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Abstract

Potato (Solanum tuberosum L.) is a major non-grain food crop grown all over the world
and belongs to the Solanaceae family. Currently, the major objectives of global potato
research include optimization of production by producing resistant varieties towards
various challenging biotic and abiotic stresses to ensure both high yield and
improvement of the nutritional values. In potato life cycle, tuberization is
developmentally-regulated and depends on the activities of several interdependent
complex processes. Considerable progress has been made towards understanding the
multiple signaling pathways that lead to activation of many proteins/enzymes along
with expression of many genes which are crucial at the different stages of tuber
development. Tuberization is associated with sucrose, fructose and starch metabolism,
calcium (Ca?") signaling and reactive oxygen species (ROS). Tuberization in potato
involves many constitutive and developmentally-regulated genes with multiple forms
which still remain unknown. Likewise, an enzyme or protein could exist in different
forms in a plant; therefore, we need to understand the corresponding genes/allelic
variants and their expression patterns/regulations particularly at different stages of tuber
development. Keeping in view, the focus was on molecular and biochemical studies on
a few crucial enzymes namely Sucrose synthase (SuSy), Fructokinase (FRK), Calcium-
dependent protein kinases (CDPK) and Catalase (CAT) in an Indian potato cultivar. In
silico approaches were also adopted for sequence analyses. Sucrose synthase (SuSy, EC
2.4.1.13) refers to a glycosyltranferase (GT) that plays a crucial role in sugar
metabolism mainly in the sink tissues of plants. Here, we report isolation and
characterization of a 2,668-bp cDNA encoding a distinct full-length SuSy4 form,
corresponding to SUS | group gene family, from a commercially important Indian
potato (Solanum tuberosum L.) cultivar, Kufri Chipsona-1 by RT-PCR using tuber total
RNA. The predicted protein, designated as KC-SuSy, consisted of 805 amino acids
(protein_id QWW18611). Fructokinase (FRK) (ATP: D-fructose 6-phosphotransferase;
EC 2.7.1.4) is a key enzyme in fructose metabolism in the sink organs of plants. In
developing potato (Solanum tuberosum L.) tubers, fructose released by sucrose synthase
(SuSy)-mediated sucrolytic pathway is converted to fructose-6-phosphate by FRKs. We
report isolation of a 1110-bp cDNA clone encoding a 319-aa FRK2 isoform (designated
St-FRK2, QIS79145) from tuber total RNA along with two more cDNAS encoding a
256-aa FRK2 variant (QIV66775) and a 266-aa FRK-like protein (designated StFLN,

Xii



QIV66777) using total RNA from tuber and leaf, respectively. Calcium-dependent
protein kinases (CDPK) act as sensor-transducers in decoding the calcium (Ca?*) ions
associated with multiple signal transduction pathways. In this study, a 1560-bp cDNA
clone encoding 515-aa CDPK?2 isoform (designated StCDPK2, QIS79146) was isolated
and characterized using tuber total RNA. Catalase (CAT; EC 1.11.1.6) is regarded as
one of the major enzymatic antioxidants in plants and plays a crucial role in regulation
of growth and stress metabolism. Through RT-PCR using tuber RNA, a 1600-bp cDNA
clone was isolated which encoded a novel 492-aa CAT1 isoform designated KC-CAT1
(QWW18612).

Apart from the cDNA cloning studies, more members corresponding to the above genes
were retrieved from the published reports and other genome databases. Genome wide
characterization of the gene families, prediction of the crucial catalytic motifs,
chromosomal localization of the genes and phylogenetic analyses were carried out. This
thesis work constitutes a comprehensive report providing an insight into the gene
families and their classification in potato. Multiple sequence alignments with the
catalytic motifs, crucial amino acids and secondary structures were presented; 3-D
structures were predicted. Gene-specific expression patterns were shown. Significantly
higher level of SuSy, FRK and CAT activities were noticed during the early stages of
tuber development implicating their crucial roles in the process of tuberization i,e., from
initial swelling of underground stolon to the mature tuber. Protein-protein interaction
studies could provide clues of the cross talk between these signalling pathways.
Significantly higher expression levels of Susy4, FRK2, CDPK2 and CAT1 genes in the
developing tubers indicated that Suc, Fru and starch metabolism, Ca?* signaling and
ROS metabolism are important in the process of tuberization. These results would be
quite useful in improving not only the potato crops but the other members of the

Solanaceae family as well.

Key words: Potato (Solanum tuberosum L.) cultivar Kufri Chipsona-1; Field condition;
Tuberization; Sucrose synthase (SuSy/SUS); Fructokinase (FRK); Calcium-dependent protein
kinase (CDPK); Catalase (CAT); cDNA cloning; Sequence and Phylogenetic analyses; Protein

motifs/domains; 3-D structures; Gene expression; Enzyme assay, Protein-protein interactions

Xiii
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1.1 Potato Crop

Potato (Solanum tuberosum L.) is a major non-grain food crop grown all over the world. It
ranks third, and comes only after wheat and rice. Worldwide production of this crop was
more than 350 million metric tonnes in 2021 (https://faostat.fao.org/). Potato belongs to the
Solanaceae family which consists of more than 3,000 members. Apart from potato some
other economically important members of this family are tomato, eggplant, tobacco, pepper
and capsicum. Among the various tuber crops such as cassava, sweet potato, yams, and taro,
potato is the most important in terms of production, accounting for about 45% of the total
global production of all tuber crops. Potato tubers are important dietary sources of starch,
protein, antioxidants and vitamins. This crop is quite promising with regard to global food
security i.e., in fighting hunger and malnutrition. Currently, the major objectives of global
potato and other crop breeding programs are optimization of production levels by producing
resistant varieties towards various challenging biotic and abiotic stresses (Visser et al. 2009;
Hazarika and Rajam 2011; Verma et al. 2012; Gleadow et al. 2013; Singh et al. 2014). In
fact, both root and tuber crops are now considered to play pivotal role in feeding the
developing world in near future. Recent trend indicates that the growth rates of potato tuber
production are particularly high with an annual average increase of 4.5 million tonnes per
year which is significantly higher in comparison to rice and wheat. Recent increases of potato
production in the Asian continent have been noteworthy. The recent potato production in

some countries is shown in Table 1.1.
Table 1.1 Top potato producing countries (Source: FAO Statistical Corporate Database, 2021)

Country Production
(tonnes)
China 91818950
India 50190000
Russian federation 22074874
Ukraine 20269190
United States 19181970
Bangladesh 9655082
Netherlands 6961230
Poland 6481620
Belarus 6414760
United Kingdom 6218000
Iran 5102340
Belgium 5035000
Turkey 4800000




About 190 wild tuber-bearing species have been recognized in the section Petota of the
genus Solanum reflecting very rich genetic resources of the potato crop. However, the
taxonomy is currently being revised because of the occurrence of highly diverse landraces
(Spooner and Hijmans 2001; Spooner et al. 2007). The cultivated Solanum tuberosum subsp.
tuberosum is considered to be originated from Andean and Chilean landraces. But, the tuber-
bearing Solanum species are widely distributed from the South Western USA to Southern
Chile and Argentina, and also from the sea level to the Andes Mountains. Many wild species
possess various valuable traits, such as a wide range of resistance to pests and diseases and
tolerance to frost and drought. As these species can be crossed directly with the common

potato, therefore, they have become useful resources for breeding new cultivars (Visser et al.
2009). During the second half of the 16 century, the Spanish introduced the potato in

Europe. Subsequently, this crop was introduced to many parts of Europe and throughout the

world by European mariners. In India, potato was introduced by Europeans in the early 17t

century.

In India, the importance of this tuber crop was realized soon after independence in 1947. The
Central Potato Research Institute (CPRI), Shimla, established in 1949, adopted conventional
breeding programmes for the improvement of potato crop, and released a number of high-
yielding commercially important cultivars including some processing varieties suitable to
different agro-climatic zones of the Indian subcontinent. Now India ranks third in terms of
area of potato cultivation, and the second position (only after China) with regard to annual
production of potato (approx. 50.19 million tons). Potato is regarded as a short-duration crop
with an average maturation time of 90—100 days. There are many potato varieties which are
routinely grown in different regions of India. Only top ten potato producing Indian states are

listed in Table 1.2.
Table 1.2 Top ten potato producing Indian states (Source: FAOSTAT, 2021)

State Production
(tonnes)
Uttar Pradesh 1532355
West Bengal 1378300
Bihar 810141
Gujarat 370769
Madhya Pradesh 327750
Punjab 272444
Assam 111657
Haryana 82809
Jharkhand 69357
Chhattisgarh 65966




1.1.1 Morphology of Potato Plant

The potato, an herbaceous annual plant can grow up to 20—40 inches (50 to 100 cm) high
(Fig. 1.1). Plant bears alternate and irregularly pinnate compound leaves. Flowers are
pentamerous, actinomorphic, perfect and have sympetalous coloured corollas (white, pink,
red, blue, or purple). Usually, potato plant is propagated through tubers (vegetative or asexual
propagation), known as “seed tubers” or “seed potatoes”. The tubers bear lateral buds (eyes)
that grow into new plants when the conditions are favourable for growth. Under certain
conditions, potato plants can produce flowers and small green fruits that contain seeds, solan
also called "true seeds” or "botanical seeds". These fruits contain large amounts of solanine, a
toxic colourless glycoalkaloid with bitter taste, and therefore not suitable for consumption.
Potato plants can be propagated through botanical seeds, which are known as True Potato
Seeds (TPS). Such type of agricultural practice is not popular for usual cultivation but very

useful in conventional breeding.

POTATO PLANT

inflorescence & - flower\
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= N -
compound le \S ,:: | é:::
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- 7A roots

Fig. 1.1 Various organs of a potato plant, a schematic view (https://www.vectorstock.com/royalty-free-

vector/potato-plant-in-flat-design-vector-23602588)

1.1.2 Potato Tuber-a Modified Stem

Potato tubers are the somatic storage tissues which develop by the modification of tips of the
underground stems or stolons. Tuberization requires short days (small photoperiod) and long
cool nights. In India, it is a winter crop except some varieties which can grow during
summers in hilly regions. Tuberization is the result of several complex interdependent

processes; for example, stolon initiation and elongation, subapical swelling, cell division and
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induction of the specific proteins are some of the contributing processes. The potato skin
colour can vary from brownish white to deep purple. In mature tubers, cortical and pith cells
accumulate large amount of starch and storage proteins. Starch is the predominant storage
material in potato tubers. In addition, there are also high quality proteins, substantial amounts
of essential vitamins particularly vitamin C, minerals and trace elements present in potato
tubers (Fig. 1.2).

Riboflavin Vitamin C
Thiamin 0.02 miligrams 13.0 milligrams
0.106 milligrams
/ ,' Protein
Niacin B 1.7 grams
1.44 milligrams ~_
Fat
Iron ) Water 77 grams 01 e
0.31 miligrams - /
,""/ e . Fibre
Phosphorus g 1.8 grame
44 maligrams |
Pﬂomsmum Calcium C:a:i;(;l;t;:::o
378 milkgrams. ¢ milligrams e lvg

Fig. 1.2 Nutritional aspects of potato tuber (https://healthjade.com/potato-nutrition-facts/). The amounts of the

individual nutrients as shown in the figure are on the basis of 100 g fresh tuber weight.

1.2 Potato: An Important System for Basic and Applied Research

Currently, efforts are being made to produce disease-free and high-yielding potato varieties
which can withstand a host of various biotic and abiotic stresses. In order to introduce these
desirable traits, many countries initiated the strategic potato breeding programmes which are
now being continued. The primary focus of applied research on potato and other priority
crops is mainly on disease control, starch metabolism, protein metabolism, nutritional
aspects, post-harvest preservation at low temperatures, improving the yield and other
processing attributes through identifying the target genes, and transgene expression/
inhibition of gene function, and importantly cultivation of this crop under different agro-
climatic conditions (Bevan 1991; Liu et al. 2008; Bandopadhyay et al. 2010; Taylor 2018).
Potato plants suffer from a variety of viral (such as potato viruses X and Y), bacterial
(Streptomyces scabies and Erwinia carotovora), and fungal diseases (Phythophthora

infestans) that cause serious loss of tuber yield. Various laboratories are involved in


https://healthjade.com/potato-nutrition-facts/

addressing such challenges using various molecular and genetic approaches. In-depth studies
on biochemical, molecular, cellular and morphological aspects of tuber development in
potato have become the areas active research to understand growth and development of the
sink organ (i.e., somatic storage tissue). Many laboratories are involved in identifying
different tuber-specific genes involved in this complex process of tuberization. Studies on
starch and protein biosynthesis are important areas of tuber research. As starch is a valuable
storage macromolecule in potato, efforts are being made for manipulations of starch
metabolism for both quality and quantity improvement. Potato contains high amount of
proteins, so the biological values of such proteins could be improved by altering amino acid
compositions through genetic manipulations. Developing potato tubers could serve as
"factories” for the production of novel proteins and metabolites having commercial and
therapeutic importance. Therefore, in the area of 'molecular farming' potato systems are
significantly gaining importance. Extent of accumulation of various soluble sugars such as
sucrose, glucose and fructose along with their hexose-phosphate intermediates determine the
quality of the tubers particularly under storage conditions. Moreover, interconversion
between these sugars and starch, sugar-based signalling, interactions between the reducing
sugars with free amino acids and proteins are interesting areas of research at biochemical
level. Recently, understanding various signals, signal transduction pathways, and particularly
sugar-based signalling and other plants are important research areas in potato (Koch 1996;
Koch 2004; Halford et al. 2010; Swain et al. 2011; Gangappa et al. 2013).

Many desirable potato traits, such as the traits involved in tuber quality (Li et al. 2005;
Menendez et al. 2002) and horizontal disease resistance (reviewed by Gebhardt and Valkonen
2001), are known to be under polygenic control. For improvement through marker-assisted
breeding/genetic approaches or any other biotechnological means of a potato variety, we need
to identify and characterize the target genes that control the desirable traits. The allelic
variations of the individual genes/members of the multigene families are also known to
considerably influence the phenotypic traits (Visser et al. 2009; van de Wal et al. 2001;
Draffehn et al. 2010). All these studies were mainly based on the availability of a large
number of Expressed Sequence Tags (ESTs) (Bachem et al. 2000; Rensink et al. 2005;
Ronning et al. 2003) and some full-length gene sequences from potato. However, many more
important gene functions involved in potato life cycle, particularly during various stages of
tuber development are yet to be isolated and functionally characterized. This is only possible
by exploring the rich genetic resources of different potato cultivars/clones. Despite the global

importance of the potato crop, the genetics and inheritance of many important qualitative and
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quantitative agronomic traits are relatively poorly understood. We have limited knowledge
with regard to compositional and processing traits of the potato tuber because of a) tetraploid
nature of the genome, b) the high degree of heterozygosity, c) the absence of homozygous
inbred lines or d) a poor collection of genetically well-defined marker stocks. It is very likely
that high genetic load in potato leads to the distorted segregation ratios as observed frequently
causing hindrance to the classical genetic research. However, a profound understanding of
genetic composition of potato is still a basic requirement to develop efficient breeding
methods. In this context, the major potato genome sequence projects are quite relevant and
important (Visser et al. 2009, Genova et al. 2011).

1.3 Tuberization-a Complex Process in Potato Life Cycle

In potato life cycle, tuberization is a complex developmental process which depends on the
activities of several interdependent processes, under the influence of various external cues
and intrinsic factors and their interactions. Phytochrome B (PHY B)-mediated multiple signal
transduction pathways could trigger the physiochemical responses and induce tuberization
(Sarkar 2008). This process is also influenced by a number of factors such as photoperiod,
temperature, nitrogen nutrition, and endogenous levels of the phytohormones (Sarkar 2008;
Aksenova et al. 2012). The salient aspects of tuberization include the induction, initiation and
growth of an underground shoot and the cessation of longitudinal growth of the stolon
followed by the development of a storage organ i.e., tuber. Two distinct processes at both
morphological and biochemical levels are associated with the formation of potato tubers.
Tuber induction and subsequent swelling in the stolon tip refer to the morphological changes;
whereas both cell division and cell enlargement, and change in orientation of cell growth in
the subapical region of stolon tip are clearly the characteristics of cellular growth and
development (Xu et al. 1998). High level accumulation of starch (consisting of amylose and
amylopectin) and different proteins are due to the distinct biochemical activities associated
with tuberization in potato. All these processes of tuberization are associated with expression
of a large number of both constitutive and developmentally regulated genes which eventually
control the crucial sucrose and starch metabolism, accumulation of different soluble proteins
including patatins, various housekeeping functions, signaling pathways and reactive oxygen
species (ROS) metabolism (Prat et al. 1990; Bevan 1991; Aggrawal et al 2008). Some of the
relevant biochemical and signaling aspects associated with tuberization are precisely depicted

below.



1.3.1 Sucrose and Starch Metabolism

In plants, sucrose and starch are the major photoassimilates produced during photosynthesis.
Photosynthesis provides energy and carbon to both photosynthetic and non-photosynthetic
tissues for their growth and development. Therefore, translocation and partitioning of the
photoassimilates are basic processes in plants where sucrose plays a pivotal role. Sucrose
(Suc), the most common naturally occurring disaccharide i.e., glucose (Glc) (al<>2p)
fructose (Fru) or Fru (2B<—al) Glc, is synthesized in the cytosol and acts as the main form of
reduced carbon translocated from source leaves to the developing sink tissues. In potato,
tuber is a major sink tissue. Sink strength of the growing potato tubers largely depends on
sucrose and starch metabolism. Suc is not only an important component of tuber-inducing
signal in the terms of energy source, but also regulates the expression of a number of
constitutive and other genes involved in tuberization (Fernie and Willmitzer 2002; Raices et
al. 2003). Suc is also considered to positively influence tuberization by regulating the levels
of bioactive giberrellins (GAs) (Xu et al. 1998), and above a threshold level controls the
developmental switch between shoot and tuber formation (Fischer et al. 2008). Suc along
with GAs is thought to trigger the calcium signaling pathhways involved in tuberization by
inducing the release of calcium (Ca?*) ions into cytoplasm (Gargantini et al. 2009). Viola et
al. (2001) made a significant contribution with regard to sucrose metabolism during tuber
development. They showed that during tuber induction, the apoplastic phloem unloading of
Suc was predominantly replaced by symplastic phloem unloading, which in turn may be
responsible for the up regulation of several genes involved in sucrose metabolism. In other
words, SuSy-mediated sucrolytic pathway becomes predominant as compared to invertase-
mediated Suc breakdown in the apical region of swollen tip. Since, volume of flow is
necessary for the proper mobility of signal molecules in phloem, it is very likely that the Suc
may act as mobile signal and have distinct roles in the various stages of tuber development
(Thomas 2006).

The enzymes related to sucrose biosynthesis and metabolism are referred to as sucrose-
biosynthesis-related proteins (SBRPs) which include Sucrose-phosphate synthase (SPS),
Sucrose synthase (SuSy) and Sucrose-phosphate phosphatase (SPP) (Salerno and Curatti
2003; Taneja and Das 2014). The committed pathway of sucrose synthesis involves the
sequential action of following enzymes: SPS (EC 2.4.1.14) catalyzes the synthesis of sucrose-
6-phosphate (Suc-6-P) by transferring the glycosyl group from uridine diphosphate glucose
(UDP-Gilc) to fructose-6-phosphate (Fru-6-P). Suc-6-P is then hydrolyzed to sucrose by SPP
(EC 3.1.3.24). This high-activity phosphatase catalyzed reaction is essentially irreversible and



displaces the reversible SPS reaction from equilibrium into the direction of net sucrose
synthesis. Under most physiological conditions, SuSy (EC 2.4.1.13) catalyzes reversible
cleavage of Suc using UDP with formation of UDP-Glc and Fru. SuSy activity can undergo
feedback inhibition by free Fru. Fructokinase (FRK; EC 2.7.1.4) catalyses the
phosphorylation of the Fru released by SuSy-mediated cleavage to yield Fru-6-P. The latter
can then be used to support starch synthesis following further metabolism in the cytosol and
amyloplast. Therefore, FRK potentially plays an important role in maintaining the flux of
carbon toward starch biosynthesis in the amyloplast, and SuSy is regarded as a key player in
determining the sink strength of the potato tuber; hence called as fruit of the labour (Zrenner
1995). Starch biosynthesis in the tubers are developmentally regulated, and involves various
enzymes namely ADP-glucose pyrophosphorylase, Granule-bound starch synthases (GBSS)
soluble Starch synthases (SS), Starch-branching enzymes (SBEs), and Starch debranching
enzymes (DBEs) (Han et al. 2007; Zeeman et al. 2010; Tetlow 2018). The above metabolic
aspects clearly portray that SuSy and FRK are the two key enzymes in both sucrose and
starch metabolism particularly during tuber development in potato shown in Fig. 2.3.

