new mutation of the Avr
genes is developed.” The sexual production of spores
(oospores) could help develop new mutations in the Avr
gene. The oospores can survive in the soil for several years and
infect disease-free tubers.” As a result of the sexual
reproduction of this oomycete, there is a fast and easy genetic
diversification of this organism.

The Rpi-vntl resistance gene encoding coiled-coil nucleo-
tide-binding leucine-rich repeat protein is used for commercial
genetic transformation. This gene originates from the
American Solanum venturii species and belongs to the leucine
zipper/NBS/LRR class of plant resistance genes, which used
the leucine zipper part for the protein—protein interaction or
dimerization.” It is generally considered a promising source of
resistance to LB disease because it was shown to provide
resistance to several highly virulent European strains of P.
infestans.”> There are four approved GM potatoes with this
gene insertion. Their trade names are Simplot Innate, Innate
Acclimate, Innate Hibernate, and event name W8.”° All of
these potatoes were developed by J.R. Simplot Co. Except for

Simplot Innate, all other variants are approved for cultivation
at least in the United States and Canada. Simplot Innate was
accepted for food in Canada in 2020.”” These potatoes were
also evaluated as safe and nutritionally the same as conven-
tional potato varieties.”*”’

5. MODIFIED PRODUCT QUALITY

Modification of potato quality involves a reduction in the
formation of acrylamide. This is achieved mainly by the
reduction of amino acid asparagine or reducing sugars. Potato
starch is used in the textile industry as well as a binder. Strains
suitable for industrial applications produce more potato starch
than potatoes suitable for food and feed.

Potatoes do not contain fat; thus, potato products usually
need the addition of fat and salt to be more desirable and tasty
to customers. These products are responsible for obesity and
health problems mainly in developed countries. Potato
products require high temperatures during preparation,
which are achieved by frying (>170 °C). This method of
preparation is dangerous because it can lead to the Maillard
reaction (reaction between sugar and amino acids), which can
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produce acrylamide (Figure 3). Acrylamide production
depends upon a high asparagine content, a high reducing
sugar content (fructose and glucose), humidity below 30%, and
temperatures above 100 °C."'

Acrylamide is a colorless compound widely used for the
production of polyacrylamide, which is applied in soil
conditioning, wastewater treatment, cosmetics, and textile
industry. However, acrylamide is degradable by various
microorganisms; thus, higher concentrations in the environ-
ment are not expected. According to the European
Commission Regulation (2017/2158), the acrylamide limit
in fried potato products is approximately 750 ug/kg.
Acrylamide could induce oxidative DNA damage, leading to
cell death.'*>'%"

The concentration of acrylamide precursors can be affected
by potato variety, growing conditions, or storage conditions.
Drought has a significant effect on the content of reducing
sugars (glucose and fructose) in tubers. The concentration of
the reducing sugars increases with a low temperature'”” and
depends mainly upon the potato variety.””'”> However, the
acrylamide concentration depends mostly upon the frying time
and temperature. Acrylamide levels in chips processed at high
temperatures for short frying times were lower than in those
processed at low temperatures for long frying times.'"*
Treatments of potatoes before frying, such as blanching in
distilled water or adding yeast Aureobasidium pullulans, reduce
the acrylamide content without affecting sensoric proper-
ties.'’¥'% Black spots are a postharvest physiological
phenomenon resulting from polyphenol oxidase activity.
Their formation is associated with potato dropping during
the handling of potato tubers at harvest, transport, storage, and
processing, and it is more or less a cosmetic defect in the
potato industry.”*'*?

To reduce the precursors of acrylamide formation, the gene
silencing cassette is introduced to reduce the expression of the
asparagine synthetase 1 gene (Asnl). Another cassette reduces
the expression of the a-glucan, water dikinase gene (also called
the starch-associated R1 gene) and the phosphorylase L gene
(PhL). This combination of genes significantly reduced
acrylamide levels in fried potatoes.””'’®'?”'% The reduction
of the number of black spots is achieved by silencing of the
polyphenol oxidase S gene (PpoS). There are 16 approved GM
potatoes with genes inserted to reduce asparagine production,
levels of reducing sugars, and formation of black spots. All of
these potatoes were developed by the J.R. Simplot Company.
This company started to develop and advertise GM potatoes
using only potato genes,*" with the focus on the requirements
of the consumer; in this way, they evaded the failure that
Monsanto had to face in 2001. Seven approved GM potatoes
have the trade names: Innate Cultivate, Innate Generate,
Simplot Innate, Innate Accelerate, Innate Invigorate, Innate
Acclimate, and Innate Hibernate.'” These GM potatoes are
still planted, with about 40 ha in Canada in 2019." A total of 4
out of 16 approved GM potatoes also have integrated genes for
foliar resistance to LB marked as the second generation of
Simplot Innate.”" Some of them have been successfully tested
for their safety.”

Potatoes with a high starch content composed exclusively of
amylopectin are important for the starch industry. These
potatoes are useful in textile sizing or papermaking. BASF
Plant Science developed two approved GM potatoes (Amflora
and Starch Potato), but none of them are approved for
cultivation and are no longer marketed. The inserted gene
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minimizes the amylose content by lowering the level of
granule-bound starch synthase. This enzyme is responsible for
amylose synthesis in many plants.''® The Amflora potato was
first accepted by the European Food Safety Authority,""" but
the acceptance was canceled by the General Court of the
European Union with the justification that Amflora potato
presents a potential risk to human and animal health.

Potatoes are exposed to a number of stressors during their
life, which reduce their yields and worsen the nutritional
quality of tubers. Because potatoes are an important
commodity in the food and feed industry, there is growing
pressure to adopt genetically modified plants that are tolerant
to adverse conditions. Great development is also expected
thanks to the new efficient genome editing tool (CRISPR/
Cas9), which will make genetic transfection faster and more
efficient than conventional breeding and Agrobacterium-
mediated transformation. As many years of use have shown,
the use of GM plants is not harmful to the environment
(unlike chemical pesticides), and GM crops are one of the
most studied crops in terms of their potential toxicities and
adverse effects. As a result of the spread of antibiotic resistance,
the use of antibiotic resistance as a selection marker should
also be considered in the future. The priority of future research
in the field of genetic modification of the potato should also be
the adaptation of the plants to the effects of climate change.
Potatoes are usually grown in higher altitudes because they
require lower temperatures during the season. The rise of the
temperature caused by climate change and global warming
could therefore significantly reduce their crop area. Thus far,
no GM potato cultivar prepared for this purpose has been
engineered.

From all of the above, it can be concluded that many potato
threats are elegantly addressed by genetic modification and
transgenic plants could produce less metabolites that are
harmful for the consumers (malondialdehyde, calreticulin,
glycoalkaloids, and others). Even though the adoption of GM
crops is the fastest growing agricultural technology in the
world, the biggest weakness of their promising applications
remains the legislation limitation. However, it could be
expected that legislative limits are likely to be breached soon
as a result of the current food crisis in the world. In addition,
the scientific community has been given a clear and consistent
signal for a long time, especially recently by awarding the
Nobel Prize for the use of CRISPR/Cas9, of which the use
refutes all of the standard arguments of GM crop deniers used
thus far.
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