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A b s t r a c t  
 

Potato (Solanum tuberosum L.) is one of the most important crop species in the world. 
Its nutritional and industrial qualities depend on starch content in tubers. Starch consists of linear 
(amylose) and branched (amylopectin) glucose polymers. Three main goals of modern potato 
breeding programs include increment of tuber starch yield, development of potato cultivars with 
improved amylose or amylopectin content and prevention of cold-induced sweetening. Nowadays 
some molecular and biotechnological approaches to vary plant characteristics have been devel-
oped. Among them the most popular are marker-assisted selection, transgenic technologies, ge-
nome editing. But, regardless of the chosen approach, the fundamental stage of successful work is 
the proper choice of the target gene, which in turn requires detailed understanding of the meta-
bolic pathways for the synthesis and degradation of carbohydrates in plant tissues. Starch metabo-
lism includes rather big number of reactions and requires synergetic work of a great number of 
enzymes. Moreover, it should be mentioned that in starch formation and degradation participate 
not only carbohydrates modifying proteins, but some regulatory proteins that are also involved in 
such pathways. Taking into account the previously published review (V.K. Khlestkin et al., 2017), 
in which attention is paid to genes that determine the specific physical, chemical and technologi-
cal starch properties, in the present review the emphasis is made on the current understanding of 
the starch biosynthesis and degradation processes and the key genes of carbohydrate metabolism 
enzymes in potato tubers. In the present review, among proteins involved in plant carbohydrate 
metabolism we have chosen those that play the key roles in potato tubers starch formation and 
retention. The key proteins are sucrose synthases, starch-phosphorilases, granule-bound starch 
synthase, - and -amylases, acid vacuolar invertase, as well as invertase and amylase inhibitors. 
The main candidate genes that may influence potato agronomical traits are described. The future 
work requires analysis of allelic polymorphism of the candidate genes in a wide range of potato 
species, cultivars and lines, looking for associations with desired agronomic traits. It will allow us 
to use these genes for marker-assisted selection and as target genes for gene editing.  

 

Keywords: potato, starch, amylose, amylopectin, cold-induced sweetening, starch metabolism 
 

Potato (Solanum tuberosum) is the most important world food, fodder, 
and technical crop. Potato is under cultivation throughout the entire territory of 
the Russian Federation, in different climatic zones located on a huge space from 
the southern borders to the polar circle, being one of the main food products. 

Starch is the basis of the nutritive value of potato tubers. According to its 
structure, food starch can be divided into glycemic and resistant one, which is 
determined by the quantitative ratio of the two polymers, amylose and amylo-
pectin. Amylose represents a direct chain of glucose molecules that is digested 
longer. Amylopectin has some branches of small glucose chains and is digested 
faster. Thus, the energy and dietary characteristics of potato depend on the qual-
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itative composition of starch grains. Potato as a technical crop is valuable for 
starch content, which is used in the production of glue, glucose, bioethanol, bi-
oplastics and other products and materials [1-3]. In this regard, one of the im-
portant directions of potato breeding is the increase in the specific weight of tu-
ber starch and the creation of cultivars with an increased content of amylose or 
amylopectin. It is also important to remember that the economic effectiveness of 
potato cultivation depends not only on the production volume and tubers starch-
iness but also on the duration of their storage, where the weak link again is 
starch. Tubers contain an average of 12-18% of starch and 0.5-1.5% of sugars 
under normal conditions. Storage temperatures below +3 C cause a protective 
response of tubers to overcooling, which is accompanied by intense starch dete-
rioration and the accumulation of reducing sugars (glucose and fructose). This is 
the so-called cold-induced sweetening process, which worsens the commercial 
qualities of potato tubers.  