1.3.2 Multiple Signaling Pathways Associated with Tuberization

Considerable progress has been made during the last few decades with regard to
understanding of tuberization in potato. Based on the growing body of evidences as depicted
in Fig. 1.3, it is now known that the complex tuberization process is controlled by
phytochrome B (phyB)-mediated multiple signaling pathways such as phytohormone
signaling, RNA signaling, Ca?* signaling, lipoxygenase (LOX) cascade (Sarkar 2008, Dutt et
al. 2017, Niu et al. 2022). Moreover, aquaporins are also believed to contribute to the
tuberization process. Some of the factors namely high irradiance, cool and long nights and
short day photoperiods are known to influence this process in potato. After the perception of
an appropriate environmental signal mediated by the GAs and phyB in the leaves, the
systemic signal is produced and transmitted to the underground stolons for the initiation of
tubers (Jackson 1999). Several transcription factors such as POTM1, POTH1, StBEL5 are
known to regulate tuberization at various stages either independently or in concert with
others. Apart from these regulatory factors, cycling DOF (DNA-binding One Zinc Finger)
factor (CDF1), MADS box and ABFs (ABA responsive element-binding factors) also act as
central regulators involved in plant maturity and initiation of tuberization in potato. They also
control the circadian rhythms of plants by interacting with StSP6A (FT protein)-a mobile
tuberization signal (Sarkar 2008; Niu et al. 2022). Ca®* and Ca-binding modulator proteins
(calmodulins) are considered to be important signal molecules for tuber induction (Jena et al.
1989, Nookaraju et al. 2012). For example, Raices et al. (2001) demonstrated the transient
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Fig. 1.3 Multiple signaling pathways associated with tuberization in potato (Sarkar 2008,
reproduced with minor modifications)

expression of a Ca®*-dependent protein kinase (CDPK), namely StCDPK1 in tuberizing
stolons. Tuberization is also characterized by an enhanced activity of lipoxygenase (LOX)
cascade (Kolomiets et al. 2001). The role of CDPKs is also well-recognized in the complex
tuberization process in potato (Raices et al. 2003). CDPK activities with different substrate
and cellular specificity are known to play important role in potato life cycle. For example,
StCDPK3 is expressed predominantly during early initiation of stolon elongation, while
StCDPK1 is expressed during apical swelling in the stolon tip, StICDPK2 is expressed during
tuberization and also in leaves (Raices et al. 2003). Also, StCDPK2 was found to play a
crucial role in light sensing and stress metabolism (Grossi et al. 2021). Since cytosolic
concentration of Ca®* ion regulates the oxidative burst via CDPKs, therefore, it is considered
that an oxidative burst-mediated redox signaling pathway could be involved in tuberization
(Sarkar 2008). The possibility of cross-talks between redox signaling pathways and PHYB
mediated signalling still remains an enigma.

1.3.3. ROS Signaling Pathways Influence Tuberization

An oxidative burst results in the generation of ROS, which are known to induce an
intracellular signaling pathway (Vogel et al 2011). Currently, ROS are being viewed as
cellular indicators of stress, and also as signals and secondary messengers involved in the
activation of stress-response and defense pathways. Apart from their role in the basic

biological processes like cellular proliferation, expansion and differentiation, being integral



part of plant growth and development ROS are also believed to trigger the pathways that lead
to programmed cell death (PCD), an alternative perception to the ‘direct killing via oxidative
stress’ (Gapper and Dolan 2006; Mittler 2017). Plant cells have evolved different enzymatic
and non-enzymatic antioxidants to get rid of such ROS-mediated deleterious effects. Some of
the major enzymatic antioxidants include Superoxide dismutase (SOD), Catalase (CAT),
Ascorbate peroxidase (APX) which determine the steady-state cellular level of superoxide
radicals and hydrogen peroxide (Bowler et al. 1991). Ascorbic acid (AA), reduced
glutathione (GSH), o-tocopherol, carotenoids, phenolics, flavonoids, and proline are the
common examples of non-enzymatic components of antioxidant machinery (Foyer and
Noctor 2005; Das and Roychoudhury 2014; Choudhury et al. 2017). Despite a possible role
of an oxidative burst in the signaling network of the tuberization process, a direct evidence
for the involvement of ROS molecules in tuberization process is rather recent.

H202, most frequently occurring ROS, plays some crucial role in plant cells that include
signal transduction, cell wall lignification, and defence against pathogens. Several oxidases in
the peroxisomes and glyoxysomes i.e., specialized peroxisomes catalyze the production of
H20,. With the help of catalases, these organelles essentially eliminate H2O> if produced in
excess into water and molecular oxygen. Hence, the role of CAT is indispensable in a plant’s
life under stressed conditions as it effectively removes this ROS in order to keep at a basal
non-toxic level. During tuberization there are multiple changes-a sea of stress is due to
various molecular, biochemical and morphological processes resulting in the significant
increase of H2O. production. To scavenge H:20., catalases play a significant role whereas
other enzymes like APX, SOD are responsible for fine tuning only. Therefore, CAT is
important not only in potato growth but also in tuberization as supported by its high activity
during the initial stages of tuberization (Agrawal et al. 2008). In order to gain an insight of
oxidative burst mechanism and the cross talks between different signaling pathways during
tuberization, CAT expression patterns at various stages of tuber development need to be
understood.

Keeping in view the importance of Suc metabolism, calcium signalling and ROS metabolism
during tuberization, the major focus of this thesis work was on molecular and biochemical
studies on the following enzymes: Sucrose synthase (SuSy), Fructokinase (FRK), Calcium-
dependent protein kinase (CDPK), Catalase (CAT). The overall advances on these aspects
precisely depicted in the following Review of Literature section.
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2.1 Tuberization in Potato

Tuberization in potato is a complex developmental process influenced by a number of factors
such as photoperiod, temperature, nitrogen nutrition, and endogenous levels of the

phytohormones (Aksenova et al. 2012). This process is accompanied with the expression of a
large number of both constitutive and developmentally regulated genes which are involved in
various housekeeping functions, sucrose metabolism, storage starch biosynthesis, and
accumulation of large amounts of different soluble proteins (Prat et al. 1990; Bevan 1991;
Kloosterman et al. 2005; Agrawal et al. 2008). Potato tuber refers to a major sink tissue. It is
commonly believed that sink strength of growing potato tubers largely depend on sucrose
metabolism and/or starch synthesis. Tuberization is the result of the activities of several
interdependent processes which culminate in tuberization: e.g., stolon initiation, elongation,
subapical swelling, cell division, starch biosynthesis and the induction of specific proteins are a
few of the contributing processes. It indicates the photoassimilative capacity of the potato plant,
which is somewhat lower as compared with other C3 plants. In addition to this, tuberization
process mainly involves the carbon assimilation and calcium signaling for the growth. An
efficient antioxidative machinery to curb the stresses associated with tuber development.

In carbon assimilation, biosynthesis of large amount of storage starch (consists of approximately
25-30% amylose and 70-80% amylopectin), and the accumulation of a set of relatively abundant
proteins are two major biochemical changes during tuber formation unlike other somatic tissues
of the potato. As starch is the predominant storage molecule in tubers, the activities of enzymes
involved in the carbohydrate metabolism are crucial to study. Since, the Suc is only the transport
form of sugar, energy source and acts as a signal for other metabolic pathways; therefore, the Suc
metabolism is of primary importance to study the process of tuberization. Keeping in view,
current advances on Suc metabolism and associated two key enzymes namely SuSy and FRK are
precisely described here with the supporting evidences as reported in the literature.

Among the multiple signaling pathways, Ca?* ion signaling is crucial in potato tuberization. Jena
et al. (1989) proposed the involvement of Ca?* and Ca?*-binding modulator proteins

(calmodulins) in tuber development as calmodulin inhibitors were known to inhibit tuberization.
Ca?* influx into the cytoplasm is induced by Suc and GAs, and the expression of CDPKs
especially StCDPK1 was noticed with high Suc concentration (Gargantini et al. 2009). As the
cytosolic Ca®* regulates oxidative burst through CDPKs, therefore, oxidative burst mediated
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redox signaling pathway are believed to be involved in tuberization. The broad spectrum
expressions studies of some isoforms of CDPKSs suggest that they act as a guard of calcium cues,
participate in numerous signaling pathways resulting into various physiological processes such as
tuberization, light signaling, biotic and abiotic stresses, biosynthesis of phytohormones, confer
immunity and resistance against pathogen attack (Giammaria et al. 2011; Grossi et al. 2021).
Recent advances on the CDPKs are described in this section.

An oxidative burst leads to the generation of ROS, and associated signaling pathways profoundly
influence tuberization via gibberellin acid biosynthesis pathway (Grant 2000; Kim et al. 2007 b;
Bae et al. 2011). The process of GA biosynthesis depends on the Suc and Ca?* concentration in
cytoplasm. It becomes necessary to alleviate the harmful H2O for proper functioning of a cell.
For defense, plants have developed molecular antioxidant machinery comprising both enzymatic
and non-enzymatic components. The crucial enzymes such as superoxide dismutase (SOD),
peroxidases (POD) and catalases (CAT) scavenge the free radicals. CAT is crucial as it acts above
threshold level, and dismutates H20- into water and oxygen (Kaur et al. 2020). In the context of

the ROS metabolism, the recent advances on CAT are described.

2.2 Sucrose Metabolism in Plants

In plants, sucrose and starch are the major photoassimilates produced during photosynthesis
which provides both energy and carbon to both photosynthetic and nonphotosynthetic tissues for
growth and development. Translocation and partitioning of the photoassimilates are basic
processes in plants where Suc plays a very pivotal role. It is the most common naturally occurring
disaccharide i.e. glucose (Glc) (a1<2p) fructose (Fru) or Fru (2<—al) Glc. Suc is synthesized
in the cytosol and is the main form of reduced carbon translocated from source leaves to
developing tissues. Suc metabolism is schematically presented in Fig. 2.1.

In plants, sucrose fulfils many roles such as storage reserve, compatible solute under stress
conditions, signal transduction, and regulation of gene expression (Huber and Huber 1996; Winter
and Huber 2000; Halford et al. 2011). It could be involved in regulating photosynthesis and other
metabolic aspects in the plastids. Sucrose biosynthesis-related proteins (SBRPs) usually include
sucrose-phosphate synthase (SPS), sucrose synthase (SuSy/SUS) and sucrose-phosphate
phosphatase (SPP) (Cumino et al. 2002; Salerno and Curatti 2003; Taneja and Das 2014). The
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committed pathway of sucrose synthesis involves the sequential action of following enzymes:
SPS (EC 2.4.1.14) catalyzes the synthesis of sucrose-6-phosphate (Suc-6-P) by transferring the
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Fig. 2.1 Modes of sucrose metabolism and the main pathways of carbon partitioning in sink tissues of woody plants.
SS sucrose synthase; Inv invertase; HK hexokinase; FK fructokinase; PGM phosphoglucomutase; PGl phosphogluco-
isomerase; G-6-P glucose-6-phosphate; F-6-P fructose-6-phosphate; G-1-P glucose-1-phosphate; ADP adenosine
diphosphate; ATP adenosine triphosphate; UD uridine diphosphate; PP; pyrophosphate (Moshchenskaya et al. 2019)

glycosyl group from uridine diphospate glucose (UDPGIc) to fructose-6-phosphate (Fru-6-P).
Suc-6-P is then hydrolyzed to sucrose by SPP (EC 3.1.3.24). This high-activity phosphatase
catalyzed reaction is essentially irreversible and displaces the reversible SPS reaction from
equilibrium into the direction of net sucrose synthesis (Stitt et al. 1987). Under most physiological
conditions, SuSy (EC 2.4.1.13) catalyzes reversible cleavage of Suc using UDP with formation of
UDP-Glc and Fru. This free Fru must be phosphorylated to Fru-6-phosphate, prior to its

utilization in any metabolic process, which is done by the fructokinase (FRK).
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2.2.1 Sucrose Synthases (SuSy/SUS)

Suc is a nonreducing sugar transported from the source tissues to the non-photosynthetic tissues
I.e., sink tissues through the phloem. The transported Suc is crucial in regard to providing energy,
many metabolic pathways, synthesis of different organic molecules for growth and development,
and also for sugar signalling (Huber and Huber 1996; Winter and Huber 2000). In the sink tissues,
Suc can be hydrolyzed into Glc and Fru by the cell-wall invertase (cwINV) and
vacuolar/cytosolic invertases; whereas, with the help of uridine diphosphate (UDP) the enzyme
SuSy reversibly and efficiently hydrolyzes Suc into UDP-Glc and Fru as depicted in Fig. 2.2
(Salerno and Curatti 2003; Ruan 2014).
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Fig. 2.2 Suc hydrolysis by SuSy (Sucrose synthase)

Structure and enzymatic activity of SuSy: SuSy, a glycosyltransferase (GT), is commonly found in
plants and has recently been reported in bacteria. In cereal endosperm and potato tuber, SuSy is
regarded as the predominant sucrose cleavage enzyme, and provides substrates for starch
synthesis (Winter and Huber 2000). It meets the increased glycolytic demand under anaerobic
condition and cold stress, and provides UDP-Glc for cell wall biosynthesis; also plays a crucial
role by providing substrate for respiration by supplying energy during loading and unloading in
phloem (Fu and Park 1995). SuSy proteins are typically homotetrameric, and the monomer is
around 90 kDa consisting of 800 amino acids. The monomers may vary between 53 to 110 kDa in
different plants. SuSy could act as a heterotetramer as reported in some plant species namely
maize, barley, rice and bird cherry. The activity of SuSy was known to be regulated by pH. It
showed Suc-synthesis activity at pH 7.5-9.5; whereas for Suc degradation, the optimal pH values

were between 5.5-7.5. SuSy requires UDP for the cleavage of Suc. ADP can also be utilized at a
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lower affinity for the same reaction (Guerin and Carbonero 1997; Duncan et al. 2006;
Sytykiewicz et al. 2008; Schmdlzer et al. 2016). The two major domains of a SuSy monomer are
approx..250-amino acid N-terminal domain for cellular targeting, and 500-amino acid C-terminal
GT-B domain having the enzyme’s glycosyl transferase activity (Zheng et al. 2011). SuSy
proteins contain two phosphorylation sites. The first site is a serine phosphorylation site at
position 11 to 15, which is thought to play a role in membrane association (see section
“Subcellular Localization of SuSy”). The second site is also a serine, at around position 170, and
Is thought to regulate protein degradation (Hardin et al. 2003). In vitro phosphorylation of rice
SuSy proteins, Rsusl-3 may promote SuSy activity (Takehara et al. 2018).The tetrameric
structure of plant SuSy was confirmed by the determination of the structure of Arabidopsis
AtSUS1 by X-ray crystallography (Zheng et al. 2011). Site-directed mutagenesis of an E-X7-E
motif of the GT-B domain of rice SuSy, RSuS3, revealed two glutamate residues (E678 and
E686) and a phenylalanine residue (680" position) are essential for enzymatic activity (Huang et
al. 2016).

Subcellular localization of SuSy: The SuSy proteins were first reported to be present in the
cyotosol only but recent studies showed their presence in other cell organelles namely, vacuoles,
plastid, mitochondria, golgi apparatus, cytoskeleton and tonoplasts where they could play
different roles such as carbon allocation to plastid for starch synthesis, solute regulation between
the cytosol and mitochondria, and cytoskeleton functioning (Morell and Copeland 1985; Winter et
al. 1998; Buckeridge et al. 1999; Konishi et al. 2004; Subbaiah et al. 2006). Amor et al. (1995)
provided the first evidence of non-cytosolic SuSy in cotton. A year later, Carlson and Chourey
(1996) detected the SuSy associated with plasma membrane in maize by the activity assay and
monoclonal antibody studies. Further, Persia et al. (2008) revealed the presence of two SUS
isoforms in tobacco; one membrane associated and other cytosolic one. Cai et al. (2011) studied
the co-localisation of SuSy with callose synthase and cellulose synthase in tobacco pollen tubes

pointing out the enzyme’s dual role in callose and cellulose synthesis.

SUS gene families: SuSy is encoded by a multigene family ranging from two to thirty genes
(Avigad 1982; Stein and Granot, 2019). Two SuSy genes in Amborella trichopoda, five from
grape and sugarcane, six from Arabidopsis, rice, tomato, rubber tree and peach, seven from
cotton, bamboo and tobacco while from apple, tobacco species, popular and chinese pear 11, 14,
15 and 30 genes have been identified (Zhang et al. 2013; Zhu et al. 2017; Baud et al. 2004;
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Hirose et al. 2008, Goren et al. 2017; Xiao et al. 2014; Wang et al. 2015; Chen et al. 2012;
Huang et al. 2018; Tong et al. 2018; Wang et al. 2015; An et al. 2014 ; Abdullah et al. 2018).
Recent advances in plant genome sequencing, assembly and the publication of new draft genomes
have allowed the SUS gene family to be characterized in many plant species in a more
comprehensive manner. According to the earlier published reports, SuSy has been divided into
three different separate clades: SUS I, SUS I, and SUS III. It was reported that only the SUS |
clade was clearly distinguished between eudicots and monocots whereas in the cases of SUS Il
and 111 there was no clear distinction (Zhang et al. 2015; Zhu et al. 2017). This unique trait of
phylogenetic analysis poses a question on constraints in the evolution of the enzyme.

The first SUS gene to be cloned and sequenced was the Shrunken (Sh) gene from maize (Werr et
al. 1985). Since then, many other SUS genes have been cloned from different plants, including
another maize SUS (McCarty et al. 1986; Shaw et al. 1994) and genes from Arabidopsis (Chopra
et al. 1992; Martin et al. 1993), rice (Wang et al. 1992; Yu et al. 1992), potato (S.tuberosum) (Fu
etal. 1991; Fu and Park 1995) and tomato (S.lycopersicum) (Goren et al. 2011).

SuSy, a crucial enzyme for sink strength: In addition to Suc metabolism, SuSy is considered to
play other roles in plants. It determines sink strength defined as the ability of an organ to
import photoassimi lates which depends on two parameters: sink organ size as a physical
constraint and activity as a physiological constraint (Ho 1988). The catalytic role of SuSy is
shown in Fig. 2.3. Extent of phloem loading and breakdown of Suc are considered in determining
the sink strength. This was supported with the detection of high SUS promoter strength in phloem
tissues by GUS fusion assays in different plant species like potato, Arabidopsis, maize, rice and
tomato work with promoter-GUS fusions has revealed SUS promoter activity in the phloem (Fu
and Park 1995; Martin et al. 1993; Bieniawska et al. 2007; Yang and Russell 1990; Shi et al.
1994; Goren et al.2017). Also, the high abundance of the SuSy isoforms was noticed in phloem
by the isoform-specific antibodies assay in Arabidopsis where AtSUS5 and AtSUS6 were found to
be phloem specific (Barratt et al. 2009). In citrus and maize, phloem-specific SuSy was studied
by immunohistological analysis (Nolte and Koch 1993). Apart from phloem unloading zones,
SuSy was found to be localized in loading zones in the mature leaves of some plants like popular,
rice, maize, Arabidopsis, citrus and maize leading to the hypothesis that SuSy plays a crucial role
in maintaining the equilibrium between the Suc and its breakdown products and allocating carbon

resources for energy production in companion cells (Nolte and Koch 1993; Regmi et al. 2016).
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Fig. 2.3 The role of Sucrose synthase in sink organs of plants (Moshchenskaya et al. 2019)

Apart from this, there is plethora of evidence that it is SuSy and not INV, which breaks Suc in
the sink tissues of various plants like tubers of potato, roots of cassava, seeds of mung and fruit
of tomato (Morrell and Rees 1986; Sung et al. 1989; Sun et al. 1992; Wang et al. 1993). Studies
on altered SuSy expression resulted into varied growth and significant loss in dry weight,
embryos and produced shrunken—seed phenotype in maize, rice, pea and dry weight in potato
tubers. These findings supports the correlation between SuSy activity and sink strength (Chourey
and Nelson 1976; Counce and Gravois 2006 ; Craig et al. 1999; Zrenner et al.1995),

SuSy in regulating carbon flux: The function of SuSy largely depends on its location inside the
cell. The mitochondrial SuSy was found to interact with the anion channels and plays a role in
determining and regulating the transport of ions and other solutes between the cytosol and
mitochondria. Thus, it aids in maintaining the homeostasis of the cell (Subbaiah et al. 2006).

SuSy in symbiotic associations: SuSy was found to be associated with the mutualism process in

symbiotic organisms like Rhizobium. Gordon et al. (1999) reported approx. 90% reduced SUS
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activity in root nodules of the SUS mutant (rug4) pea. It was proposed that in the low oxygen
environment, SuSy activity was indispensable for nitrogen fixation. Surprisingly, the mutation did
not have any effect on plant’s relationship with mycorrhizae but impacted the nitrogenase

activity (Yarnes and Sengupta-Gopalan 2009).

SuSy in heat stress: The possible role of SuSy in conferring heat resistance was studied in many
plants. In rice, a SUS3 allele was found to express during the seed ripening and was thought to
prevent chalky phenotype due to heat stress. In the transgenic heat sensitive commercial plants,
the chalky grain formation was only reduced by the transfer of both the promoter and cDNA of
the heat resistant lines expressing high SUS3 gene portraying the importance of SUS in conferring
the heat resistance (Takehara et al. 2018). In wheat, a thermostable SUS was purified from heat-
tolerant line wh-1021 which was found to be stable till 50° C unlike other SUS proteins which are
stable up to 30°C (Verma et al.2018; Schmolzer et al. 2016 ). In strawberry, SuSy was found to
be associated with fruit ripening. Delayed fruit ripening, anothycyanin accumulation and
increased firmness were observed in the fruits with RNAI suppression of FaSUS1 gene by virus-
induced gene silencing method (Zhao et al. 2017). Despite being the subject of intensive study,
understanding of SUS genes still have lacunae which need to be figured out such as regulation,
intracellular localization and functional specializations of the individual SuSy isoforms;

co-evolution of SUS and INV and interactions of SuSy with other proteins.

Advances on SuSy in potato: Salanoubat and Belliard (1987) first isolated and characterized a
SuSy cDNA clone from potato and showed relatively higher levels of its transcripts in developing
tubers as compared to other organs. It was demonstrated that SuSy activity was regulated by
wounding and anaerobiosis (Salanoubat and Belliard 1989). Two classes of SUS genes namely
Sus3 and Sus4 were isolated and characterized from a potato cultivar (FL1607), and found to be
differentially expressed (Fu and Park 1995). Zrenner et al. (1995) demonstrated that SuSy but not
invertases was responsible for Suc cleavage in tuber (a sink organ). In potato, the crucial role of
SuSy was established with regard to carbon partitioning and determining the sink strength. Later,
two more SuSy isoforms were characterized from potato (Baroja-Fernandez et al. 2003) which
revealed that eenhanced SuSy activity in transgenic potato tubers grown under both green house
and field condition resulted in increased levels of starch, ADP-glucose and UDP-glucose and total
yield. Their studies also revealed an inverse relationship between the expression of INV and

SuSy coding genes clearly indicating that SuSy-mediated sucrolytic pathway played a major role
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in determining the sink capacity of tubers rather than invertases. Till date, there is no
comprehensive studies with regard to the SUS gene family members in potato, crucial protein

motifs/domains and expression patterns at various stages of tuber development.

2.2.2 Fructokinases (FRKSs)

In plants, the hexose sugars namely glucose (Glc) and fructose (Fru), products of photosynthesis,
serve as starting materials in various metabolic pathways leading to the synthesis of various
organic matters. The source organs determine the carbon fixation capacity and a series of sinks
compete for the available photo-assimilates mostly in the form of Suc, a primary end product of
photosynthesis and a major transport form of sugar. An overall growth and development of a
plant depend on environmental factors, source-sink relationships and sugar allocation between the
organs (Granot et al. 2013). Presumably, the cellular sugar levels coordinate the absorption and
uptake of various components such as the minerals, carbon dioxide, water and sunlight, the
essentials for the photosynthesis, having influence on metabolism, physiology and development
(Granot et al. 2014). Therefore, translocation and partitioning of the photoassimilates are basic
processes in plants where Suc plays a very pivotal role. In plants, Suc fulfils many roles such as
storage reserve, compatible solute under stress conditions, signal transduction, and regulation of
gene expression (Huber and Huber 1996; Winter and Huber 2000; Halford et al. 2011). It could
be metabolized in the photosynthetic tissues or exported to other non-photosynthetic tissues,
where it acts as a substrate for all the pathways involved in the plant metabolism. But it has to be
cleaved in to its monomeric hexose units i.e., Glu and Fruc for its transport and assimilation (Chia
et al. 2004; Smith et al. 2005). These hexoses further must be phosphorylated by the
phosphorylating enzymes i.e., hexokinase (HXK, EC 2.7.1.1) or fructokinase (FRK, EC2.7.1.4) in
order to yield G6P and F6P prior to their entry into other metabolic pathways. For all the essential
aspects of plant metabolism hexose phosphorylating enzymes also play crucial and indispensable
role in sugar sensing (Claeyssen and Rivoal, 2007; Granot et al. 2013). Glu can be phosphorylated
by HXK; whereas Fru can be phosphorylated by both HXK and FRK. Primarily, FRKs
phosphorylate fructose with the help of ATP and magnesium ion (Mg?*) as depicted in  Fig. 2.4
(Stein and Granot 2018). Apart from this, some of the proteins are found in the plants, show
substantial sequence similarity with FRKSs but they do not possess any kinase activity; rather, play

an important role in redox signaling and gene expression as found in chloroplast. These proteins
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are called FRK-like enzymes (FLNs) (Gilkerson et al. 2012). In Arabidopsis, interactions of two
FRK-like enzymes namely FLN1 and FLN2 with thioredoxin z were found to influence plastidic

gene expression (Arosva et al. 2010). Like FRKs, some FLNs were also studied.
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Fig. 2.4 Fructose phosphoyrlation by Fructokinase (FRK)

Enzymatic activities of plant FRKs: Plant FRKSs usually act as homodimers with a monomer mass
of about 34-37 kDa and generally utilize ATP as the phosphate donor for the phosphorylation of
fructose, due to their high affinities for ATP, but may use other nucleotides such as GTP and UTP
in the absence of ATP (Pego and Smeekens 2000). Some FRKSs have higher levels of activity with
GTP (Doehlert, 1990; Gardner et al. 1992; Hoepfner and Botha 2004) or CTP (Doehlert 1990).
They usually have pH optima of about 8.0 (Pego and Smeekens 2000) and require magnesium
ions (Mg 2*) as a cofactor for activity (Turner et al. 1977; Renz and Stitt 1993; Schaffer and
Petreikov 1997a; Gonzali et al. 2001; Karni and Aloni 2002), but those ions can sometimes be
partially replaced by manganese ions (Mn?*) (Turner et al. 1977; Copeland and Morell 1985).
Potassium ions (K*) could stimulate plant FRK activity (Turner et al. 1977; Copeland et al. 1978;
Copeland and Morell 1985; Baysdorfer et al. 1989; Gardner et al. 1992). FRKs have a wide range
of affinities for fructose ranging from Km = 0.006 mM for FRKIb of barley (Baysdorfer et al.
1989) to Km = 3.3 mM for OsFKI of rice (Jiang et al. 2003). Only a few plant FRKs have Km
values >1 mM and the affinity of most plant FRKSs for fructose is about two orders of magnitude
greater than the affinity of plant HXKSs for fructose (Granot et al. 2013).

Another important aspect of plant FRK activity is its inhibition by its own substrate, Fru. Many
plant FRKSs, including plastidic FRKSs, have been reported to be inhibited by Fru concentrations
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above 1-2 mM, with Ki values of 1-6 mM (Pego and Smeekens 2000). It appears that FRKs with
higher affinities for Fru are usually more susceptible to substrate inhibition than FRKs with lower
affinities (Pego and Smeekens 2000). Because Fru also inhibits the cleavage of Suc by SUS in a
product-inhibition manner, it has been suggested as a mechanism for the regulation of
carbohydrate flux into starch synthesis in young tomato fruits (Schaffer and Petreikov, 1997b)
and during vascular development (German et al. 2003; Damari-Weissler et al. 2009). Fru
substrate inhibition might play a role in directing carbon to different metabolic pathways.
Structural features of FRKs: PfkB proteins share two main signature motifs: a pair of glycines
(di-gly (GG)) motif in the N-terminal region and a G/AXGD motif in the C-terminal region. The
role of each motif has been identified through mutational and structural analyses. The GG motif
provides flexibility in the hinge region that connects the lid and the large domain, while the
second domain is responsible for catalysis. In the Leishmania donovani pfkB member ADK, it
was observed that activity of the enzyme substantially reduced to 1% as that of the wild-type
enzyme by substitution of the second glycine to aspartate in the GG motif and substrate binding
affinity was also reduced, presumably due to the inability of the mutant protein to adopt the
closed conformation that supports catalysis (Datta et al. 2005). The aspartate in the G/AXGD
motif acts as a base during catalysis and activates the C6 fructose hydroxyl group for nucleophilic
attack on the y-phosphate in ATP (Sigrell et al. 1998; Carbera et al. 2010). Some of the pfkB
proteins which do not possess any kinase activity but show substantial resemblance with FRKs
and are important for redox and cell signalling and some regulatory roles as opposed to direct
catalytic function are found in choloroplast (Gilkerson et al. 2012). Majority of active FRKSs in
plants possess GAGD as second motifs, whereas in FLNL1 it is GSGD and in FLN2 it is A/QSGD.
Moreover, FLN has longer N-terminus (Stein and Granot 2018).

FRK gene families: FRKSs belongs to family of diverse kinases known as the phosphofructokinase
B (pfkB) sub family, a large group within the ribokinase family based on their sequence similarity
with first pfkB gene, a minor fructokinase isoform in E. coli. Plant and bacterial FRKs
phosphorylate Fru to Fru-6-P (F6P) on the other hand Fru is phoshporylated to Fru-1-P (F1P) by
mammalian FRKs. The pfkB family of enzymes across kingdoms includes kinases (ADKs) and
several others with diverse substrate specificities (Stein and Granot 2018). Typical PfkB protein
comprises of two main domains, large active site consisting of a -sheet positioned between two

a-helices, and a smaller domain in the periphery, known as the lid domain, comprised of another
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B-sheet attached to the larger domain by short loops that act as a hinge (Carberra et al. 2010).
Many protein kinases are homodimers and during the catalysis substrate binding induces a
conformational change in which the lid closes over the substrates. (Riggs and Callis 2017). After
catalysis, the protein returns to an open state and the products are released. Binding of substrates
to pfkB proteins follows ordered bi-bi kinetics where the carbohydrate enters first, followed by
ATP (Campus et al.1984).

Molecular studies on plant FRKs: Despite of renewed interest in understanding regulation of
carbon flux within the plant and overall plant biomass accumulation for energy purposes,
molecular and biochemical studies on FRK activities were carried out only in some plant species.
Turner et al. (1977) first reported the isolation of FRK gene from pea. Afterwards, a number of
cDNA/genomic sequences encoding different FRK isoforms were reported from different plant
species namely soybean (Copeland and Morell 1985), potato (212823, JX576230; Smith et al.
1993), tomato (U64817, U64818, AY323226, AY099454), and a number of other plant species
such as citrus fruit, rice, sugarcane, Arabidopsis thaliana, maize spinach. All these studies
significantly contributed in understanding the structure-function and phylogenetic relationships of
FRKs along with their expression patterns in plants. Molecular studies showed the presence of
three to seven FRK genes in different plant species (Granot et al. 2014). In tomato, four genes
were cloned and designated SIFRK1-4. As GFP fusions, tomato FRK3 localizes to plastid stroma
and the other three FRKs localize to the cytosol. Tomato plants with antisense RNAS targeting
FRK1 or FRK2 had markedly less FRK activity than control plants. Surprisingly, Fru levels were
lower in all FRK knock-down (KD) plant lines compared to control plants. While the growth of
all FRK KD plant lines were stunted, KD of FRK2 affected plant size more than FRK1. FRK2
was shown to be involved with both xylem and phloem development. Vascular cells were smaller
in FRK2 KD plants than control plants and vessels in the stems were thinner, leading to impaired
water conductance. RNAi-mediated KD of tomato FRK3 correlated with diminished stem xylem
and reduced water conductance. Simultaneous KD of both FRK2-3 led to severe defects in plant
growth that were more drastic than seen in FRK2 KD plants alone. The differences in tissue-
specific expression and the differential phenotypes seen upon KD of different FRKSs suggests non-
overlapping roles for different FRKs in tomato. Interestingly, a probable fifth FRK gene
(Solyc11g042850) was revealed by the tomato genome sequencing, whose expression was very
low (Sato et al. 2012; Koeing et al. 2013). Riggs et al. (2017) studied seven FRK genes in
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Arabidopsis by protein purification and comprehensive enzymatic and biochemical charac-
terization. In developing tomato fruit, potato tuber and sugar beet root, the size of FRK was found
to be around 36 kDa which is in close agreement with the deduced amino acid sequences. Native
gel assays revealed the presence of two distinct FRK forms i.e., FRK 1 and FRK 2.

FRKs were found to be mainly dimeric in nature as revealed by gel filtration assay (Pego and
Smeekeens 2000). Similarly, in cassava seven FRK genes were also identified through
bioinformatic approaches (Yao et al. 2017). However, the bioinformatic tools were less
successful in the case of sugar cane (Chen et al. 2017). Therefore, more genes encoding the FRK
forms are yet to be identified from plants which would help to know their expression patterns and
functional specializations. Apart from FRKs, some FLNs forms have also been reported in the
plant species namely potato (JX576279, DQ235199), Nicotiana sylvestries (XM_009764513),
Glycine max (XP_003546905), and Arabidopsis thaliana (AAM64445). The expression patterns

and functional significance of these FLNs forms is yet to be understood in plants.

FRKs in plant growth and development: The role FRKSs in various developmental processes is
known to be less as compared with HXKs hypothesized from the transgenics and expression
profile under different conditions. Schaffer and Petreikov (1997b) demonstrated that FRKSs play
key role in starch accumulation in plants like tomato ( Odanaka et al. 2002). Davies et al. (2005)
through examination of FRK antisense lines proposed the role of FRK2 in vasculature
development. German et al. (2003) and Damari-Weissler et al. (2009), proposed that FRK is
essential for the vascular development as the transgenic plant lines with antisense FRK showed
deformed vasculature with reduced cambium activity and low callose deposition. The
development of xylem and phloem depends on Suc metabolism; therefore, Suc must be first
cleaved by either INV or SUS so that it can be metabolized. In the vascular tissues of tomato
stems SUS1, SUS2 and FRK2 are highly expressed (German et al. 2003; Goren et al. 2011). Fru
and UDP-G are the products of sucrose cleavage by SUS and both are believed to be central for
development of vascular system. In cellulose and cell wall synthesis UDP-G is used, while Fru is
phosphorylated so that it can be either utilized in energy production or fed into other metabolic
pathways. Increase of Fru concentration from 0.5 to 1 mM led to feedback inhibition of SUS
(Schaffer and Petreikov 1997a). Thus the phosphorylation of Fru by FRK2 might be necessary for
the Suc cleavage, sugar metabolism, and cell wall synthesis that are essential for proper

development of the vascular tissues (German et al. 2003 and Damari-Weissler et al. 2009). The
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FRK plant mutants suggested that FRK genes are either essential or have highly redundant
functions under normal growth conditions. Low tuber yield in potato was noticed by Davies et al.
(2005) when the FRK activity was reduced by antisense suppression of StFRK1. In anther
development, it was shown that FRKs played crucial role as developing anther was not
photosyntheically active suggesting the requirement of Suc as energy source for development.
FRK provides F6P and facilitates UDP-G in cellulose synthesis for elongation of cell wall as
feedback inhibition of SUS by Fru could be insignificant (Karni and Aloni 2002). All these
studies suggest that FRKSs are crucial for carbon assimilation particularly in the sink tissues, and

in development of vascular systems and seeds.

FRKSs in potato: Potato (Solanum tuberosum L.) is a major non-grain food crop grown in many
countries all over the world. It is autotetraploid and highly heterozygous so, a gene may exist in
multiple forms. Tuberization is a complex process where a number of enzymes are involved.
FRKs play a crucial role in potato tuber. Metabolic pathways of hexose sugars were considerably
studied in developing potato tubers (Davies et al. 1985). Gardner et al. (1992) purified FRK from
developing potato tubers and studied its catalytic and other biochemical properties. Smith et al.
(1993) isolated and characterized a cDNA clone encoding FRK, and studied its expression in
potato. Features of the FRK cDNAs, G+C content and structural features of the deduced proteins
were reported by Taylor et al. (1995). Modulation of FRK activity in potato tuber metabolism,
phenotypes of the FRK antisense lines and effects of FRK gene overexpression were examined in
potato (Davies et al. 2005). In potato, high INV and HXK activities are associated at subapical
region of non-tuberizing stolon during the early stage of tuberization; during the later stages of
tuberization, FRK exhibits most of the hexose phosphorylating activity due to predominant SuSy-
mediated Suc cleavage (Renz et al. 1993; Appeldoorn et al. 2002; Davies et al. 2005). Moreover,
the catalytic role of FRK in sugar metabolism is required for the development of vascular tissues

in potato tubers and other sink tissues (Granot et al. 2014).

2.3 Calcium ion (Ca?*) Signaling in Plants

In plants, Ca?" plays important physiological role such as growth, development and stress
responses. Transient increase in cyotosolic Ca?* concentrations is involved in cell signaling
pathways which lead to the cellular changes like stomatal movement, increased water retention,
defense from microbial attacks (DeFalco et al. 2010). Plant Ca?* signatures are understood by

24



some calcium sensors such as calmodulins (CaMs), calmodulin-like proteins (CaMLs),
calcineurin B-like proteins (CBLs) and Ca?*-dependent protein kinases (CDPKSs). Upon binding
with Ca?* ions these proteins undergo conformational changes, thus activating many downstream
proteins. Among all these sensors, CDPKs are unique as they act Ca?* ion responders (Patra et al.
2021). The role of CDPKSs is recognized in the complex tuberization process. Some of the CDPKs
are known to regulate the oxidative burst by activating NADPH oxidase. This explains the
possibility of a cross-talk with an oxidative burst-mediated redox signalling pathway during
tuberization. Recent advances on the CDPKs are precisely described below.

2.3.1 Calcium-dependent Protein Kinases (CDPKSs)

The stress signals in plants are transduced by various primary and secondary messengers.
Calcium (Ca?*) acts as a universal secondary messenger in signalling pathways and regulates
growth and development (Boudsocq and Sheen 2013). Several stimuli including hormones,
elicitors (Romeis et al. 2001), light (Frattini et al. 1999), and different abiotic stresses change the
intracellular Ca?* concentration (Sanders et al. 2002) Calcium binding proteins and/or calcium
sensors as mentioned earlier recognize changes in the intracellular Ca?* concentration resulting in
downstream expression events (Sarkar and Sharma 2010). CDPKSs serve as special sensors as they
can directly convert upstream Ca?* signals into downstream protein phosphorylation events as
they have both sensing and responding behaviour due to the presence of CaM-like and protein
kinase domains (Poovaiah et al. 2013). CDPKs have been identified all over plant kingdom

including some protozoans (Harper et al. 2004).