Therefore, three main tasks are considered relevant for today: the in-
crease in the starch proportion in potato tubers (starch content), modeling the 
qualitative composition of tubers starch (the ratio of amylose and amylopectin), 
and prevention of the cold-induced sweetening process and the decrease in the 
amount of reducing sugars. To solve them, it is necessary to determine the ways 
of carbohydrate metabolism in tubers first, to identify the key enzymes that regu-
late these ways, and to identify alleles of genes coding them associated with eco-
nomically valuable characteristics of tubers. It will give an opportunity to carry 
out a targeted selection based on the modeling of tubers carbohydrate metabo-
lism to produce potato with the desired properties. 

The carbohydrate composition of potato tubers is a compound-complex 
feature, which is controlled by a set of genetic and external factors [4]. A few 
decades ago, the sequence of biosynthesis reactions and starch decay in a plant 
cell, which seemed to be well studied, was determined at the physiological level 
[5]. However, the modern analysis of genomic and transcriptomic data showed 
that the schemes of carbohydrate metabolism of plant cells are much more com-
plicated: there are alternative metabolic pathways, and the same reaction can be 
catalyzed by different enzymes. A large number of proteins, regulating the activi-
ty of the main enzymes of carbohydrate metabolism, and, for example, carrier 
proteins, which determine the spatial localization of key reactions, were re-
vealed.  

Thus, the understanding of carbohydrate metabolism mechanisms will 
make it possible to carry out targeted selection, choose useful alleles of key genes 
and obtain new cultivars with the desired properties. Therefore, the search for 
genes affecting the content of sugars and starch in potato tubers arouses great 
interest in many researchers nowadays [2-4, 6]. 

Carbohydrate metabolism in potato tubers. Potato starch con-
sists of two polymers: branched amylopectin and linear amylose, the structural 
unit of which is α-glucose. Starch synthesis occurs in plastids (mainly in chloro-
plasts and amyloplasts), where both polymers form insoluble granules. Starch can 
vary in grain structure, the degree of molecules polymerization, and physico-
chemical properties [1, 6-7]. 

The metabolism of starch occurs in leaves (in chloroplasts) as well as in 
tubers (in amyloplasts). Most reactions proceed predominantly equally, but some 
organ-specific differences also exist. For example, a consistent change in the 
processes of starch synthesis and decay takes place in leaves within 24 hours. 
Potato tubers, in turn, synthesize starch throughout their development, accumu-
lating it as an energy-intensive substrate. In leaves, ATP, necessary for starch 
synthesis, is formed during photosynthesis, and in the amyloplasts of tubers, 
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ATP is imported from photosynthetic organs. The substrate for the starch syn-
thesis in leaves chloroplasts is ADP-glucose, formed as a result of the Calvin-
Benson cycle, while in developing potato tubers sucrose becomes such a sub-
strate, coming from photosynthetically active leaves [3, 8]. Biochemical differ-
ences in the ways of starch biosynthesis in potato leaves and tubers imply the 
existence of distinctive features in the genetic basis of the discussed metabolic 
processes in these organs.  

Despite deceptively simple biochemical reactions, there are still many un-
resolved issues about carbohydrate metabolism. The presence of many enzymes, 
the opportunity to carry out reactions by alternative pathways, the sequence of 
intermediate reactions that is still not determined and their subcellular localization 
complicate the understanding of the process. For example, it is not clear in which 
organelles the intermediate stages of starch metabolism happen, which proteins 
carry out and control the intracellular transport of sugars from the cytosol to amy-
loplasts. Therefore, several alternative hypotheses exist instead of a single starch 
metabolism pattern [3, 8-9]. It is also important to understand that different 
periods of plants life are characterized by different metabolic pathways. In particu-
lar, starch biosynthesis in the leaves, when stolons are initiated, during the devel-
opment of stolons, in the ripened tubers, and in the collected tubers during storage 
vary significantly.  

This review will be devoted to the issues of starch biosynthesis in growing 
potato tubers, in which intense starch accumulation happens.  