Structural aspects and activation of CDPKs: CDPKs (My: 40 to 90 kDa) are encoded by the
multigene family in plants. They possess five distinct domains: N-terminal variable domain,
kinase domain, auto-inhibitory domain, regulatory domain i.e., calmodulin-like domain (CaM-
LD), and a C-terminal domain of variable length (Harmon et al. 2001). At the N-terminus region,
the CDPK protein contains the variable N-terminal domain (VNTD) which is thought to be
involved in substrate recognition. It also contains two another important sites i.e.,
N-myristoylation and  N-palmitoylation that promote protein targeting towards the membrane
I.e., localization of protein (Harmon et al. 2000). However, in response to various stresses the
membrane targeted CDPKs can move away from membranes (Dammann et al. 2003; Benetka et

al. 2008). Whereas the C-terminal region is responsible for binding Ca?* ion (even at low
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concentration), thus aiding in maintaining the ROS basal level. The C-terminal region also acts as
stabilising region by triggering intramolecular binding between auto inhibitory domain (AID) and
kinase domain. The calmodulin-like regulatory domain (CBD) contains the elongation factors
(EF) hands, the calcium binding motifs. These features enable CDPKSs to shuttle between various
subcellular compartments as a way to accomplish a broader array of cellular functions. The

catalytic domains along with the EF hands in CBD domain are shown in Fig.2.5.
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Fig. 2.5 Schematic view of the domains of Calcium dependent protein kinases (CDPKSs)

The auto-inhibitory domain (AID) acts as pseudo-substrate and keeps the protein in inactive state
in absence of Ca?*. But after perception of environment cues in the form of calcium ions, CDPKs
undergo conformational changes to make enzyme active by making enzyme free from pseudo
substrate to promote phoshphorylation, thus regulating the activities of many of downstream
proteins/enzymes (Harper et al. 2004). In the CDPKSs, nearly conserved 24-aa protein kinase ATP
binding signature (LGRGQFGVTYYCTENSTENPYACK) towards the N-terminal region and a
13-aa (VMHRDLKPENFLL) serine/threonine protein kinase-like domain containing Asp in the
active site help in positioning the ligand-binding domain into the extracellular space (Kaur and
Das 2022). The CDPK multigene family consists of at least 12 subfamilies which are derived
from a common ancestor for both monocot and eudicots. CDPKs occur in both soluble and
membrane bound forms, and found in multiple locations such as cyotosol, nucleus, ER,

peroxisomes, mitochondria (Harper et al. 2004).

Localization CDPKs in plants: In plants, CDPKs exhibit distinct spatio-temporal expression
patterns which might be responsible for their functional specificities (Zhang et al. 2015). They are
found to be localized in the cytosol and various organelles like mitochondria, ER, tonoplast and

chloroplast. Multiple localizations of CDPKs suggesting their variable affinities for different
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substrates in a cell required for various cellular functions like stress response, signalling, and
development (Schulz et al. 2013).

CDPK gene family: The modern molecular techniques unravelled the presence of CDPK
multigene family in different plant species. Analyses of the genes, protein domain structures
along with phylogenetic features and chromosomal localizations provided insights into the
evolution and expansion of the CDPKs (Deepika et al. 2022). Genome sequencing and expressed
sequence tags (ESTs) indicated the presence of multigene families of CDPKs in plants such as
34 genes for CDPKs in Arabidopsis (Cheng et al. 2002), 31 genes in rice (Ray et al. 2007), 29
genes in tomato (Hu et al. 2016 ; Wang et al. 2015 ), 40 in maize (Kong et al. 2013), 23 in
potato ( Gromadka et al. 2018; Kaur and Das 2022). Phylogenetic analyses in the earlier reports
revealed that CDPKs from bryophytes to highly evolved angiosperms belong to four distinct
groups i.e., [-IV (Hamel et al. 2014). Group | CDPKSs are highest in number and found to be
associated with pathogen resistance through convergent MAMP signalling; Group Il members in
membrane targeting and signal transduction pathways in response to environmental stresses;
Group 111 members with ABF4 gene regulation, salt tolerance and stomatal opening and Group IV
has lowest members involved in jasmonate pathway (Gargantini et al. 2009; Grandellis et al.
2012; Asano et al. 2012; Liese and Romeis 2013; Hu et al. 2016; Gromadka et al. 2018; Bi et al.
2021). The major motifs and domains were found to be conserved in plant species ranging from
early land plant to modern plants. From the evolutionary analyses in some plants, it was predicted
that gene duplication had played a central role in the expansion of CDPK gene family across the
plants. For example, in Arabidopsis 8 and in rice 9 pairs of genes have underwent segmental gene
duplication (Ray et al. 2007). Recent studies in Chinese cabbage, cotton, grapevine also
supported the family expansion through segmental duplication (Wu et al. 2017; Liu et al. 2014;
Chen et al. 2013). In mosses, the gene duplication was found to be a pivotal dragging force of
duplication of CDPK gene family (Hamel et al. 2014). However in early plants like pteridophytes,
gene duplication of CDPK genes was not observed, possibly explained their low numbers (Banks
et al. 2011). Very likely, gene duplication events contributed to the expansion of CDPK gene
family across the plant species resulting in high number of genes in the genome.

CDPKs in abiotic stresses: In plants, CDPKSs are involved in responses to both abiotic and biotic
stresses, ROS generation and homeostasis As an adaptive mechanism, plants undergo osmotic

adjustments and accumulate one or more types of compatible solutes, such as proline or glycine
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betaine, in response to low water potential, freezing, salinity, and other stresses that alter water
status (Verslues et al. 2006). A few CDPKs were known to mediate abiotic stress responses
through osmotic adjustment. Overexpression of AtCPK6 resulted in drought tolerance via
enhanced gene expression and accumulation of the compatible osmolyte proline (Xu et al. 2010).
In contrast, AtCPK21 acts as a negative regulator of osmotic response, and inhibits proline
accumulation (Franz et al. 2011). OsCPK9 transcripts were induced by ABA, drought, and salt
treatments. Overexpression and RNAI mutant analysis showed that OsCPK9 improved drought
stress tolerance through increased stomata closure and osmotic adjustment (Wei et al. 2014).

ROS homeostasis and stress metabolism: CDPKs were found to regulate ROS homeostasis and
acted as a shielding agent for plants against stress. In rice, CPK12 triggered the induction of ROS
alleviating genes OsAPX2/0OsAPX8 and suppressed NADPH oxidase gene (Asano et al. 2012).
Constitutive expression of OsCPK10 was found to be crucial in removing the excess of H>O;
through CAT (Bund”o and Coca 2017). In ginger, CDPK12 was found to induce exponentially in
order to maintain homeostasis and combating the stress situations (Vivek et al. 2013). In
Arabidopsis CDPKs, CPK3 and CPK27 regulated the sodium toxicity and calcium uptake
through salt stress response and tolerance (Mehlmer et al. 2010; Zhao et al. 2015). Sajo et al.
(2000) reported the role of CDPKY in rice in providing enhanced cold tolerance. Plants tend to
accumulate some amino acids like proline, glycine in response to the water deficit and stress
conditions that changes the water potential (\Verslues et al. 2006). Some of the CDPKs in various
plants such as Arabidopsis AtCPK6 and rice OsCPK9 are considered to be important in the

process of accumulation of the osmolytes (Xu et al. 2010; Wei et al. 2014).

ROS generation and cell death: In plant cell, CDPKs regulate ROS production when attacked by
pathogens. NtCDPK2 and AtCPK1 from tobacco and Arabidopsis, respectively trigger ROS
generation and hyper sensitive response such as cell death elicited by pathogens (Xing et al. 2001;
Ludwig et al. 2005). Two isoforms in potato belonging to Group | namely StCDPK4 and
StCDPK5 were found to phosphorylate NADPH oxidase and induce ROS production when
attacked by Phytopthora infestans (Kobayashi et al. 2007). Transgenic plants overexpressing
StCDPK5 showed augmentation in ROS generation, and conferred resistance to late blight
pathogen P. infestans, but remained susceptive to other pathogens (Kobayashi et al. 2012).
Boudsocq et al. (2010) demonstrated that transformants of multiple mutants of Arabidopsis

subgroup | showed ROS generation at low level in response to fungal elicitor Flg 22 suggesting
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the importance of CDPK subgroup I members in ROS generation. However, the members of
subgroup Il appeared to be antagonist in defense responses, as hypothesized from the studies in
rice, where overexpression of CPK12, a member of subgroup Il, led to impairing of ROS
generation became more sensitive towards viral and fungal pathogens (Asano et al. 2012).
Likewise, in barley crop, HYCDPKS3 led to decreased resistance towards powdery mildew fungus
(Freymark et al. 2007).

Response to pathogen attack and immunity: The calcium influx into the cytoplasm was
augmented when the pattern recognition receptors (PRRs) on plant cells recognized some
pathogen associated molecular patterns (PAMPSs) (Akira et al. 2006). The calcium signals were
then decoded by the CDPKs into defense responses by phosphorylating various enzymes leading
to accumulation of phytohormones and expression of defense-related genes. In tobacco,
NtCDPK2 was involved in plant defense reaction and activated by fungal effector (Avr9) in
leaves which led to activation of jasmonate and ethylene regulated defense system (Romeis et al.
2001; Ludwig et al. 2005). Tomato LeCDPK2, a homologue to tobacco CDPK2, was known to be
involved in ethylene production and defense response (Kamiyoshihara et al. 2010).

CDPKs and plant development: Apart from stress signaling and responses, CDPKs are thought to
play a central role in various physiological process of plant growth and development. In
Arabidopsis, the growth of pollen tube is directly related to the expression of multiple CDPK
forms. Some CDPK isoforms are involved in growth of pollen tube as double mutants of these
forms drastically affected the development of pollen tubes (Myers et al. 2009). lon flux is crucial
for pollen elongation, where CPK 11 and 24 worked together to facilitate the influx of ions for
pollen tube elongation (Zhao et al. 2013). Another ion channel namely SLAH3 was found to be
regulated by CDPKS namely CPK 2 and 20, indispensable for pollen tube growth (Gutermuth et
al. 2013). CDPKs are also considered to modulate the plant growth regulators. In rice CDPK
isoform (OsCPK13) was found to induce plant hormone gibberellin (Abbasi et al. 2004).
Likewise, in tobacco NtCDPK1 was found to phosphyorylate bZIP transcription factor involved
in GA biosynthesis (Ishida et al. 2008). In model plant Arabidopsis, a CDPK isoform (AtCPK28)
was also found to be crucial in development of stem, petiole and secondary growth as the
mutants lacking the function of ATCPK8 showed developmental defects (Matschi et al. 2013).
Such defects could be due to the disturbance in balance between the phytohormones, particularly

Jasmonate and GAs (Matschi et al. 2015). In Arabidopsis, CDPKs were found to play a
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significant role in floral transition and flower development (Kawamoto et al. 2015). Arabidopsis
CDPK-related kinase 5, was found to be associated with root elongation through auxin signaling
(Rig’o et al. 2013). CDPKSs were found to be key players in plant immune signalling, nitrogen-
deficiency induced oil accumulation and protein-protein interaction networks (Bredow and
Monaghan 2019; Li et al. 2019; Ahmed et al. 2020; Marques et al. 2022).

CDPKs in potato: The role of CDPKSs is well-recognized in the complex tuberization process in
potato (Raices et al. 2003). CDPK activities with different substrate and cellular specificities are
known to play important role in potato life cycle. StCDPK3 was predominantly expressed during
early initiation of stolon elongation, while StCDPK1 was expressed during apical swelling in the
stolon tip and acted as a mediator in Suc synthesis during tuber growth and development;
StCDPK2 was expressed during tuberization and in leaves (Raices et al. 2003). StCDPK2 was
crucial role in light sensing and stress metabolism (Grossi et al. 2022). StCDPK1 has conserved
myristoylation sites, and found to trigger the signal cascades and initiate the apical swelling in the
stolon leading to tuberization (Raices et al. 2001). StCDPK4 and StCDPKS5 were identified as
modulators of early defense reactions in response to the challenges from Phytophthora infestans
in potato (Kobayashi et al 2007). Fantino et al. (2017) characterized StCDPK7, a CDPK isoform
which was induced upon infection with fungal pathogen P. infestans. The analysis of CDPK gene
family and an insight into potato genome was done by Gromadka et al. (2018). A total of 26
CDPKSs, belonging to four CDPK groups were proposed in this study. Apart from these forms,
other CDPK isoforms were known to be crucial in stress metabolism (Bi et al. 2021). Sciorria et
al. (2021) reported two CDPK isoforms from potato namely StCDPK22 and StCDPK24,

belonging to CDPK group 111 which conferred resistance towards heat stress.

2.4 ROS Signaling

Aerobic metabolism and various stresses are considered to be the major contributory factor for
generation of the reactive oxygen species (ROS) in all the living systems. In plants, various ROS
that include species of active oxygen, H20: ((hydrogen peroxide), Oz (superoxide), OH*
(hydroxyl radical) and *O2 (singlet oxygen) are produced at varying degrees depending on the cell
or tissue types. The generation of ROS is a common cellular process; however, their damaging
effects are usually eliminated by different enzymatic and non-enzymatic antioxidant mechanisms.

Plant cells have evolved enzymatic and non-enzymatic defence pathways to overcome the hazard
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caused by the presence of ROS. The enzymatic components comprising the superoxide dismutase
(SOD), ascorbate peroxidise (APX), guaiacol peroxidise (GPX), glutathione-S-transferase (GST),
and catalase (CAT); the non-enzymatic low molecular compounds like ascorbic acid (AA),
reduced glutathione (GSH), a-tocopherol, carotenoids, phenolics, flavonoids, and proline (Das
and Roychoudhury 2014; Verma et al. 2022). In plants, different types of stresses such as salinity,
drought, extreme temperatures, heavy metals, pollutants, high irradiance, infection by pathogens
lead to an imbalance situation between ROS generation and their scavenging referred to as
oxidative stress (Foyer and Noctor 2005; Lee et al. 2012; Das and Roychoudhury 2014).
According to Jones (2006), oxidative stress could be regarded as disruption of redox signalling
and control mechanisms in a cell. ROS are known to be toxic as they cause damage to various
cellular components; however, they play role in redox signalling involved in plant growth and
development. H2O> is considered to be the most frequently occurring ROS in the biosphere.
Certain oxidases catalyze the production of H202 directly by a process of two-electron reduction
of O,. Different oxidases and peroxidases catalyse the production of O~ during photosynthetic
and respiratory electron transport which is in turn converted to H>O> via reduction or dismutation
(Foyer and Noctor 2000; Mittler et al. 2004; Bindschedler et al. 2006; Sagi and Fluhr 2006). In
unicellular organisms, H>O> is known to stimulate production of antioxidants along with ROS
removing and repairing enzymes; whereas in multicellular organisms it is involved in activation
of the signalling pathways related to developmental processes (Melov et al. 2000). H.O> in excess
leads to formation of harmful OH* radical through decomposition by fenton type of reaction
(Cabiscol et al. 2003). Therefore, rapid and efficient removal of H2O2 by cellular antioxidant

machinery is essential for normal metabolism.

2.4.1 Catalases (CATS)

Catalase (CAT H202:H20, oxidoreductase; EC 1.11.1.6) is known to be the first antioxidant
enzyme which was discovered and characterized in the living organisms. The metabolic
importance of this enzyme is reflected from its widespread occurrence in the animals, plants,
bacteria and the other forms of life including some anaerobes (Kirkman and Gaetani 2007,
Zamocky et al. 2008). Extremely rapid dismutation of two molecules of H2O- to water and O is
a distinct catalytic reaction in which H2O- acts as both acceptor and donor of hydrogen molecules
(Scandalios et al. 1997) as depicted in Fig. 2.6. Catalase along with superoxide dismutase and
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hydroperoxidase constitute a major defense system involved in scavenging superoxide radicals

and hydroperoxides.

Catalase
)H0, — H0+0,
Fig. 2.6 Dismutation of H,O, by Catalase (CAT)

Structural and biochemical properties of CAT: Except some bacterial nonheme manganese-
containing catalases (Mn-catalases), typically most of the well-known prokaryotic and eukaryotic
catalases are haem-based i.e., bearing a haem prosthetic group, monofunctional consisting of
polypeptides of M;~50-70 kDa, and organized into tetramers (Regelsberger et al. 2002; Chelikani
et al. 2004; Zamocky et al. 2008). In some fungi and prokaryotes, a second type of bifunctional
haem-dependent catalase i.e., catalase-peroxidases are present. Sometimes it is difficult to
distinguish between the aforesaid types as the monofunctional type is able to catalyse H2Oo-
dependent peroxidation of the organic compounds (Zamocky et al. 2008). Bifunctional catalase-
peroxidases differ distinctly with monofunctional catalases with regard to the following attributes:
closer to the haem-containing peroxidases e.g., APX and fungal cytochrome c peroxidise, higher
affinities for H2O., and relatively insensitive to the inhibitor 3-amino-1,2,4-triazole (3-AT)
(Regelsberger et al. 2001; Mhamdi et al. 2010). Growing body of evidences clearly suggest that
various plant catalase genes differ with regard to spatio-temporal nature of expression, and their
responsiveness to developmental and environmental stimuli (Guan and Scandalios 1996;
Zimmermann et al. 2006; Du et al. 2008). In tobacco, several types of CAT mRNA transcripts
namely CAT1, CAT2, and CAT3 were found to be expressed differentially; the former two
transcripts were detected in non-senescent leaves whereas the latter one was found in both non-
senescent and senescing leaves (Niewiadomska et al. 2009). In maize, CAT1, CAT2 and CAT3
transcripts were detected at various stages of seed kernel development (Acevedo and Scandalios
1990; Acevedo et al. 1991). Catalases were intensely investigated in Arabidopsis at biochemical,

molecular and genetic levels.
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CAT gene family: As evident from several genetic and molecular studies, catalase in plants has
multiple forms encoded by a relatively small gene family e.g., four candidate CAT genes were
found in cucumber; three members of this family were reported in each of the following species
namely Arabidopsis, tobacco, maize, and pumpkins, whereas cottonseed and barley contain only
two members (Hu et al. 2016). On the basis of their expression, catalases were categorised into
different classes namely; Class I, Class Il and Class Ill. Class | is found to be expressed in
photosynthetic tissues, Class Il in vascular tissues and Class I11 in reproductive tissues (Willekens
et al. 1995). Various plant catalase genes differ with regard to spatio-temporal nature of
expression, and their responsiveness to developmental and environmental stimuli (Scandalios
1992; Guan and Scandalios 1996; Zimmermann et al. 2006; Du et al. 2008). In tobacco, several
types of CAT mRNA transcripts namely CAT1, CAT2, and CAT3 were found to be expressed
differentially; the former two transcripts were detected in non-senescent leaves, whereas the latter
one was found in both non-senescent and senescing leaves (Niewiadomska et al. 2009). In maize,
CAT1, CAT2 and CAT3 transcripts were detected at various stages of seed kernel development
(Acevedo and Scandalios 1990; Acevedo et al. 1991).

Role of Catalases: Catalase plays a crucial role in the various processes of the plant life cycle
such as development, defense, and senescence. Some processes of aerobic metabolism like
mitochondrial electron transport, pB-oxidation of fatty acids, photorespiratory oxidation are
inherently associated with the generation of H202 which in turn is scavenged by catalases (Yang
and Poovaiah 2002). This explains why the plant mutants lacking catalase activity are unable to
sustain under such conditions. Drought conditions are known to trigger oxidative stress in plants
resulting in more accumulation of H20». Under such situation, transgenic tobacco overexpressing
the E. coli katE gene appeared to be tolerant to high irradiance as compared to the control wild
plants affected severely by photosynthesis induced damages (Shikanai et al. 1998). Transgenic
tobacco CAT1 antisense lines showed markedly reduced level of CAT activity along with necrotic
lesions in some of the lower leaves (Takahashi et al. 1997). Arabidopsis catalase 2 knock-out
mutants (cat2) were found to have elevated level of H2O, and associated with the widespread
necrotic lesions (Queval et al. 2007). Exogenous application of sweet potato CAT i.e., SPCAT1
fusion protein was found to be effective against ethephon-mediated leaf senescence and H->O>
accumulation elevation clearly suggesting the crucial role of catalase role in H2O2 homeostasis in
leaves (Chen et al. 2012).
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Organ-specific expression patterns of the three genes were demonstrated, and their expression
patterns were differentially affected by the exogenous factors like light, ozone, UV irradiation,
and SOz (McClung, 1997; Zhong and McClung, 1996). Differential expression of the CAT genes
was intensely investigated in Arabidopsis as evident from several reports. For example, CAT1 and
CAT2 are expressed in leaves and siliques, whereas CAT3 expression was noticed in stem and
root. Circadian rhythms had impact on the expression of CAT2 and CAT3. Under cold and
drought stresses, CAT2 was activated; abscisic acid, oxidative treatments, and senescence could
trigger the activation of CAT3 (Du et al. 2008; Hackenberg et al. 2013; Li et al. 2013; Zou et al.
2015). In hot pepper, several forms of CAT namely, CaCAT1- CaCAT3 were found to differ with
regard to organ-specific expression patterns and also responsive to the circadian rhythms and
stress treatments (Lee and An 2005). CAT activity was found to be crucial in some physiological
processes such as embryogenesis and cell death in Pinus sylvestris (Vuosku et al. 2015).

In tobacco, out of four CAT genes three showed differential spatio-temporal expression patterns.
The abiotic factors like ozone, SO, irradiation, light and temperature influenced their expression
(Willekens et al. 1994, 1997). Several stresses such as heavy metals, osmotic agents, plant
hormones and high light irradiances were found to show differential response of a CAT gene,
namely PgCAT1 expression in ginseng (Purev et al. 2010). In banana, MaCat2 transcript level
was elevated by cold treatment and physical damage (Figueroa-Yafez et al. 2012). Various
abiotic stresses such as oxidative, heavy metal (Cu?*), hyperosmotic (PEG and NaCl) and some
other stresses like treatment with plant hormones such as salicylic acid (SA), methyl jasmonate
(MeJA), and ABA, and threat from the fungal pathogen namely S. scitamineum could trigger the
expression of CAT gene in sugarcane (Su et al.2014). Two catalase genes from Erianthus
arundinaceus and Saccharum officinarum namely EaCAT-1b and SoCAT-1c were reported
recently. Under drought situation, the former was up-regulated and the latter was down-regulated
(Liu et al. 2016). The spatio-temporal expression patterns of the CAT isoforms under the abiotic
stresses clearly suggested their protective role in plant defence (Su et al.2014). This explains why

over expression of CAT genes are important in generating stress tolerant plants.

Studies on CAT in potato: Considerable progress has been made on CAT and other antioxidants in
potato to date. Appleman (1910) proposed that CAT activity was influenced by the structural
aspects, and in potato it was dependent on respiratory activity. At low temperatures, the

respiration is low and CAT activity was also low. Beaumont et al. (1990) isolated and purified
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CAT, a tetramer of 56 kDa subunits and devoid of NADPH, from peroxisomal fraction of mature
potato tubers. Cyanide, azide and thiols were found to act as inhibitors of this enzyme. Cultivar-
dependent differences of antioxidative capacity in terms of SOD, CAT and a-Tocopherol content
under stresses were also reported in potato tubers (Spychalla and Desborough 1990). Wu and
Shah (1995) isolated and characterized a 1772-bp CAT1 cDNA clone from the mature root of
potato cultivar, Russet Burbank. The distinct expression patterns of various antioxidant enzymes
were noticed during tuber dormancy and oxidative stress due to soil drought (Rojas-Beltran et al.
2000; Boguszewska et al. 2010). Enhanced activities of some antioxidant enzymes including
CAT along with the changes in isoenzyme composition were reported in the potato cultivars
under salt stress (Rahnama and Ebrahimzadeh 2005). Santos et al. (2006) studied the differential
expression pattern of two isoforms CAT1 and CAT2 in non-photosynthetic organs and during the
development of photosynthetic organ (leaf). CAT1 was associated with photorespiration whereas
CAT2 was found to fulfill multiple physiological roles.

Boguszewska et al. (2010) carried out experiments with ten potato cultivars which differed in
dehydration tolerance. They were grown in a vegetation house under natural condition with
optimal water supply till maturity except some of the plants were subjected to soil drought
conditions for 2 weeks. Water deficit even for such brief period of time grossly compromised the
desirable attributes of potato tubers including yield losses. Apart from the diminished relative
water content (RWC), enhanced accumulation of ROS as noticed under stresses had deleterious
effects on structure and function of different biomolecules in the growing tubers. As evident from
the experimental data, significantly increased activities of some antioxidative enzymes like
peroxidase, superoxide dismutase and CAT could protect the plants from oxidative stress. CAT
activities at different stages of tuberization and in the leaves and stems were estimated in some
Indian potato cultivars having varying genetic makeup and maturation time. CAT expression
patterns clearly suggested its protective role in combating stress during tuberization. Three phase
partitioning was found to be efficient in purification of CAT (Kaur et al. 2020).

2.5 Our National Scenario of Potato Research

Currently, food security and nutritional aspects are the major concerns all over the world, mostly
in the developing nations. India is an emerging and fast developing nation with exponentially

expanding population, and facing burgeoning issues of meeting the food demand and challenges
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due to changing climate. Potato is a promising non-grain food crop to meet the nutritional
demand to fight both hunger and malnutrition. Moreover, demand for the commercial processed
potato products has significantly increased due to rapid urbanization, modernization along with
expansion in tourist trades. Potato is a major vegetable in India; so there is an urgent requirement
to supply adequate amounts quality potatoes as raw materials round the year.

Since, after independence of India in 1947, a large number of potato cultivars have been released
by CPRI (Central Potato Research Institute, Shimla) mostly through conventional breeding
programmes. These cultivars considerably vary with regard to the processing attributes, crop
yield, genetic makeups, disease resistance and suitability to different agro-climatic conditions in
the Indian subcontinent. Although many potato varieties are available in our country but not all of
them are suitable for processing industries. For example, the potatoes required for processing
need to have 21-23% tuber dry matter and reducing sugars below 150 mg per 100 g fresh
weight of tubers. Because the texture and quality of processed potato products largely depend
upon the two most important parameters, the tuber dry matter and reducing sugar content. Some
of the processing varieties include Kufri Chipsona-1, Kufri Chipsona-2, Kufri Chipsona-3 along
with a few other notable medium-maturing varieties. Several morphological and biochemical
attributes of Chipsona varieties are oblong fleet creamish white tubers, high starch content. Apart
from consumer acceptance, these attributes are desirable for making fries and other processed
products. Some other salient features of the Indian cultivar varieties include resistance to late
blight, ability to give high yields under short days, less duration growing periods suitable for the
plains, tolerance to several pathogenic viruses, immunity to wart disease and resistance to
nematodes. All these important attributes in potato clearly reflect the success of our conventional
breeding programmes. Some laboratories are also involved in improving the nutritive quality of
potato tubers (Chakraborty et al. 2000). Apart from this, efforts are being made to develop the

varieties that accumulate low levels of the soluble sugars during storage at low temperatures.

2.6 Origin of the Problem & Objectives of the Thesis Work

Potato is the most important non-grain food crop in many countries including India. Potato is an
example of C3 plants having a low assimilative power and dependent upon the environmental
conditions (Powell et al. 2012). Apart from improving the yield, tuber quality and increasing

resistance to pathogen infection, research efforts of many laboratories are directed towards
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improving the nutritional aspects of the tuber. Currently, plant molecular farming is gaining
importance where potato system plays a crucial role. Many commercially important
proteins/enzymes, novel organic compounds could be produced by using potato as a ‘natural
bioreactor’. Therefore, in-depth studies on the developmentally-regulated tuberization i.e.,
initiation to formation mature tubers could help for possible manipulation of these processes
though modern biotechnological approaches and state-of-the-art molecular techniques.

Various environmental, physiological and hormonal control mechanisms are known to be crucial
at different physiological stages of potato life cycle; still the underlying molecular orchestrations
remain to be elucidated. Developmentally-regulated Suc and starch metabolism, Ca* signalling,
ROS metabolism with enzymatic/non-enzymatic antioxidants, and many other factors are
inherently associated with the complex tuberization process at various stages of growth and
development under normal and stress conditions. For example, apoplastic phloem loading during
initiation of tuberization is related with Suc metabolism which leads to molecular and
biochemical changes that activate Ca?*-signaling and ROS-driven gene expression (Sarkar and
Sharma 2010). Many investigators pay attention to understand their role at various stages of
potato life cycle, particularly during tuberization as multiple signaling pathways influence this
complex process where a cascade of various signaling molecules, number of transcription factors
and enzymes are involved. Literature survey and database search clearly indicated that in potato,
there is ample scope of in-depth studies on multiple enzymes such as Sucrose synthases,
Fructokinases, Calcium-dependent protein kinases and Catalases at both biochemical and
molecular levels. Genome wide identification and characterization of the corresponding genes,
predicted proteins and their crucial motifs/ domains, 3-D structures, expression patterns in various
organs and different stages of tuberization still remain fascinating areas of investigation in potato
in comparison to tomato system. Such studies are required for crop improvement.

Most of the potato cultivars are autotetraploid (2n=4x=48), and highly heterozygous. High level
of DNA polymorphism and multiple allelism and natural allelic variations because of cumulative
mutations in the potato genome are well known (van de Wal et al. 2001; Draffehn et al. 2010).
Multiple forms of the individual genes are common in potato. Literature search clearly indicated
that there is no comprehensive report available till date on the various aspects of tuber
development with regard to the Indian potato cultivars. These potato cultivars vary with regard to

genetic makeup, maturation time, tuber dry matter, starch quality (i.e., amylose to amylopectin
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ratio, glucan chain lengths) and sugar contents. Some of them are processing varieties such as
Kufri Chipsona-1, Kufri Chipsona-2. Therefore, the rich genetic resources of the Indian potato
cultivars could be explored for isolation, characterization and studying expression patterns of
different allelic variants of the genes expressed at various stages of tuberization.

Keeping in view with the importance of Suc/starch metabolism, Ca®* and ROS signaling as
described earlier, this thesis focused mainly on the molecular, biochemical and in silico studies on
a few crucial enzymes namely SuSy, FRK, CDPK, and CAT in a commercially important Indian

potato cultivar, Kufri Chipsona-1 (KC-1) with the following Objectives.

+“* Objectives of the Thesis Work

#Molecular cloning and characterization of cDNAs encoding Sucrose synthase,
Fructokinase, Calcium-dependent protein kinase and Catalase from an Indian potato
cultivar

+Sequence analyses of the enzymes for identifying the characteristic sequence
features

+ To study the expression patterns of the enzymes in different potato organs including

various stages of tuber development
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3.1 Materials

3.1.1 Procurement of Plant and Other Materials

The germplasm of high-yielding, commercially important Indian potato cultivar Kufri
Chipsona-1 (KC-1) was procured from Central Potato Research Institute (CPRI), Shimla,
India. Short name of this potato cultivar is shown within parenthesis.
Chemicals/biochemicals: Various chemicals/biochemicals/molecular biology items were
procured from different vendors. The chemicals were purchased from Sisco Research
Laboratory Pvt. Ltd.,, Mumbai, Qualigens Fine Chemicals, Merck, CDH Pvt. Ltd., New
Delhi, and HiMedia Laboratories, Mumbai. Various enzymes used were purchased from
Bangalore Genei Pvt. Ltd., Bangalore and Amersham Biosciences Ltd., Hongkong. The
oligonucleotide primers used in the study were synthesized from Bangalore Genei Pvt. Ltd.,
Bangalore. All salts and additives were purchased from HiMedia Labs Ltd. and plant growth
regulators from Sigma chemicals, USA. The gel extraction Qiagen Kit was purchased from
Genetix. Glasswares and Plasticwares were from Borosil and Tarsons Products Pvt. Ltd.

3.1.2 Maintenance of Potato Germplasm

The potato cultivar KC-1 is a medium maturing cultivar bred by CPRI, Shimla in 1998
suitable for Indo-Gangetic plains of India which produces oblong fleet tubers. Apart from
consumption as a vegetable, this is suitable for the commercial potato processing sectors
(Kumar, 1998). It was routinely micropropagated in our laboratory under controlled
conditions (25-27 °C, ~70 % relative humidity under 16 h photoperiod with a light intensity
of 40—42 pmol m=2 st spectral flux photon of photo-synthetically active i.e., 460—700 nm

radiations) on MS-basal medium with 2.5 % sucrose at 4-5 wk intervals.

3.1.3 Bacterial Strains and Vectors

Cloning host: E. coli DH5a: supE44 AlacU169 (®80 lacZAM15) hsdR17 recAl endAl
gyrA96 thi-1 relAl. E. coli DH5a strain was maintained on Luria agar medium. E. coli
transformed with pUC19 plasmid was maintained on Luria agar medium containing 50 pg

mL* of ampicillin.

Cloning vector: pUC19 Vector: pUC19 (GenBank Acc. No: X02514; 2686 bp) is a
commonly used high copy number plasmid vector in E. coli (Yanisch-Perron et al. 1985).
This plasmid vector contains a 54-bp multiple cloning site (MCS) having unique sites for a
number of different hexanucleotide-specific restriction endonucleases. The salient genetic

features along with some restriction sites are shown in Fig. 3.1.
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Fig. 3.1 Feature map of pUC19 including the locations of some restriction enzymes (Source: https://openlab.
citytech.cuny.edu/bio-oer/files/2015/07/pUC19.png)

3.2 Methods for cDNA Cloning Studies
To obtain different full length cDNA clones, the following steps remained common:
e Gene-specific primers were designed based on the reference sequences.
e Total RNA was isolated from the field-grown potato organs.
e Oligo (dT)1s-mediated first strand cDNA synthesis
e Polymerase chain reaction (PCR) using gene-specific forward and reverse primers
e Processing and purification of the PCR-amplified DNAs
e Ligation of the individual PCR-amplified DNAs into the plasmid vector
e Transformation of the E. coli strain with the ligation products and screening

¢ Identification of the cDNA clones, sequencing and submission to GenBank, NCBI
The details of the above steps are described below:

3.2.1 Designing of Oligonucleotide Primers
To minimize non-specific amplifications, the following points were considered for designing

the gene-specific primers:
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= G+C content was kept around 40-60%.

= The length of oligonucleotides was kept around 20 mers, neither too short or long.
= Self-complementarity or complementarity between the primers to be avoided.

= Primers with melting temperatures should be in the range of 52-58°C.

The details of the gene-specific oligonucleotide primers are described below:

Sucrose synthase (SuSy)-specific primers: The following oligonucleotide primers were
designed based on a potato SuSy cDNA sequence reported earlier (M18745; Salanoubat and
Belliard 1987): a forward primer SSF1-0025, 5-TCTCAAAGTTGAACTTTGTC-3
(corresponding to the bases 25-44); and two reverse primers namely SSR1-0986, 5-ACA
ACCTGGCCACCG GTGTC-3' (complementary to the bases 967-986), and SSR3-2693, 5'-
ATCTCTTATTC ATACCAACAG-3' (complementary to the bases 2673—-2693).

Fructokinase (FRK)-specific primers: The following oligonucleotides were designed based
on a potato FRK cDNA sequence corresponding to FRK2 form (Z12823; Smith et al. 1993):
a forward primer F1-FK0001, 5'-CATCGTCGCCATGGCAGTTA-3' (corresponding to the
bases 1-20); and two reverse primers namely R1-FK0606, 5'-TCGAGTTCCACATCGC
TGAC-3' (complementary to the bases 587-606), and R2-FK1110, 5'-TGATGGACCGTAT
CACAACA-3' (complementary to the bases 1091-1110).

To investigate the role of FRK forms in stress metabolism, a few more primers were designed
based on a FRK2 allele (i.e., FRK2A) and Fructokinase-like (FLN) protein. The following
oligonucleotide primers were based on the potato FRK cDNA sequence (JX576230;
Gangadhar et al. 2014): a forward primer F2B-FKO01, 5-GATGCTCGCCGGGATTCTGA -3’
(corresponding to the bases 1-20); and two reverse primers namely RU-FK373, 5-ATAGT
TCCAGATGCTCTTGA-3' (complementary to the bases 354-373), and R1-FK784, 5'-AA
CATGATGTTTCTATGCTC-3' (complementary to the bases 765-784). With regard to the
FLN form (JX576279; Gangadhar et al. 2014), a forward primer FLF1-0001, 5-GCTCCT
CCTCTTCTCTCT-3 (corresponding to the bases 1-20); and the two reverse primers namely
FLR1-500, 5-TCCGTAGTGGAACACCTTAG-3' (complementary to the bases 481-500),
and FLR2-876, 5-AGAATCACCAGCTCAGTG-3' (complementary to the bases 858-876)

were designed.

Calcium-dependent protein kinase2 (CDPK2)-specific primers: On the basis of a potato
CDPK2 (AF418563, Raices et al. 2003), the following oligonucleotides were designed: a
forward primer, SC2F1-0001; 5-ATGGGTATTTGTGCTAGTA-3 (bases 1-19) and two
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reverse primers namely SC2R1-0920 (complementary to the bases 901-920, 5-AGGTC
CTTGGCACTACTTGA-3) and SC2R2-1560 (complementary to the bases 1541-1560), 5'-
GACCTTGCCTGGTTATTTGG-3).

Catalase (CAT)-specific primers:: To study ROS metabolic aspects in potato, the following
oligonucleotides were designed based on a potato CAT cDNA (U27082): a forward primer
F1-CT0001, 5'-CCATGGATCCGTCTAAGTAT-3" (corresponding to the bases 1-20); and
two reverse primers namely R1-CT403, 5-TCAAAGTTACCACCTCTGTTG-3' (comple-
mentary to the bases 383—-403), and R2-CT1600, 5'-GTACAAATACAACATTACGAT-3’
(complementary to the bases 1580-1600) (Wu and Shah 1995).

Constitutive gene Actin-specific primers: Actin (M~41.8 kDa) is widely expressed in
eukaryotic cells, often being the most abundant protein and commonly making up of 10% of
the total cell protein: For internal control, the following primers were designed based on a
potato actin gene i.e., S. tuberosum actin-65 (XM_006348930): a forward (F1-AC0591,
5-CCACATGCTATCCTTCGTCTC-3') and a reverse (R1-AC1149, 5'-TCCACATCTGTTG
GAAGGTAC-3') primers.

3.2.2 Isolation of total RNA from the Potato Organs

Plant tissues contain high amount of polysaccharides, phenolics, nucleases and other storage
materials. Therefore, isolation of total RNA from different plant materials in terms of
intactness and quality is relatively difficult. A number of methods are reported in the
literature. Here, we used SDS-Phenol method described by Gilman (1987) with some
modifications depending upon the nature of plant material.

The individual plant materials (0.2 to 1.0 g) were frozen and pulverized in the liquid nitrogen
to a fine powder. The contents were mixed in a buffer containing lithium chloride (LiCl) and
SDS (the composition of RNA extraction buffer: 100 mM LiCl, 100 mM Tris-HCI pH 8.0,
10 mM EDTA pH 8.0, 1.0% SDS, 0.2% p-mercaptoethanol) followed by direct extraction
with phenol:chloroform (1:1). Under ice-cold condition, one-third volume of 8.0 M LiCl was
added to the supernatant, and incubated for minimum of 2 h for selective precipitation of
RNA. The crude RNA was further purified by RNase-free DNase treatment followed by
solvent extraction and ethanol precipitation. RNA was then dissolved in RNase-free
deionized water, and kept in aliquots at -70°C for further use. The quality of the total RNA

preparations was checked by regular and formaldehyde agarose gel electrophoresis along
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with RT-PCR using different potato gene-specific primers. The analysis, A2eo/Azso ratio of

the RNA samples were also measured spectrophotometrically to check the quality.