Sucrose, which is delivered to the cells through the symplast or apoplast, 
is formed during photosynthesis in the leaves. In the case of the apoplast path-
way, sucrose enters the tuber directly through the intercellular space, where it is 
hydrolyzed to glucose and fructose by apoplast invertases. These generated mon-
osaccharides penetrate into the cells of tubers using hexose transporters. Sucrose 
enters the cells of the tubers by the symplast way simultaneously, by using su-
crose-transporter proteins. By entering the cytosol of tuber cells, sucrose is hy-
drolyzed by sucrose synthase to UDP-glucose and fructose.  

Thus, UDP-glucose accumulates in the cytoplasm of tuber cells. The is-
sue of further UDP-glucose transformations and localization of biochemical re-
actions remains a controversial one. According to some reports, UDP-glucose is 
converted into glucose-1-phosphate, which is then converted into ADP-glucose, 
in its turn, entering the amyloplast and involved in the reactions of polysaccha-
rides biosynthesis there [8]. The alternative model implies that in the cytosol of 
tuber cells UDP-glucose is first converted into glucose-1-phosphate and then 
into glucose-6-phosphate; in this form, it is transported using the triose-6-
phosphate translocator in the amyloplast. Glucose-6-phosphate is converted into 
ADP-glucose inside of amyloplasts, from which, under the influence of starch-
synthesizing enzymes (starch synthase, starch-branching enzymes, etc.) starch is 
formed [8, 10]. Both alternative ways imply that ADP-glucose is the direct sub-
strate for the synthesis of amylose and amylopectin in amyloplasts [9]. The resi-
due of ADP-glucose joins the increasing chain with starch synthase (SS, EC 
2.4.1.21). While the polysaccharide chain is growing, starch-branching enzymes 
(BE, EC 2.4.1.18) introduce branching, and amylopectin is synthesized this way 
[9]. The synthesis of the linear molecule of amylose, in its turn, is carried out by 
the enzyme of granule-bound starch synthase (GBS, EC 2.4.1.242).  

Starch granules with a semi-crystalline structure are formed at the final 
stage. Although the exact mechanisms of the process are still unclear, it is 
considered that the final stage of starch granule formation depends on amylopectin 
only [9]. The very process of starch grains formation is specific for different types 
of plants and different organs: if there are many small granules in the leaf chloro-
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plast, then there are only a few granules in the tuber amyloplast, and they are very 
large [9]. 

Thus, the starch bio-
synthesis, starting from the 
monosaccharide substrates for-
mation and to the starch grains 
formation, includes many re-
actions and requires coordi-
nated work of many different 
enzymes. In addition, it has 
already been noted that the 
carbohydrate metabolism in-
volves not only enzymes that 
modify mono-, di-, and poly-
saccharides but also regulatory 
proteins that affect these reac-
tions indirectly, the work of 
which must also be taken into 
account.  

The primary stage of 
starch synthesis in tubers de-
pends on the work of sac-
charolytic enzymes directly, 
as they contribute to the hex-
oses accumulation, which is 
included in starch synthesis 
further on. However, the final 
starch accumulation is deter-
mined not only by the speed 
of its synthesis but also by the 
intensity of its decay, since 

these processes have been carried out simultaneously and continuously. A suffi-
cient number of enzymes destroying starch, which are specific to the glycoside 
bond and influence various substrates (amylose, amylopectin, dextran), were de-
scribed. These enzymes are of different genetic origins and belong to different 
families [7, 11-14].  

Enzymes destroying starch can be divided into two categories, i.e. hydro-
lytic (- and -amylase) and phosphorolytic (-glycan-phosphorylase). Their 
comparative activity may vary depending on the stage of development or environ-
mental conditions. Which of enzymes groups has bigger importance is a rather 
controversial issue. According to some reports, the main contribution to the starch 
decay is made by the hydrolytic way, although the phosphorolytic one is less ener-
gy-consuming [15]. However, starch phosphorylation may not be a sufficient fac-
tor by itself [16]. Perhaps, this process makes the starch grains surface more 
hydrophilic and, thus, more accessible to hydrolytic enzymes, creating selective 
protein-carbohydrate and protein-protein interactions additionally [14, 16-18]. 

Starch grains turn into branched or linear forms of polyglycans during 
the process of decay. Further on, the branched forms are converted into linear 
glycans as a result of the work of enzymes that remove branching, for example, 
isoamylase (EC 3.2.1.68) or dextrinase (dextrin 6--glucanohydrolase; EC 
3.2.1.142) that are specific to the -1.6-glycosidic bond. At the final stage, linear 
glycans can be destroyed by -amylase () or starch synthase (EC 
2.4.1.21) to neutral sugars [12].  

Potential starch metabolism way in potato tubers [3]. En-
zymes: SuSy – sucrose synthase, Fk – fructokinase, UGPase – 
UDP-glucose-pyrophosphorylase, PGI – phosphoglucoisomer-
ase, PGM – phosphoglucomutase, AGPase – ADF-glucose-
pyrophosphorylase, SS – starch synthases, LSF – SEX4-alike 
enzyme, Amy – amylases, DBE – debranching enzyme; DPE – 
disproportionating enzyme; PHO – starch phosphorylase, BAM 
– -amylases. Translocator proteins: GPT – glucose phosphate 
transporter, MEX – maltose transporter, NTT – nucleotide 
translocator; GLT – glucose transporter; VGT – vacuolar glu-
cose transporter. Substances: Frc – fructose, Glc – glucose, 
UDF-Glc – UDP-glucose, F6P – fructose-6-phosphate, G1P – 
glucose-1-phosphate, G6P – glucose-6-phosphate, ADP-Glc – 
ADF-glucose, ATP – ATP, Pi – inorganic phosphorus.  
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As a result of consistent starch decay, metabolites (triosephosphate, 
maltose, glucose) are formed in the amyloplasts; then, they are transported to 
the cytosol with the help of specific transporters [19]. They are involved in the 
glycans metabolic way there, exposed to the cytosolic phosphorylase – transglu-
cosidase (DPE2, disproportionating enzyme, EC 2.4.1.25), turning into the hex-
oses phosphates eventually, which, in their turn, are required for the sucrose bio-
synthesis. 

Key gene s  o f  ca rbohydr a t e  me tabo l i sm in  pot a to  t ube r s. 
Many starch metabolism genes are united into genetic families [9]. Different 
members of one family may play different roles in photosynthesizing and storage 
organs [3]. The activity of starch metabolism enzymes is regulated both at the 
transcriptional level (e.g., by circadian rhythms or the presence of sugars) [3] 
and at the posttranslational level, which includes protein-protein interactions 
and protein phosphorylation [8].  

A major study to identify all genes associated with starch metabolism in 
the potato genome was carried out in 2017 [3]. As a result, 77 genomic loci cod-
ing enzymes of starch metabolism were identified. For comparison, the genome 
of mustard weed (Arabidopsis thaliana) has 46 known genes of starch metabo-
lism, 44 of which have homologs in the potato genome [3]. In addition, new 
isoforms of many enzymes have been found in the potato genome [3].  

The potato genes encoding starch metabolism enzymes that are currently 
known are given in the table [3, 20-22].  

It was shown that among 77 described genomic loci associated with 
starch metabolism in the potato plant, some genes are expressed in the leaves 
only, others in all starch synthesizing organs, and the third, the most interesting 
ones (in the materials of this review) in tubers. In all appearance, the latter 
group may include genes associated with economically valuable features [3]. The 
bioinformatic analysis of transcription data [3] revealed several genes, the expres-
sion of which is specific for potato tubers. The highest level of tuber-specific ex-
pression was observed in genes of the glucose-6-phosphate translocator GPT2.1, 
sucrose synthase SuSy4, phosphoglycan phosphatase SEX4, starch synthase SS5 
and starch-branching enzyme SBE3. 