3.2.3 Formaldehyde Agarose Gel Eectrophoresis

Total RNA samples were denatured by the treatment with formamide and separated by
electrophoresis through agarose gel containing formaldehyde (Sambrook et al. 1989). For
100 mL agarose gel (1.5%) : 1.5 g of agarose in 62 mL of sterile water was boiled and cooled
up to 55°C. 20 mL of 5X MOPS buffer and 18 mL of deionized formaldehyde was added.
The gel was cast in gel apparatus and was allowed to set for 1 h at room temperature. The gel
was submerged in the 1X MOPS electrophoresis buffer. RNA samples were prepared as
follows: 10.0 uL of RNA, 2.0 puL of 5X MOPS eclectrophoresis buffer, 3.0 pL of
formaldehyde, 7.0 pL formamide and 1.0 pL ethidium bromide (200 ug mL™) were mixed.
The samples were incubated at 65°C for 15 min and immediately chilled on ice. 3.0 puL of
formaldehyde gel loading buffer was added and loaded in the gel and electrophoresis was
carried out at 4-5 V cm™. Composition of 5X MOPS Buffer: 0.1 M MOPS (pH 7.0), 40 mM
sodium acetate, 5 mM EDTA (pH 8.0); formaldehyde gel loading buffer: 50% glycerol,
1.0 mM EDTA (pH 7.5), 0.25% Bromophenol Blue.

3.2.4 Reverse Transcription (RT)

Reverse transcription (RT) was carried out using the RevertAid™ H Minus First Strand
cDNA Synthesis Kit with Moloney Murine Leukemia Virus (M-MuLV) Reverse
Transcriptase (Fermentas Life Sciences). The enzyme lacks Ribonuclease H activity specific
to RNA in RNA:DNA hybrids. Therefore, degradation of RNA does not occur during first
strand cDNA synthesis, resulting in higher yields of full-length cDNA from long templates
up to 13 kb. In the reaction mixture, 1.0-2.0 ug of total RNA was mixed with 1.0 uL of oligo
(dT)1s or gene specific reverse primer and made the reaction volume 10.0 pL in ice. Then the
mixture was incubated at 70°C for 5 min and quickly chilled on ice. 4.0 puL of reaction buffer
(5X), 1.0 pL of RiboLock Ribonuclease inhibitor and 2.0 uL of 10 mM dNTPs mix were
added and mixed well. Then reaction mixture was incubated at 37°C for 5 min. 1.0 pL of
Revert Aid H Minus M-MuLV reverse transcriptase was added and incubated at 39°C for 60
min. The reaction was stopped by heating at 70°C for 10 min and then quickly chilled on ice.
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3.2.5 Polymerase Chain Reaction (PCR)

PCR consists of three cycling parameters, heat denaturation of DNA template to open the two
strands of DNA, and annealing of the oligonucleotide primers to single stranded DNA
templates, and extension of the primers to replicate DNA by DNA polymerase.

The PCR was usually set in 50 pL reaction volume as: SuL of 10X PCR buffer, 0.5-1.0 pg
template DNA, around 10 pmoles of each forward and reverse primer, 2.5 yuL of 2.5 mM
dNTPs mix, 1.0 puL (1U pL™) Tag DNA polymerase and finally the volume was made up to
50 pL with sterile water. After initial denaturation at 94°C for 1 min 30 s, the thermal cycling
parameters were set according to the different genes: for SuSy, denaturation at 94°C for 1 min
30 s, annealing at 55°C for 2 min; polymerization at 72°C for 3 min for 30 cycles followed by
final extension at 72°C for 5 min; for FRK and FLN, denaturation at 94°C for 1 min,
annealing at 55°C for 2 min; polymerization at 72°C for 1 min for 30 cycles followed by final
extension at 72°C for 5 min; for CDPK, denaturation at 94°C for 1 min, annealing at 50°C for
2 min, polymerization at 72°C for 2 min for 30 cycles followed by final extension at 72°C for
5 min; and for CAT denaturation at 94°C for 1 min, annealing at 50°C for 2 min;
polymerization at 72°C for 1 min 30 s for 30 cycles, and final extension at 72°C for 5 min.
Klenow treatment of the PCR products: The PCR-amplified DNA products are not truly
blunt-ended as the enzyme Taq DNA polymerase has a tendency to add an extra ‘A’ residue at
the 3' end of both the strands. Klenow treatment polished the DNA by removing the extra ‘A’
residue at the 3' ends and filling up the recessed 3' termini. For this purpose, 25 pL of the
amplified DNA products were first precipitated, then dissolved in minimum volume of
deionized water. In the same tube, a reaction volume of 40 uL was set by adding required
amounts of 10X Klenow enzyme buffer, dNTPs-mix and 1-2 units of Klenow enzyme. The

reaction was kept at 28°C for 40 min and terminated by incubating at 65°C for 5—7 min.

3.2.6 Purification of the DNA Fragments

Silica bead DNA gel extraction kit was used to elute the Klenow-treated DNA bands for
further cloning into a plasmid vector. According to manufacturer’s instructions, the gel
extraction protocol was followed for elution of the DNA bands. The individual DNA samples
were resolved in 0.8% agarose gel using 1X TAE buffer. In one lane, DNA sample was
loaded as control. This control lane was excised with a clean scalpel and visualized under
UV-trans illuminator to mark the position of the DNA band. The corresponding DNA bands
were excised from the gel (without UV exposure) by matching the position of bands in the
control lane. The gel slices containing the DNA bands were weighed in 1.5 mL microfuge
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tubes. Three volumes of binding buffer was added to one volume of gel and incubated at
55°C, till the gel was completely solubilized followed by addition of 7 pL of silica gel
suspension beads, mixed properly by vortexing for 30 s. The tubes were then incubated at
55°C in water bath for 5 minutes with intermittent gentle vortexing after every 1 min for 10 s
in order to allow adsorption of DNA on the beads. The samples were then centrifuged at
6,000 rpm for 30 s and supernatant was removed very carefully with the help of a pipette.
The pellet was washed with 500 pL of washing buffer and then centrifuging at high speed for
30 s followed by removal of supernatant. The pellet was washed twice with 500 pL of
washing buffer, properly air dried in the laminar air flow until it attained a white powdery
form. 7 uL of DEPC treated water and 7 puL of TE buffer was added to the dried pellet. Pellet
was suspended in TE buffer by vortexing for 15-20 s. It was incubated at 55°C water bath for
5 minutes. Then centrifuged at 6,000 rpm for 30 s. The supernatant containing the purified
DNA was carefully transferred to a fresh sterile microfuge tube. The last two steps were
repeated to increase the yield of DNA. Intactness and yield of the eluted DNA was checked
by 0.8% agarose gel electrophoresis.

3.2.7 Preparation of the Linearized Vector

pUC19 was digested with the enzyme Smal that produced blunt ends at 5’-CCC/GGG-3’ site.
1-2 ug of the plasmid vector was digested in a reaction volume of 20 pL at 30°C for 2 h then
the reaction was terminated by incubating at 60 °C for 5 min. The complete digestion was

checked by resolving in agarose gel electrophoresis.

3.2.8 Ligation Reaction

A ligation reaction was set up in order to ligate the individual purified DNA fragments into
the vector, using the enzyme T4 DNA ligase. It catalyses the formation of phosphodiester
bond between the juxtaposed 5'-phosphate and 3'-OH termini in the duplex DNA. The main
components of a ligation reaction were: vector (~0.5 pg), insert i.e., RT-PCR mediated cDNA
(~0.5to 1.0 pg) and T4 DNA Ligase enzyme (1-10 units). PEG 8000 was used in the cases
of blunt end ligation. The reaction volume was made up to 15 pL and incubated ~15°C for
cohesive end ligation, and at ~20°C for blunt end ligation. Usually, ligation reactions were

carried out for a period of 10-12 h.

3.2.9 Genetic transformation of E. coli DH5a with Plasmid Vector
E. coli DH50 was transformed with the ligation products using the CaCl, method (Mandel
and Higa 1970) as depicted by a schematic view in Fig. 3.2. E. coli culture was inoculated in
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25 mL of Luria broth and incubated with shaking at 37°C. A fresh 25 mL of LB was re-
inoculated with 100 pL of the overnight-grown culture and then incubated at 37°C with
shaking for 2-3 h (O.D. 0.4-0.6 at 560 nm). The culture was kept on ice to minimize the
metabolic activities of cells. The cells were washed with ice-cold 25 mM CaCl. The cells
were resuspended in 1.0 mL of ice-cold 100 mM CaCl; and kept in ice for 2% hrs in order to
develop competence. The ligation mix (~5 pL) was added to 100 pL of competent cell
suspension, mixed well and kept at 4°C for 30 min. Heat shock was given at 42°C for 2 min,
followed by the addition of fresh LB (~1.0 mL) and incubation at 37°C for 1% hrs. E. coli
transformants were screened by spreading the cell suspension on selective LA medium
containing 50 pg mL* ampicillin. The plates were incubated overnight at 37°C. Recombinant

pUC19 clones were screened based on blue/white selection.
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Chemical transformation process by Calcium Chloride (CaClz)

Fig. 3.2 A schematic view of induction of artificial competency in E. coli cells by chemical transformation
(source:https://www.thermofisher.com/in/en/home/life-science/cloning/cloning-learning-center/invitrogen-

school-of-molecular-biology/molecular-cloning/transformation/competent-cell-basics.html) and modification

3.2.10 Plasmid Isolation
Two methods were followed for plasmid isolation: alkali lysis and boiling methods. These are

described briefly, below.

Alkali lysis method (Birnboim and Doly 1979): This method allows the fast annealing
followed by rapid denaturation of intact plamid DNA leading to its separation from the
bacterial genetic DNA without triggering the activation of enzymes responsible for DNA
digestion. 1.5 mL overnight grown culture of transformant E. coli was centrifuged. The cells

were mixed with 200 pL of Solution I and 30 pL lysozyme (stock 10 mg mL™). Then 400 pL
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of Solution 1l was added and mixed followed by addition of 300 uL of Solution Il (a curdy
white precipitate was formed). The microfuge tubes were kept in ice for 30 min and
centrifuged at high speed for 15 min. The supernatants were treated with 2.0 pL of DNase
free RNAse (10 mg mL™) followed by phenol and chloroform mixture (1:1) extraction. To
the aqueous layer, equal volume of isopropanol was added and kept at 4°C for 20 min. The
DNA was pelleted at 8000 g for 15 min, washed with 70% ethanol, air-dried and dissolved in
30 pL of TE buffer and stored at —20°C.

Boiling method (Holmes and Quigley 1981): 1.5 mL overnight grown culture of the E. coli
transformant was harvested in microfuge tube. The cells were finely resuspended in 800 pL
of STET buffer, and 30 pL of lysozyme was added to the suspension. The microfuge tube
was kept in boiling water bath for 90 s. After cooling down to room temperature,
centrifugation at 10,000 g was carried out for 15 min. The supernatants were treated with
2.0 uL of DNase free RNAse (10 mg mL™?) followed extraction with a mixture of phenol and
chloroform (1:1). To the aqueous layer, 1/10" volume of 3 M sodium acetate (CH3COONa)
and equal volume of isopropanol was added and kept at 4°C for 30 min. The DNA was
precipitated, washed with 70% ethanol, air-dried and dissolved in 30 pL of TE buffer and
stored at —20°C.

3.2.11 Sequencing and Submission to GenBank Database of NCBI

The RT-PCR mediated individual cDNA clones were first checked by restriction digestion
and PCR as well using the same set of primer primers. The cloned cDNAs were sequenced in
both directions by the commercial company Bangalore Genei, Bangalore. The nucleotide
sequences of the individual clones were analysed by National Center for Biotechnology
Information (NCBI; http://www.ncbi.nlm.nih.gov/) Blast tools. The amino acid sequence was
predicted by the open reading frame (ORF) finder available at the NCBI. Each sequence

information was submitted to the GenBank database and assigned with an Accession No.

3.1.12 Semi-quantitative RT-PCR

For semi-quantitative RT-PCR, reverse transcription was carried out in a reaction volume of
20 uL using 2.0 pg of total RNA (prior treated with RNase-free DNase), oligo (dT)1s primer
and cDNA Synthesis Kit from Fermentas Life Sciences. 3.0 uL of each RT mixture was used
as template in PCR (50 pL reaction volume) using the gene specific forward and reverse
primers, and 1.0 unit of Tag DNA polymerase (Bangalore Genei). During PCR, the thermal
cycling parameters were kept same as mentioned earlier except polymerization at 72°C for 2

min. As control, the primers, Actin-FW and Actin-RV were used to amplify ~650 bp
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fragment using the same 3.0 pL individual RT mixture as template. Polymerization step at
72°C was kept 1 min in each thermal cycle in this case. The aforesaid selected genes specific
and actin-specific RT-PCR products were resolved in 1% agarose gel electrophoresis,
respectively. The relative expression levels between the potato organs were assessed by the

quantification tool of the gel documentation system (Bio-Rad, USA).

3.3 Enzyme Assays

The potato tubers were harvested from different stages of tuberization in potato i.e., from
initial apical swelling to maturation of tuber. To know about gene expression at translation
level, we need to determine the corresponding gene product in the form of protein content
and/or enzyme assay. Several enzyme assays were carried out based on the protocols as

reported earlier usually with some modifications wherever required.

3.3.1 Fructokinase (FRK)

Preparation of crude tissue extracts: Protein extraction and FRK assay were carried out
according to the protocols reported earlier (Appeldoorn et al. 1999; Petreikov et al. 2001;
Jammer et al. 2015). Briefly, ~500 mg of the freshly-harvested maturing potato tubers
(cultivar KC-1) at different stages of growth were homogenized in liquid nitrogen with 0.1%
Polyvinylpolypyrrolidone (PVPP). All the extraction steps were performed on ice and/or in
cold room (4°C) using pre-cooled liquids. The ground plant material was extracted with 1.0
mL of extraction buffer (40 mM Tris-HCI pH 7.6, 3 mM MgClz, 1 mM EDTA, 0.1 mM
PMSF, 1 mM benzamidine, 14 mM B-mercaptoethanol, 24 yM NADP*). The homogenate
was centrifuged at 4 °C and 20,000 g for 35 min until a solid pellet was obtained and the
particles were removed from the supernatant. The supernatant i.e., clarified crude extract was
dialysed overnight against 20 mM potassium phosphate buffer (pH 7.4) at 4°C. In this step,
highly abundant substrates of FRK and a few other enzymes as well were removed. The
extracts were frozen in liquid nitrogen, stored at —20 °C in small aliquots for further use.

FRK assay: For FRK assay, aliquots of the dialysed crude extracts were incubated with 5 mM
MgClz, 5 mM Fructose, 2.5 mM ATP, 1ImM NAD®, 0.8 U of Phosphoglucose Isomerase
(PGI), and 0.8 U of Glucose-6-phosphate dehydrogenase (G6PDH) in 50 mM Bis-Tris at pH
8.0. Fructose was omitted in the control. The progress of the reaction was monitored by
measuring the increase in absorbance at 340 nm due to conversion of NAD" to NADH. FRK
activity i.e., the total fructose phosphorylating capacity was measured and expressed in

nmol/min/g FW.
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3.3.2 Sucrose Synthase (SuSy)

Preparation of crude tissue extracts: For SuSy assay, the crude tuber extracts were prepared
by adopting same procedure as described above for FRK (Jammer et al. 2015).

SuSy assay: The SuSy activity was determined by two types of reactions: (a) including 1 mM
UDP detecting both Susy and cytlnv background activity, and (b) without 1 mM UDP to
detect only the cytlnv background activity. The Susy activity was then calculated by
subtracting cytlnv background activity (b) from total activity (a). For both the reactions,
aliquots of dialysed crude extracts were incubated with 1 mM EDTA, 2 mM MgCl,, 5 mM
DTT, 250 mM sucrose, 1 mM UDP (omitted in the reaction (b), 1.3 mM ATP, 0.5 mM
NAD®, 0.672 U of HXK, 0.56 U of PGI, and 0.32 U of G6PDH in 50 mM HEPES/NaOH at
pH 7.0. In the control, sucrose was omitted. The increase in absorbance at 340 nm due to
conversion of NAD* to NADH was monitored. the total extractable enzyme was measured

and expressed in nmol/min/g FW.

3.3.3 Catalase (CAT)

Preparation of crude tissue extracts: The crude tissue extracts were made from different
potato tissues following the protocol as described earlier (Kandukuri et al. 2012; Duman and
Kaya 2013). Briefly, approx. 3.0 g of the potato tissues namely tubers (skins removed),
leaves, and stems were cut into small pieces and pulverized to fine powder in liquid nitrogen;
then homogenized in 10 mL of 50 mM phosphate buffer, pH 7.0 with 8 % PVP, 10 mM
PMSF, 0.1 mM EDTA, and 30 mM KCI into a fine paste using pestle and mortar. The
homogenate was filtered through three layers of cheesecloth, and then centrifuged at 10,000 g
for 20 min at 4 °C and the clear supernatant was collected and used for quantification of total
protein, followed by CAT assay as well. Each of these biochemical experiments was carried
out in triplicate, and the data are presented as means of the results.

CAT Assay: CAT activity was determined by measuring a decrease in the absorbance of H>0>
at 240 nm as described earlier (Aebi 1984; Miyagawa et al. 2000). The catalase activity is
measured based on the difference in absorbance (AA240) per unit time. 30 pL of crude
enzyme extract was taken in a total reaction volume of 3.0 mL having the following
composition: 10 mM H202 in 50 mM phosphate buffer (pH 7.0). One unit of activity is
defined as the amount of enzyme which catalyses the decomposition of 1.0 pumol of H20. per
min at pH 7.0 and 25°C as calculated from the extinction coefficient for H2O, at 240 nm of
39.4Mtcemt
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3.3.4 Protein Estimation by Folin-Lowry Method

Under alkaline conditions, the divalent copper ion forms a complex with peptide bonds and
reduced to a monovalent ion. Monovalent copper ion and the radical groups of tyrosine,
tryptophan, and cysteine react with Folin reagent to produce an unstable product that
becomes reduced to molybdenum/tungsten blue. The following solutions were used: Solution
A i.e., alkaline sodium carbonate solution having 2% sodium carbonate in 0.1 N NaOH;
Solution B i.e., copper sulphate-sodium potassium tartrate solution-2% of sodium potassium
tartrate in 1% copper sulphate; BSA stock (0.2 mg mL™), Folin-ciocalteu reagent (diluted
with water in 1:1). 5.0 mL of alkaline solution (mixture of 50 mL solution A and 1.0 mL of
solution B freshly prepared) was added to 1.0 mL of test solution (protein sample) and
volume made up with water, mixed well and kept at room temperature for 10 min, then 0.5
mL of diluted Folin-ciocalteu reagent was added and mixed immediately. Samples were kept
at room temperature for 30 min and absorbance was taken at 750 nm. Standard curve was

made using BSA stock solution.

3.3.5 Statistical Analysis

Each of these assays in different tuber extracts and other biochemical experiments was
carried out in triplicate and the data were presented as the Mean £ SD of n=3 independent
experiments. Standard deviation and mean values were calculated using SPSS software of

IBM. One-Way ANOVA ("analysis of variance™) analysis was done to find the significance.

3.4 In silico analysis

3.4.1 Sequence Analyses and Phylogenetic Tree

The nucleotide sequences of the cDNAs were analysed by the NCBI Blast tools. The amino
acid sequence was predicted by the open reading frame (ORF) finder available at the National

Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov). For calculating

the theoretical molecular weight, isoelectric point (pl), and amino acid composition of the
predicted protein, the ProtParam tool of ExXPASy (Expert Protein Analysis System)

proteomics server of the Swiss Institute of Bioinformatics (SIB; URL:http://expasy.org/

tools/) was used. The different ProtScale tools of EXPASy were used for prediction of the
hydrophobic character (Kyte and Doolittle 1982), and the various secondary structures such
as a-helix, B-sheet, a-turn, and random coil. G+C content analysis was carried out by

PSIPRED. For multiple sequence alignment, the MultAlin software (http://www.multalin.

toul-ouse.inra.fr/multalin/; Corpet 1988) was used. In order to construct phylogenetic tree,
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multiple sequence alignment was done by the MultAlin software, followed by the neighbor-
joining method (with bootstrap consensus) using MEGA 10.0 software (Saitou and Nei 1987,
Tamura et al. 2011) using the protein sequences belonging to different forms of the individual

genes from potato, other solanceae family members and A. thaliana.