It is known that the most intensive starch synthesis occurs in the process 
of tubers formation [23]. Therefore, not only genes with high expression in tu-
bers deserve special attention but also those genes, the expression of which grows 
while the tubers are initiated and developed [3] because they can be regulators of 
the tubers formation process. Such genes include sucrose synthase SuSy4, starch-
branching enzyme SBE3, glucose-6-phosphate translocator GPT2.1 and dex-
trinase LDE genes [3]. It is interesting that the level of transcription for the 
phosphoglycan phosphatase SEX4 gene, characterized by high expression in the 
very tubers, is inversely related to the intensity of the tuber growth and the 
starch synthesis [3].  

On the basis of modern concepts of carbohydrate metabolism in tubers, 
one may offer several candidate genes to solving the above-formulated main ob-
jectives of modern potato breeding (the increase in the starch content, the in-
crease in the amylose or amylopectin content, inhibition of cold-induced sweet-
ening). Let us analyze them in details. 

Genes determining starch content. Among the genes, the expression of 
which correlates with the tubers growth, the most interesting one is the sucrose 
synthase SuSy4 gene. The largest amount of information was collected for SuSy4, 
indicating its key influence on the starch content in potato tubers [3, 24-27]. 

Proteins of the sucrose synthase family (EC 2.4.1.13) catalyze the reac-
tion of reversible hydrolysis of sucrose in the presence of UDP to UDP-glucose 



 

455 

and fructose and are found in all higher plants [28]. In the plant cell, SuSy4 is 
present in the soluble form in the cytosol [24]. Sucrose synthase is the main en-
zyme resolving sucrose in the endosperm of cereals and potato tubers; it provides 
a substrate for starch synthesis in the storage organs. Super expression of the su-
crose synthase gene SuSy4 in potato plants leads to the increase in the starch 
content in tubers and the increase in yield [30]. 

Genes encoding carbohydrate metabolism enzymes of potato (Solanum tuberosum 
L.) (cit. ex. 3 with supplements) 

Protein/protein family Genes Expression specificity 
ADP-glucose pyrophosphorylase large subunit  AGPL1,  AGPL2, AGPL3 AGPL1 in leaves  
ADP-glucose pyrophosphorylase small subunit  AGPS1.1, AGPS1.2, AGPS2  
Alpha-amylase  AMY1.1, AMY1.2, AMY23, 

AMY3, AMY3-like 
AMY1.1 in leaves  

Alpha-glucan phosphorylase  
PHO1a, PHO1b, PHO2a, 
PHO2b 

PHO1b in leaves, PHO1a in tu-
bers  

ATP-ADP antiporter  NTT1, NTT2  
Beta-amylase  BAM1, BAM2, BAM3.1,  

BAM3.2, BAM4, BAM6.1, 
BAM6.2, BAM6.3, BAM7, BAM9 

BAM3.1 in leaves  

Branching enzyme  SBE1.1, SBE1.2, SBE2, SBE3 SBE3 in tubers, expression acceler-
ates with the growth of tubers 

Disproportionating enzyme  DPE1, DPE2  
Glucan water dikinase  GWD  
Glucose transporter  GLT1  
Glucose-6-phosphate translocator  GPT1.1, GPT1.2, GPT2.1, 

GPT2.2 
GPT2.1 in tubers, expression acceler-
ates with the growth of tubers 

Granule bound starch synthase  GBSS1 Expression in tubers is higher than 
in leaves 

Inorganic pyrophosphatase  PPase, PPase-like  
Isoamylase  ISA1.1, ISA 1.2, ISA2, ISA3  
Limit dextrinase  LDE Organ specificity is not shown, but 

LDE expression accelerates with 
the growth of tubers 

Maltose excess  MEX1  
Phosphoglucan phosphatase  LSF1,  LSF2, SEX4, SEX4-like SEX4 in tubers, expression de-

creases with the growth of tubers 
Phosphoglucan water dikinase  PWD  
Phosphoglucoisomerase  PGI, PGI-like1, PGI-like2  
Phosphoglucomutase  PGM1, PGM2.1, PGM2.2, 

pPGM 
 

Starch Synthase  SS1, SS2, SS3, SS4, SS5, SS6 SS5 in tubers  
Sucrose Synthase  SuSy1, SuSy2, SuSy3, SuSy4, 

SuSy6, SuSy7 
SuSy4 in tubers, expression acceler-
ates with the growth of tubers 

Triose-phosphate/phosphate translocator  TPT, TPT-like  
UDP-glucose pyrophosphorylase  UGPase1, UGPase2  
Vacuolar Glucose Transporter  VGT3-like  
Vacuolar invertase  Pain-1  
Invertase inhibitor  INH1, INH2  
Amylase inhibitor  SbAI  
N o t e. Gaps mean the absence of data..   

 

Another important gene, for which the association with high starch 
content in tubers is shown, is -glycan phosphorylase. -glycan phosphorylases 
(starch phosphorylase, EC 2.4.1.1), the members of the glycosyltransferase 
family 35 (GT35), play a significant role in the carbohydrate metabolism of 
plants, animals, and prokaryotes [31-32]. Analogs of -glycan phosphorylases 
in plants are also known as starch phosphorylases. This enzyme carries out 
phosphorolytic starch degradation and catalyzes the reaction of reversible 
transfer of the glycosyl residue at the end of -1.4-D-glycan chain in the pres-
ence of phosphate to form glucose-1-phosphate. All plants have two different 
forms of starch phosphorylases – plastidic and cytosolic ones. In its turn, the 
potato plastidic starch phosphorylase PHO1 is encoded by two homologous 
genes, which are characterized by the tissue-specific expression: PHO1b is ex-
pressed in leaves mainly, PHO1a – in tubers [3, 33-34]. Even though starch 
phosphorylases can carry out the reactions of both starch destruction and 
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starch synthesis, it is shown in vitro that the plastidic form plays a more signif-
icant role in the process of starch destruction [35-36]. However, in vivo the 
evidence of this fact is absent. Also, some information about the ability of 
starch phosphorylase to synthesize oligosaccharide primer, which is then com-
pleted by starch-synthase, was obtained in vitro [15, 37-38].  

Genes determining the qualitative composition of starch. As it was said be-
fore, the field of the starch use is extensive, and in relation to the specific tasks, 
it is necessary to obtain starch with different physical and chemical properties, 
which are determined by the quantitative ratio of amylose and amylopectin di-
rectly. Starch with a high content of amylopectin (glycemic starch) has an in-
creased value of nutritional energy and is used for the production of infant and 
dietetic nutrition. In the industry, such starch is also preferable (economically 
beneficial) as a raw material for the production of glucose-fructose syrups and 
bioethanol. High-amylose (resistant) starch is more resistant to the influence of 
-amylases, whereby it is used in the production of bioplastics. By having a low 
glycemic index, such starch is also valuable in dietetics [39]. Starch qualitative 
composition depends on the work of two enzyme groups – starch synthases (in-
cluding granule-bonded starch synthase) and starch-branching enzymes. 

The genes of six starch synthases isoforms (SS1, SS2, SS3, SS4, SS5, 
SS6) and the homologous gene of granule-bonded starch synthase GBSS1 [3] 
were found in the potato genome. Starch synthases SS synthesize amylopectin 
polysaccharides and can be found either in the dissolved form or joined to a 
starch granule. Genetic and biochemical information proves that every isoform 
of starch synthase SS (EC 2.4.1.21) plays its unique role in the process of amy-
lopectin synthesis. It is considered that SS1, SS2, and SS3 isoforms work one by 
one directly, synthesizing short, middle, and long chain correspondingly. It is 
also known that 80% of starch synthase activity in potato tubers is from SS3 [9]. 
SS5 isoform starch synthase gene is characterized by the tuber-specific 
expression, although there is confirmation in vivo of the SS5 direct impact on 
the starch accumulation and yield of potato. At the same time, the homologous 
gene SS5 of corn presumably controls starch accumulation at the stage of grain 
ripening [3, 40]. However, it is believed that the activity of starch synthase (with 
the exception of SS5) in tubers does not exceed the same in leaves greatly and 
the agronomic significance of genes encoding these enzymes is not as important 
as that of the homologous gene GBSS1 [3]. 