A flowchart of the strategies for identification and characterization of the multiple forms of
SuSy, FRK, CDPK, and CAT in potato by genome wide analyses:

Data mining for identification of the multiple forms corresponding to individual genes

in the potato genome databases including Spud DB and Ensembl Plants

= BLASTp at NCBI (http://www.ncbi.nlm.nih.gov) search

= Retrieval of the sequences for further analyses

= Sequence analysis, chromosomal localization of the genes, prediction of the

motifs/domains and 3-dimensional (3-D) structures

Biochemical attributes: The theoretical pl, amino acid composition, aliphaticity and mol.

weight were determined by using EXPASY tools (http://web.expasy.org/protparam/). The

relationships between the protein sequences and motifs were investigated by MyHits tool of
EXPASy (https://myhits.sib.swiss/cgi-bin/motif scan). Phyre2 tool (http://www.sbg.bio.ic.

ac.uk/~phyre/) was used for secondary structure prediction and protein fold recognition.
Many pdb files of the protein having homology were generated out of which one best model

was selected and uploaded on ProSA.

3.4.2 Data Mining and Sequence Retrieval
To study each gene family and the respective gene products in potato, the specific keywords
were used as queries in the latest version of Spud DB Potato Genomics Resource with

tetraploid sequences http://spuddb.uga.edu/; the earlier version was at http://solanaceae.

plantbiology.msu.edu/), along with other databases namely EnsemblPlants (https://plants.

ensembl.org/index.html), Uniprot (https://www.uniprot.org/) and Expression Atlas (www.

ebi.ac.uk/gxa/home); the home pages are shown in Fig. 3.3. The specific genes, transcripts

and protein IDs were mostly verified using Ensembl Plants. The amino acid sequences were

retrieved from Uniprot followed by BLASTp analyses at NCBI site.
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Fig. 3.3 The latest version of Spud DB Potato Genomics Resource with tetraploid sequences,
Ensembl Plants, UniProt
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3.4.3 Secondary Structure Prediction

The secondary structures like a-helix, B-strand and coil were examined by the PSIPRED

secondary structure prediction method of Jones (1999) (http://bioinf.cs.ucl.ac.uk/psipred/).
The PSIPRED Protein Analysis Workbench unites many available analysis tools into a single
web based framework, thus it is an excellent tool for prediction of secondary structure, with
access to GenTHREADER for protein fold recognition and MEMSAT-2 transmembrane
topology prediction.

3.4.4 Identification of the Conserved Domains

To investigate the relationships between the protein sequences and motifs, MyHits tool of
EXPASy (https://myhits.sib.swiss/cgi-bin/motif_scan) was used. It is a freely avaiable
database of ExPASy, a new interactive resource for protein annotation and domain
identification. It includes a multiple collection of tools to investigate the relationships
between protein sequences and motifs described on them as shown by the interface picture of
it in Fig. 3.4. The amino acid stretch called “motif” is defined by an variable collection of
predictors like, HAMAP profiles, PROSITE patterns PROSITE profiles, Pfam HMMs (local
models), Pfam HMMs (global models) (Pagni et al. 2004).
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Fig. 3.4 The home page of MyHits Motif Scan

3.4.5 Chromosomal Localization of the Genes
For chromosal localization of the genes, the size of the individual chromosomes and the
respective position of the centromeres were depicted according to Potato Genome

Consortium, (2011). Further the specific positions multiple forms of each gene were
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predicted based on the spud DB database, and further checked by EnsemblPlants prior to

presenting the data.

3.4.6 3-D Structure Prediction and Validation of the Model

The 3-D models were constructed using a bioinformatics method i.e., I-TASSER (lterative
Threading Assembly Refinement; https://zhanglab.ccmb.med. umich.edu/lI-TASSER/)
(Zhang, 2008). The models were validated using the Structural Analysis and Verification
Server (http://nihserver.mbi.ucla.edu/SAVES/; Cheatham et al. 1995). The predicted
structures were visualized in the form of ribbons by PyMol software (https://www.

pymol.org). The transmembrane helices were also predicted using Phyre2 tools of a protein
fold recognition server to know the transmembrane topology of the protein
(http://www.sbg.bio.ic. ac.uk/phyre2/). The predicted 3-D models were displayed using an

open source molecular visualization system PyMOL (https://pymol.org/2/). Stereochemical

quality and accuracy of the newly modelled structures were evaluated with PROCHECK by

Ramachandran plot analyses.

3.4.7 Gene Expression Patterns

The expression values in different organs were examined and retrieved from the large scales
of RNA-Seq and Microarray studies, and protein expression datasets in Expression Atlas, a
database maintained by the European Bioinformatics Institute (www.ebi.ac.uk/gxa/home)

and the potato genomic resource spud DB (http://solanaceae.plantbiology. msu.edu/). It
provides the average signal intensity values of a gene from a high diversity of experiments

covering different organs, developmental stages, and treatments.

3.4.8 Protein-Protein Interaction Network Studies

Functional interacting network of proteins was performed for the protein sequences obtained
from the corresponding cDNA clones using STRING 10.0 software (Franceschini et al.
2013). The STRING database (https://string-db.org/)-a repository of known and predicted

protein interactions, was used to know the functional networks of the proteins to understand
their role in metabolic pathways in a better way. String software contains nearly 25 million
proteins from more than 5000 organisms, and registers approximately 20 billion interactions.
The database was searched for the selected genes at the high confidence level (0.700) for the

protein interactions to avoid less significant results.

54


http://nihserver.mbi/
https://pymol.org/2/
http://www.ebi.ac.uk/gxa/home
https://string-db.org/

M&M: Appendix-I

Sr. No. | Chemicals/Biochemicals Stock conc. | Working conc. | Solvent used
(mgmL*) | (ng mL-1)
1. Ethidium bromide 5 0.5-1.0 Sterile water
2. X-gal (5-Bromo-4-chloro- 20 20 N,N-dimethyl-
3-indolyl-B-D-galactoside) (30uL per plate) | formamide
3. IPTG (Isopropyl thio-B-D-galactoside) 100 100 Sterile water
(8uL per plate)
4, Ampicillin 50 50 Sterile water
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M&M: Appendix-I1

Sr. Buffers Composition and preparation
No.

1. 0.5 M Tris-HCI (pH 8.0) For 100 mL stock, 6.05 g of Tris base was dissolved in 50 mL water and pH
was adjusted with 6.0 N HCI and made up volume with water and
autoclaved.

2. 0.5 M EDTA (pH 8.0) For 100 mL stock, 18.6 g of sodium salt of EDTA was dissolved in 50 mL
water and pH was adjusted with concentrated NaOH and made up volume
with water and then autoclaved.

3. 3.0 M Sodium acetate (pH 5.5) For 50 mL stock, 12.3 g of Sodium acetate was dissolved in water and pH
was adjusted with glacial acetic acid and volume made upto 50 mL.

4, 0.5 M Sodium acetate (pH 4.7) For 50 mL stock, 2.05 g of Sodium acetate was dissolved in water and adjust
the pH with glacial acetic acid and final volume 50 mL.

5. 5 M Potassium acetate 49 g of potassium acetate was dissolved in water and made final volume 100
mL and autoclaved.

5. 3 M Potassium acetate (pH4.8) 29.4 g of potassium acetate was dissolved in water and 11.5 mL of glacial
acetate was added and made final volume 100 mL and autoclaved.

7. 0.2 M MOPS (pH 7.5) 4.2 g of MOPS was dissolved in water and pH adjusted to 7.5 using NaOH
and volume made to 100 mL.

8. 0.5 M MgCl; 10.2 g of MgCl, was dissolved in sterile water to a final volume of 100 mL

9. 1.0 M Sorbitol 18.2 g of sorbitol was dissolved in sterile water to a final volume of 100 mL

10. 0.5 M KCI 3.73 g of KClwas dissolved in sterile water to a final volume of 100 mL

11. 0.5 M Sucrose 17.1 g of sucrose was dissolved in sterile water to a final volume of 100 mL

12. Solutions used for plasmid isolation by alkali lysis method :

Solution I: Glucose 50 mM; Tris-HCI 25 mM (pH 8.0); EDTA 10 mM (pH 8.0)
Solution II: NaOH 0.2 N; SDS 1.0%
Solution IlI: Potassium acetate (3M)
13. The buffer for plasmid isolation by | 8.0 % (w/v) Sucrose, 0.5 % (w/v) Triton X 100, 50 mM EDTA (pH 8.0), 10
boiling method (STET) mM Tris-HCI (pH 8.0)
Volume was made up by water and autoclaved.

14. STE Buffer 0.3 M NaCl, 50 mM Tris-HCI (pH 8.0), 5 mM EDTA (pH 8.0)

15. Saline EDTA 0.15 M Sodium chloride, 0.1 M EDTA (pH 8.0)

16. TE Buffer (1X) 10.0 mM Tris-HCI (pH 8.0), 1.0 mM EDTA (pH 8.0)

Volume was made up with water and autoclaved.
17. TBE Buffer (5X) 54 g L Tris base, 28 g L™ Boric acid, 3.8 g LT EDTA

The pH of the buffer was set at 8.0.
Volume was made up with water and autoclaved.
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18. TAE Buffer (5X) 24.2 g L Tris-base, 5.7 mL L Glacial acetic acid, 10 mL L* 0.5M EDTA
(pH 8.0). Volume was made up by water and autoclaved.
19. DNA Gel Loading Buffer (5X) 35 % (wi/v) Sucrose or 40% glycerol, 20.0 mM EDTA (pH 8.0), 0.1 % (w/v)
Bromophenol blue
Volume was made up with sterile water.
20. DNA extraction buffer 50 mM Tris-HCI pH 8.0, 50 mM EDTA (pH 8.0),
250 mM NaCl, 15% sucrose
21, REX buffer for RNA extraction 100 mM LiCl, 100 mM Tris-HCI (pH~8.0), 1.0 % SDS, 10 mM EDTA (pH~
7.3), 0.2% R- Mercaptoethanol
22, Protein extraction buffer 50 mM MOPS-NaOH (pH 7.5), 10 mM MgCls,
1.0 mM EDTA, 5.0 mM DTT or 0.2% B Mercaptoethanol,
0.1%(v/v) Triton X 100
23. Formaldehyde gel buffers:
5X Formaldehyde Gel running buffer | 0.1 M MOPS, 40 mM sodium acetate, 5 MM EDTA (pH 8.0)
Formaldehyde Gel loading buffer 50% glycerol, 1 mM EDTA (pH 7.5), 0.25% bromophenol blue
24. Solutions for Folin Lowry protein | Solution I: Alkaline Sodium carbonate (20 g of sodium carbonate was

estimation:

dissolved in final volume of 0.1 N NaOH)

Solution 11: Copper sulphate-sodium potassium tartrate solution (5g L™
CuS04.5H,0 was dissolved in 10 g L of Sodium potassium tartrate)
(Mix solution I 50 mL with 1 mL solution Il for use)

Note: Deionized water was used for all the solutions as mentioned above.

57




Chapter 4



4.1 Objective 1: Molecular cloning and characterization of cDNAs encoding
Sucrose synthase, Fructokinase, Calcium-dependent protein kinase and Catalase

from an Indian potato cultivar

Considerable progress has been made on molecular and biochemical studies on the genes
encoding enzymes/transcription factors involved in tuberization during the last few decades. A
number of cDNA/genomic clones encoding these enzymes have been reported from different
plant species including commercially important Solanaceae family members. Apart from
molecular cloning studies, it is crucial to have an insight into the expression patterns and the
attributes of the genes involved in carbohydrate, Ca?* signalling and ROS metabolism. Multiple
forms of the genes encoding SuSy, FRK, CDPK and CAT were reported from tomato, tobacco
and other plant species. earlier. According to Objective 1, the cDNA cloning studies were
carried out to explore the genetic resources of an Indian potato cultivar. Using total RNA from
growing tubers, RT-PCR approaches were adopted to obtain full-length cDNAs encoding the
distinct forms of SuSy, FRK, CDPK and CAT from a processing Indian potato cultivar, Kufri
Chipsona-1. These enzymes remained focus areas of research in the recent decades as they
were crucial in the developmentally-regulated tuberization process. The potato plantlets were
routinely maintained in laboratory, acclimatized and grown under field condition. Different
potato organs were harvested and stored by snap-freezing in liquid nitrogen. Total RNA was
extracted and purified from some potato organs. For the cDNA cloning studies, the common
steps are precisely described below.

Plant materials and growth conditions: Pathogen-free germplasm of an Indian potato cultivar
Kufri Chipsona-1 (KC-1), was routinely maintained in our laboratory under controlled
conditions as mentioned earlier. The micropropagated plantlets were properly hardened and
acclimatized for cultivation in the field (Fig. 4.1). The purpose was to produce mini tubers
(5-25 mm in diameter). Different potato organs including growing tubers at various stages of
development such as stolons, tuberizing stolons, growing tubers from the field-grown plants

were collected and frozen in liquid nitrogen, and then stored at —70°C for further use.

Isolation of total RNA from different organs of potato: Total RNA was isolated from different
organs of potato, i.e., leaf, stem, tuberising stolon, tuber and flower. The crude RNA samples

were checked by agarose gel electrophoresis shown in Fig. 4.2. Ribosomal RNA bands were
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distinct indicating the intactness of total RNA preparations. Some of the RNA samples had

trace amounts of genomic DNA as impurities.

Fig. 4.1 Potato plants (cv. KC-1) at various stages of growth. a micropropagated plantlets, b and ¢ hardening and
acclimatization, d plants growing under field condition, e fully grown plant, and f an uprooted mature plant with
stolons and tubers

Fig. 4.2 Total RNA from different Potato organs. Lane 1- leaf, Lane 2-stem, Lane 3-flower,
Lane 4-tuberising stolon, Lane 5-growing tuber

Purification of total RNA: Total RNA was purified by RNase-free DNase treatment followed

by solvent extraction. Purified RNA samples were checked by agarose gel electrophoresis.
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The distinct bands showed the quality of the purified RNA preparations (not shown). Nanodrop
spectrophotometer was used to find Azeo/Azeo ratio to assess the quality and quantity of the

prepared RNA samples as shown in Table 4.1.

Table 4.1 Quantification and quality checking of total RNA from different potato organs

Organ RNA concentration Ao/ Azgo
(‘png/mL) Ratio
Leaf 780 1.95
Stem 770 1.91
Flower 710 1.83
Tuberising stolon 910 2.00
Growing tuber 980 2.00

After purification of the RNA, synthesis of first strand cDNAs was done by the process of
oligo (dT)is mediated reverse transcription, followed by PCR using gene-specific primers
using variable thermal cycling parameters. The results of the cDNA cloning studies, sequence
analyses, in silico approaches and enzyme assays corresponding to SuSy, FRK, CDPK and

CAT are sequentially presented here.

4.1.1 Cloning and Characterization of a cONA Encoding SuSy

A cDNA clone (2.668 kb, designated St-CSS01) specific to the potato cultivar KC-1 was
obtained through RT-PCR (Fig. 4.3). The nucleotide sequence of the cDNA was analysed by
NCBI BLAST tool, and found to encode a distinct form of SuSy4; the sequence information
was submitted to GenBank database (MT731684). The 2668-bp St-CSS01 consisted of 51-bp
5-UTR, 2418-bp ORF (bases 52-2469), and 199-bp 3'-UTR. The G+C content the 5'-UTR,
coding region, and 3'-UTR of SuSy were found to be 48, 43 and 34 %, respectively. NCBI
BLAST search revealed that the cDNA shared 99% sequence identity with a full-length SuSy
cDNA clone from a potato cultivar Sirtema (M18745). At nucleotide level, the coding region
of St-CSS01 showed significant sequence identities with some other plant SuSy cDNAs:
XM _006345182.2, NM _001288357.1, XM _015204139.2, NM_001247726.2, L19762.1,
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KF977579.1, NM_001313910.1, EU908020.1, DQ834312.1, AMO087674.1 belonging to

different forms of SuSy in Solanceae and other families.

Fig. 4.3 RT-PCR amplification of SuSy cDNA. Lane 1 1 kb DNA ladder; Lane 2 RT-PCR product (~2.7 kb) using
total RNA from the growing potato tuber of the cultivar KC-1 and the SuSy cDNA-specific primers, SSF1-0025
and SSR3-2693

The predicted protein, designated as KC-SuSy, consisted of 805 amino acids (protein_id
QWW18611). Based on the ProtParam tool, the calculated molecular weight (MW) of
KC-SuSy was found to be 92.4 kDa with a predicted isoelectric point (pl) of 8.63. Out of its
total 805 amino acids, 94 were strongly basic (+) (Lys, Arg), 114 were strongly acidic (-)
(Asp, Glu), 298 are hydrophobic (Ala, Ile, Leu, Phe, Trp, Val), and 168 were polar (Asn, Cys,
GlIn, Ser, Thr, Tyr). The instability index of KC-SuSy was computed as 34.69, which classified
the protein as stable. The amino acid composition data revealed that some of the amino acids
such as GIn (4.2 %), Ser (4.6 %), Glu (9.4%) and Leu (11.1 %) occurred more frequently as
compared to their average occurrence; whereas, the amino acids, namely Cys (0.9 %), Ser
(4.6%), Asn (3.7%) occurred less frequently (Doolittle 1989). As revealed by BLAST search,
KC-SuSy represented SUS4 isoform belonging to group | SUS gene family in plants (Fig. 4.7)

4.1.2 Cloning and Characterization of cDNAs Encoding FRKs and FLN

Cloning of FRK cDNAs: A cDNA clone (1110 bp, designated St-CFK21) corresponding to
FRK2 allele was obtained through RT-PCR using total RNA from the potato (cultivar KC-1)
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tubers shown in Fig. 4.4; sequenced and submitted to GenBank database (MN420513). This
cDNA consisted of 10-bp 5'-UTR, 960-bp ORF (bases 11-970), and 140-bp 3'-UTR.

1 2

kb

Fig. 4.4 RT-PCR amplification of FRK cDNA. Lane 1 500 bp DNA ladder; Lane 2 RT-PCR product (~1.1 kb)
using total RNA from the growing potato tuber of the cultivar KC-1 and the FRK cDNA-specific primers,

F1-FK0001 and R2-FK1110.

The deduced protein, designated St-FRK2, consisted of 319 amino acids (QIS79145). As
revealed by MyHlits tool of EXPASYy, the PfkB family carbohydrate kinase region of St-FRK2
consisted of 299 amino acids i.e., 10-308. NCBI BLAST search revealed that St-CFK21
shared 99% sequence identity at nucleotide level with a 1143-bp full-length cDNA clone
(Z212823) corresponding to a FRK2 isoform (CAA78283) from the potato cultivar record, with
amino acid substitutions at three places. Based on the ProtParam tool, the approximate
molecular weight (MW) of St-FRK2 was found to be 34 kDa with a predicted isoelectric point
(p!) of 5.47. Out of its total 319 amino acids, 32 were strongly basic (+) (Lys, Arg), 39 were
strongly acidic (=) (Asp, Glu), 129 were hydrophobic (Ala, lle, Leu, Phe, Trp, Val), and 61
were polar (Asn, Cys, GIn, Ser, Thr, Tyr). Aliphatic index was found to be 97.30. The
instability index (1) of St-FRK2 was found to be 20.90, which classified it as a stable protein.
The amino acid composition data revealed that occurrence of some of the amino acids namely
Ala (11.3%), Gly (10.3%), Leu (12.5%) was notably very high as compared to their average
occurrence; whereas, the amino acids, namely Arg (3.4%), GIn (0.6%), Asn (2.8%), Pro
(3.8%), Trp (0.6%) and Tyr (1.6%) occurred relatively less frequently (Doolittle 1989).
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The nucleotide sequence of another cDNA clone specific to Kufri Chipsona-1 (784 bp,
designated St-CFK23) was also analysed by NCBI BLAST tool, and found to encode a distinct
form of StFRK2 gene; the sequence information was submitted to GenBank database
(MN401256). The 784-bp FRK consisted of 1-bp 5-UTR, 771-bp ORF (bases 2-771), and
12-bp 3’-UTR). NCBI BLAST search revealed that St-CFK23 shared 99% sequence identity
with FRK, a full-length cDNA clone from potato (JX576230). The coding region of FRK
showed significant sequence identities with some other FRK and FLN cDNAs: potato
(MN401257, XM_006347240, DQ235181, JX576279, JX576230), tomato (NM_001246959,
AK326357, AY325501, U64818) tobacco (XM_019397605, XM_016643248), coffee
(XM_0272761675), populus (XM_035036621), jatropha (XM_0376635540) belonging to
Solanceae and other families. The corresponding predicted protein, designated St-FRK2A,
consisted of 256 amino acids (protein_id QIV66775). Based on the ProtParam tool, the
calculated molecular weight (MW) of deduced amino acid sequence of St-CFK23 was found to
be 27.89kDa with a predicted isoelectric point (pl) of 5.61. Out of its total 256 amino acids, 28
were strongly basic (+) (Lys, Arg), 33 were strongly acidic (-) (Asp, Glu), 100 are hydrophobic
(Ala, lle, Leu, Phe, Trp, Val), and 55 were polar (Asn, Cys, Gln, Ser, Thr, Tyr). The instability
indexof KC-FRK was computed as 26.79, which classified the protein as stable. The amino
acid composition data revealed that some of the amino acids such as Lys (7.0 %), Asp (6.2 %),
Ala (9.8 %), and Leu (12.5 %) occurred more frequently as compared to their average
occurrence; whereas, the amino acids, namely Thr (3.7 %), GIn (1.2 %), Arg (3.9%), Phe (2.7
%), and Tyr (2.3 %), occurred less frequently, enabling the protein to undergo post

translational modification more frequently (Doolittle 1989, Azevedo and Saiardi 2016).