Granule-bound starch synthase GBSS1 (EC 2.4.1.242) controls amylose 
biosynthesis in the forming of starch granules. Many investigations indicate the 
important economic value of this enzyme [41-44]. GBSS1 join the starch gran-
ule directly. GBSS1expression in tubers is a little bit higher than in leaves. GBS-
SI was revealed and characterized in many potato cultivars [36, 45-46]. Inactiva-
tion of this gene allows obtaining potato, the tubers of which contain amylopec-
tin mainly [47-50]. 

Starch branching enzyme SBE (EC 2.4.1.18) influences the accumula-
tion of the particular form of starch polysaccharides. SBE catalyzes the for-
mation of points for -1.6-branches in the polysaccharide chain with different 
frequency and length of the branched chain. Starch branching enzyme activity 
was revealed in potato first. The polysaccharide structures formed by the starch 
branching enzyme are then modified by enzymes that remove branching (DBEs, 
debranching enzymes, EC. 3.2.1.68), and thus insoluble granules are formed. 
The activity of the starch-branching enzyme affects the degree of branching of 
amylopectin directly [52-53].  

Many plant species have differences in the expression of particular clas-
ses of the starch-branching enzyme [39]. Mutant plants with SBE activity defi-
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ciency have the indicative phenotype due to inhibition of starch synthesis and 
accumulation of large amounts of sucrose and other soluble sugars [39]. For ex-
ample, pea (Pisum sativum L.) has wrinkled fruits, and starch content is reduced 
by 50% [54]; for corn, the mutation of amylose extender (ae-) is known, which is 
accompanied by the decrease in starch synthesis by 20% [55]. At the same time, 
the starch of such plants consists of amylose mainly, and amylopectin found in 
them is small branched. High amylose starch in potato was obtained only by in-
hibiting the activity of several isoforms of the starch-branching enzyme at the 
same time [56].  

Genes determining resistance to cold-induced sweetening. In case of storage 
at temperatures below +10 C, reducing sugars accumulate in potato tubers, 
which, when interacting with -amino acids, lead to the accumulation of acryla-
mide and deterioration of taste [57-59]. Therefore, the prevention of potato cold-
induced sweetening is extremely important for the food industry [60-62]. Cold-
induced sweetening occurs due to the hydrolysis process of polyglycan chains by 
amylases and the destruction of sucrose by invertases.  

As it was said before, starch degradation can be carried out either 
hydrolytically or phosphorolytically. The hydrolytic way is catalyzed by -
amylases (AMY, alpha-amylase, EC 3.2.1.1) and -amylases (BAM, beta-
amylase, EC 3.2.1.2). Both families include proteins with many isoforms. Nowa-
days, at least five genes of -amylases and at least ten genes of -amylases were 
identified in the potato genome [3]. -amylases hydrolyze -1.4-glycan bonds to 
form various linear and branched maltooligosaccharides. Two genes of -
amylases – StAmy1 and StAmy23 work in potato tubers. In case of low-
temperature storage, only amylase StAmy23 is active [63]. -amylases realize 
hydrolysis of the non-reducing end of glycan chains associated with -1.4-
glycoside bonds, with the formation of -maltose [64]. It is shown that the activity 
of -amylases of potato increases in the first week of storage at +4 C significantly 
[65]. The expression of -amylases is also closely correlated with the accumulation 
of reducing sugars in potato tubers stored at positive temperatures of 3-5 C [66], 
thus, confirming the importance of -amylases in the process of cold-induced 
sweetening. It is considered that among the known genes of -amylases, StBAM1 
and StBAM9 have the highest level of transcription in tubers [63].  

The sucrose hydrolysis by invertases with the formation of glucose and 
fructose [4] also leads to the formation of reducing sugars during the storage of 
potato tubers. Nowadays, it is clearly shown that the main role in cold-induced 
sweetening of potato is played by acidic vacuolar invertase (Pain-1) (beta-
fructofuranosidase, EC 3.2.1.26), catalyzing the irreversible hydrolysis of sucrose. 
Inactivation of the Pain-1 gene reduces the accumulation of reducing sugars in 
tubers at low temperatures [22, 67-70]. This gene was identified in potato, its 
structure and expression were studied, and single-nucleotide substitutions (SNPs) 
were found to determine the activity of the enzyme [71-74].  

Potato cultivars resistant to cold-induced sweetening have a low transcrip-
tion of the vacuolar invertase gene, but some lines show high expression of this 
gene at low enzyme activity [69]. It was found that, in addition to the regulation 
of the vacuolar invertase work at the transcriptional level, post-translational modi-
fication of protein occurs with the participation of inhibitors [75]. Therefore, it is 
necessary to consider a group of enzymes that indirectly affect the cold-induced 
sweetening process separately, although they have no affinity for a glycosidic bond 
and do not interact with sugars and polyglycans. This group should include inhibi-
tors of invertase and amylase. 

The sequences of invertase inhibitors’ genes were determined for differ-
ent plant species [76]. Two inhibitors, the St-Inh (INH1) and StInvInh2 
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(INH2), were found in the cultivated potato species, affecting the invertase 
activity and, consequently, the cold-induced sweetening of tubers, which was 
confirmed by the effect of their overexpression in potato tubers [77]. The pota-
to haploid genome contains one copy of the INH1 and INH2 genes localized 
on the 12th chromosome in tandem orientation and subjected to alternative 
splicing, and the gene products inhibit apoplast (INH1) and vacuolar (INH2) 
invertase [76]. It was shown in vitro that INH2 [78] has the greater inhibitory 
effect, which is confirmed by a significantly higher level of INH2 expression in 
potato genotypes resistant to cold-induced sweetening than in the sensitive 
ones. In addition, the association of some splice variants of the NAT2 gene and 
the variability of its promoter region with the degree of exposure of potato tu-
bers to cold-induced sweetening was reported [76, 79]. 

Another example of post-translational regulation of genes involved in the 
process of cold-induced sweetening is associated with the work of the amylase 
inhibitor. The activity of amylase for potato inhibits by the SbAI gene, which 
was first cloned from the Solanum berthaultii species [21]. The growth of SbAI 
activity leads to the suppression of amylases and, consequently, to the decrease 
in the accumulation of reducing sugars in tubers [21]. The presence of protein-
protein interactions between SbAI and StAmy23, StBAM1, and StBAM9 [21] 
proteins was shown with the help of a dihybrid system. Therefore, amylase in-
hibitor is considered a key regulator of cold-induced sweetening processes of 
potato tubers caused by the amylase activity. 

So, the molecular and biotechnological approaches (marker-mediated se-
lection, derivation of transgenic plants, genomic editing, etc.) already allow 
changing the desired characteristics of plants. However, regardless of the used ap-
proach, the fundamental step that determines the successful result of the work is 
the right choice of the target gene. In this review, the key enzymes that directly and 
indirectly can carry out the most important stages of the starch synthesis and de-
composition in tubers are identified in a large number of proteins involved in the 
carbohydrate metabolism in potato tubers. The range of encoding these enzymes 
candidate genes, allelic variants of which can be associated with economically valu-
able traits of potato, was determined. Further work requires analysis of allelic vari-
ants of these candidate genes in a wide range of cultivars, lines, and samples of wild 
potato species and identification of associations with the required agronomic traits. 
It will allow using them as target genes for the development of molecular markers 
and editing sites for the selection of cultivars with specified characteristics. 
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