Cloning of FLN cDNA: A cDNA clone (839 nts, designated St-CFL27; MN401258) was
isolated using leaf total RNA from KC-1 and found to encode a distinct form of FLN
consisting of 266 amino acids designated StFLN (protein_id QIV66777). St-CFL27 shared
99% similarity with JX576279 and considerable similarity with the nucleotide sequences from
potato (XM_006347240, DQ235181, DQ294257, Z12823), tomato (NM_001246959,
AK326357, U62329, NM_001246959), tobacco (XM_016643248, XM_0162722598), populus
(EF146912, XM_066372799), lotus (AK339576). As calculated by ProtParam tool, molecular
weight of deduced amino acids encoded by St-FLN was found to be 28.88 kDa with a
predicted isoelectric point (pl) of 5.9. Out of its total 266 amino acids, 27 were strongly basic

63



(+) (Lys, Arg), 31 were strongly acidic (-) (Asp, Glu), 107 are hydrophobic (Ala, lle, Leu, Phe,
Trp, Val), and 52 were polar (Asn, Cys, Gln, Ser, Thr, Tyr). The instability index of KC-FLN
was computed as 25.38, which classified the protein as stable. The amino acid composition
data revealed that some of the amino acids such as Gly (9.0 %), Ala (9.8 %), Ser (7.9), Phe
(4.9), and Leu (12.4 %) occurred more frequently as compared to their average occurrence;
whereas, the amino acids, namely Thr (3.8 %), GIn (0.8 %), Cys (0.8%), Arg (4.1%), Phe
(2.7 %), and Tyr (2.3 %), occurred less frequently which could destabilize alpha chains in a
protein and allowing the protein to be in its native state (Doolittle 1989, Dong et al. 2012).

4.1.3 Cloning and Characterization of a cDNA Encoding CDPK2

The nucleotide sequence of a cDNA clone (1560 bp, designated CDPK2-A) obtained through
RT-PCR using total tuber RNA from the cultivar KC-1 shown in Fig. 4.5; analyzed by NCBI
BLAST tool, and found to be a distinct form of CDPK2 gene family. The sequence information
was submitted to GenBank database (MN420514).

Fig. 4.5 RT-PCR amplification of CDPK2 cDNA. Lane 1 1 kb DNA ladder; Lane 2 RT-PCR product (~1.6 kb)
using total RNA from the growing potato tuber of the cultivar KC-1 and the CDPK cDNA-specific primers,
SC2F1-0001 and SC2R2-1560

The 1560-bp CDPK2-A lacking 5-UTR consisted of 1548-bp ORF, and 12-bp 3'-UTR ; the
G+C content of the coding region and 3'-UTR were found to be 41.4% and 66.7%,
respectively. Nucleotide BLAST search revealed that CDPK2-A shared 99% sequence identity
with AF418563, a full-length CDPK2 cDNA clone from the potato cultivar spunta (Raices et
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al. 2003). The coding region of CDPK2-A also showed significant sequence identities with
some other plant cDNAs having the following Accession Numbers: NM_001288442.1,
XM_006346152.2, XM 015226573.1, NM_001247653.2, BT013334.1, AF363784.1,
LC156099.1, AF115406.3, JN662020.1, XM_016701298.1, XM_016631157.1 belonging to
different forms of CDPK and CDPK-like proteins in the Solanaceae family.

The predicted protein, designated StCDPK2, consisted of 515 amino acids (protein_id
QIS79146). Based on the ProtParam tool, the calculated molecular weight (MW) of StCDPK2
was found to be 57.14 kDa with a predicted isoelectric point (pl) of 6.59. Out of total 515
amino acids, 67 were strongly basic (+) (Lys, Arg), 70 were strongly acidic (=) (Asp, Glu), 163
were hydrophobic (Ala, lle, Leu, Phe, Trp, Val), and 118 were polar (Asn, Cys, GIn, Ser, Thr,
Tyr). The instability index of StCDPK2 was computed as 28.35, which classified the protein as
stable. The amino acid composition data revealed that some of the amino acids such as Gly
(8.7%), Lys (8.9%), Glu (7.8%), and lle (6.4%) occurred more frequently as compared to their
average occurrence; whereas, the amino acids, namely Thr (4.9%), GIn (2.7%), Arg (4.1%),
Phe (2.7%), and Trp (0.8%), occurred less frequently (Doolittle 1989).

4.1.4 Cloning and Characterization of a cDNA Encoding CAT1

A 1600-bp cDNA clone corresponding to CAT1 allele was obtained through RT-PCR using
total tuber RNA from the cultivar KC-1) shown in Fig. 4.6; sequenced and submitted to the
GenBank database (MT731685). This cDNA consisted of 2-bp 5-UTR, 1482-bp ORF (bases
3-1481), and 116-bp 3'-UTR. NCBI BLAST search revealed that KC-CAT1 shared 99%
sequence identity with CAT1, a full-length cDNA clone from a potato cultivar ‘Russet
Burbank’ (U27082). The coding region of CAT showed significant sequence identities with
CAT and CAT-like cDNAs of some plants of solanceae family and others namely:
NM_001287934, DQ2944281, AY500290 from potato; AK320529, NM_001247898,
KU933832 from tomato; X71653, AF227952 from capsicum; NM_001324674,
XM 019397890, XM 009592432 from tobacco; XR_ 0034533160, XM 027234995 from
coffee and XM _0305755531 from populus.

The deduced protein, designated KC-CAT1, consisted of 492 amino acids (QWW18612).
Based on the ProtParam tool, the approximate molecular weight (MW) of KC-CAT1 was
found to be 56.42 kDa with a predicted isoelectric point (pl) of 6.56. Out of its total 492 amino
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acids , 59 were strongly basic (+) (Lys, Arg), 63 were strongly acidic (-) (Asp, Glu), 153 were
hydrophobic (Ala, lle, Leu, Phe, Trp, Val), and 127 were polar (Asn, Cys, Gln, Ser, Thr, Tyr).

kl»

Fig. 4. 6 RT-PCR amplification of CAT1 cDNA. Lane 1 1 kb DNA ladder; Lane 2 RT-PCR product (~1.6 kb)
using otal RNA from the growing potato tuber of the cultivar KC-1 and the CAT cDNA-specific primers,
F1-CT 0001 and R2-CT1600

Aliphatic index was found to be 68.56. The instability index (I1) of KC-CAT1 was found to be
40.36, which classified it as an unstable protein. The amino acid composition data revealed that
occurrence of some of the amino acids namely Pro (7.3%), Phe(5.9%), His (3.9%) was notably
very high as compared to their average occurrence; whereas, the amino acids, namely Leu
(5.9%), GIn (2.6%), Gly (5.2) occurred relatively less frequently (Doolittle 1989).

According to Objective 1 of the thesis work, all the aforesaid distinct individual cDNA clones
corresponding to SuSy, FRKs, FLN, CDPK and CAT were isolated, sequenced, characterized
and assigned with GenBank Accession Numbers. Such cDNA cloning studies were carried out

for the first time from an Indian potato cultivar.
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4.2 Objective 2: Sequence analyses of the enzymes for identifying the charac-
teristic sequence features

In order to fulfill this Objective, multiple approaches were adopted to analyze the full-length
deduced amino acid sequences of the individual enzymes under study. The major approaches
were multiple sequence alignment (MSA), genome wide characterization of the genes and their
localizations, phylogenetic analyses, prediction of secondary/3-D structures, finding the crucial
domains/motifs including the catalytic/substrate binding sites. Several commonly used and
reliable software tools were employed for the in silico studies with some manual adjustments
wherever required. The details of the analyzed data are presented here.

4.2.1 Sequence Analyses of Sucrose Synthase (SuSy/SUS)

Multiple sequence alignment, regulatory/binding motifs and other sequence features: Six
potato SuSy sequences representing three different SUS gene groups were used for alignment
to identify the sequence relatedness and divergence. The crucial domains/motifs involved in
the catalysis and regulation under various biotic and abiotic stresses include ATP/GTP-binding
site motif A (P-loop) (RAHHYKGKT), bipartite nuclear localization signal (RRYLEMF
YALKYRKM) , CodY helix-turn-helix domain (SEGNLAASLLAHKLGVTQCTIAHALEK),
glycosyl transferase domain (558-725) and cAMP- and cGMP-dependent protein kinase
phosphorylation sites; their relative locations and functions are presented in Fig. 4.7 and
Table 4.2 as well. ATP/GTP-binding site motif A (P-loop) contains a glycine rich sequence
followed by lysine rich thus helping in ATP binding while, bipartite nuclear localization signal
profile helps in targeting the protein localization and CodY helix-turn-helix domain; a DNA
helix which help in binding of protein to DNA grooves, thus aiding in protein functioning. In
addition to this, the SuSy proteins are known to contain two main regulatory domains namely;
250 amino acids long N-terminal domain responsible for cellular targeting; including the
cellular targeting domain (CTD), an early nodulin 40 (ENODA40) peptide-binding domain
(EPBD) and almost double C- terminal GT-B domain of 500 amino acids playing a role in the
glycosyl transferase activity. The active sites in the GT-B domains are found to be conserved,
both within and among the three SuSy subgroups, hence they are subjected to more
evolutionary constraints than the “regulatory” domains which are responsible for the cellular
localization of SUS genes (Zheng et al. 2011; Xu et al. 2019). Also, two important serine
phosphorlyation sites at position 11-15 and at position 170 are found to be responsible for
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StSuSyl
StSuSyl
StSuSy2
StSuSyII
StSuSyIII

KC-SuSy
StSusSyl
StSuSyI
StSuSy2
StSuSyII
StSuSyIII

KC-SuSy
StSusSyl
StSuSyI
StSuSy2
StSuSyII
StSuSyIII

ckKk ek Kk Kk Kk e khkKk o o Kk o * kK. sRKK kkk kK sakKkakk aa ok ke * Kk k Kk Kk

ATP/GTP-binding site motif A
OLOLOLOLOL UL UL OLOLDL ™ ~ CLOLL ~ AL ALALALAAA KA~~~ ~ BRB~ v~ v v OLOLOLOL LU UL AN~ ~ ~ e~~~ LA OLOL~ ~ ~
VEFLNRHLSAKMFHDKESMTPLLEFLRAHHYKGKTMMLNDRIQNSNTLONVLRKAEEYLIMLPPQTPYFEFEHKFEEIGL
VEFLNRHLSAKMFHDKESMTPLLEFLRAHHYKGKTMMLNDRIQONSNTLONVLRKAEEYLIMLPPDTPYFEFEHKFQEIGL
VEFLNRHLSAKMFHDKESMTPLLEFLRAHHYKGKTMMLNDRIQONSNTLONVLRKAEEYLIMLPPDTPYFEFEHKFQEIGL
VOQFLNRHLSSNMFRSKESLDPLLDFLRGHNHKGNVLMLNERIQRISRLESSLNKADDYLSKLPPDTPYTEFEYALQEMGE
VOQFLNRHLSSNMFRSKESLDPLLDFLRGHNHKGNVLMLNERIQRISRLESSLNKADDYLSKLPPDTPYTEFEYALQEMGE
LSYVSKFLTSKLNASSTSAQCLVDYLLTLNHQGDKLMINETLSTVSKLQAALVVAESSISSIPTDTPYQSFELRFKEWGF

* . . * K e oe ek . % * .k . * . * * . . oK. *** ** * *

~~~~~~~ LA AAAAAAAAAAC~ ~ ~ AAAAAAAAA~ ~~ >~ ~BRPRP v~~~ v~ v~ v~ v~ BROOOE ~ OO OO
EKGWGDTAERVLEMVCMLIDLLEAPDSCTLEKFLGRIPMVENVVILSPHGYFAQENVLGYPDTGGQVVYILDQVPALERE
EKGWGDTAERVLEMVCMLLDLLEAPDSCTLEKFLGRIPMVENVVILSPHGYFAQENVLGYPDTGGQVVYILDQVPALERE
EKGWGDTAERVLEMVCMLLDLLEAPDSCTLEKFLGRIPMVENVVILSPHGYFAQENVLGYPDTGGQVVYILDQVPALERE
EKGWGDTAKRVLETMHLLSDILQAPDPSTLETFLGRLPMVENVVILSPHGYFGQANVLGLPDTGGQVVYILDQVRALEAE
EKGWGDTAKRVLETMHLLSDILQAPDPSTLETFLGRLPMVENVVILSPHGYFGQANVLGLPDTGGQVVYILDQVRALEAE
EKGWGDTAERVRDTMRTLSEVLQAPDPSNFEKFFGRVPTVENIVLESVHGYFGQADVLGLPDTGGQVVYVLDQVVAFEEE

kK kK kkk kK . * ek Kk kK * kK kk ok kkKkeke Kekkkk ok *Khkk Ak Kk kkkkhkk e kkkkx Kk Kk X

LA™~~~ ~ BRRRRR~~~~~~~v v BRRRR~~~~~~ BRBPBR~~~ v~~~ [SICReleleleolotetele e e oo oo e e e
MLKRIKEQGLDITIPRILIVTRLLPDAVGTTCGQRIEKVYGGEHSHILRVPFRTEKGIVRKWISRFEVWPYMETFIEDVAK
MLKRIKEQGLDITIPRILIVTRLLPDAVGTTCGQRIEKVYGAEHSHILRVPFRTEKGIVRKWISRFEVWPYMETFIEDVAK
MLKRIKEQGLDIIPRILIVTRLLPDAVGTTCGQRIEKVYGAEHSHILRVPFRTEKGIVRKWISRFEVWPYMETFIEDVAK
MLLRIKQQOGLNFKPKILVVTRLIPDAKGTTCNQRLERISGTEYSHILRVPFRTENGILHKWISRFDVWPYLEKFTEDVAG
MLLRIKQQGLNFKPRILVVTRLIPDAKGTTCNQRLERISGTEYSHILRVPFRTENGILHKWISRFDVWPYLEKFTEDVAG
MLORIKQQOGLNVKPQILVLTRLIPDAKGTKCNQELEPTIKNTKHSHILRVPFRTEKGVLNQWVSRFDIYPYLERYTQDASD

KKk KKK *** * ** *** *** ** * * ek . e KKK KKAKAKKK KK * . * *** . **** oK.

CodY helix-turn-helix domain
QOO ™~~~ BRBP~~ oA AAAAAAAAAAO ™~~~ BB B~ ~ AN~~~ e OLOLOLOLOLO ™~ ~ ~ DL U L L ALAL LU~ ~ ~ B B
EISAELQAKPDLIIGNYSEGNLAASLLAHKLGVTQCTIAHALEKTKYPDSDIYWKKEDEKYHFSSQFTADLIAMNHTDET
EISAELQAKPDLIIGNYSEGNLAASLLAHKLGVTQCTIAHALEKTKYPDSDIYWKKEFDEKYHFSSQFTADLIAMNHTDET
EISAELQAKPDLIIGNYSEGNLAASLLAHKLGVTQCTIAHALEKTKYPDSDIYWKKFDEKYHEFSSQFTADLIAMNHTDET
EMSAELQGVPDLIIGNYSDGNLVASLLAYKMGVTQCTIAHALEKTKYPDSDIYWKKFEEKYHEFSCQFTADLLSMNHSDFET
EMSAELQGVPDLIIGNYSDGNLVASLLAYKMGITQCTIAHALEKTKYPDSDIYWKKFEEKYHFSCQFTADLLSMNHSDET
KIIELMEGKPDLIIGNYTDGNLVASLMARKLGITLGTIAHALEKTKYEDSDIKLKELDPKYHFSCQFTADLIAMNSADFV

hkkkhkkkk  hkkokkkok Kk Kkek  kkkkkkkkkkk Kkhkkk koo s Kkkkk kkkkkk. Kk Kk

BB~ ~ oo~ ~ oo~~~ e~ QOO ™~~~ BRPB~~~~~ BRBPR~~~~~~ QOB P~~~ oo~ ~RBR~ N~~~ QOO ™~~~ ~
ITSTFQEIAGSKDTVGQYESHMAFTMPGLYRVVHGINVEDPKENIVSPGADINLYFSYSDTEKRLTAFHPEIDELLYSDV
ITSTFQEIAGSKDTVGQYESHMAFTMPGLYRVVHGINVEDPKENIVSPGADINLYFSYSETEKRLTAFHPEIDELLYSDV
ITSTFQEIAGSKDTVGQYESHMAFTMPGLYRVVHGINVEDPKENIVSPGADINLYFSYSETEKRLTAFHPEIDELLYSDV
ITSTYQEIAGTKNTVGQYESHTAFTLPGLYRVVHGIDVFDPKEFNIVSPGADMTIYFPYSDKEKRLTSLHPSIEKLLFDPE
ITSTYQEIAGTKNTVGQYESHTAFTLPGLYRVVHGIDVFDPKEFNIVSPGADMTIYFPYSDKEKRLTSLHPSIEKLLFDPE
ITSTYQEIAGSKDRPGQYESHSAFTLPGLYRVVSGINVEDPKENIAAPGADQSVYFPYTEKQKRLTDFRPAIEKLLESKV
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v

~ ~ XL OLOLOLOL ™~~~ e BRBRR~~~~~~~~ QAAAAAAAAA~ XA~~~ ~BRRRPP~ ~~v~v~~~~~ QLU X L LUK DL UL~ ~
KC-SuSy ENDEHLCVLKDRTKPILFTMARLDRVKNLTGLVEWYAKNPRLRGLVNLVVVGG-DRRKESKDLQEQAEMKKMYELIETHN 635
StSuSyl ENDEHLCVLKDRTKPILFTMARLDRVKNLTGLVEWYAKNPRLRGLVNLVVVGG-DRRKESKDLEEQAEMKKMYELIETHN 635
StSuSyI ENDEHLCVLKDRTKPILFTMARLDRVKNLTGLVEWYAKNPRLRGLVNLVVVGG-DRRKESKDLEEQAEMKKMYELIETHN 635
StSuSy2 ONEVHIGNLNDQSKPIIFSMARLDRVKNITGLVECYAKNATLRELANLVVVAGYNDVKKSNDREEIAEIEKMHALMKEHN 638
StSuSyII QONEVHIGNLNDQSKPIIFSMARLDRVKNITGLVECYAKNATLRKLANLVVVAGYNDVKKSNDREEIAEIEKMHALMKEHS 638
StSuSyIII DNDEHIGYLEDRTKPILFTMARLDTVKNTTGLTEWFGKNKKLRSLVNLVVVGGSEFDPTKSNDREEAAEIKKMHVLIEKYQ 640

* * . * % KAk ek KAKAKAK KAk Khkk Kk .o kK KKk K e kKKK K oKk * kK ek kK * % *

E-X7-E motif
i 1 ] R QO XAAAA ™~~~ BB B~~~ AAAAAAAA~ ~~~BRBPP~~~~~ QAR R~~~~BRRR~~~~
KC-SuSy LNGQFRWISSQMNRVRNGELYRYIADTKGAFVQPAFYEAFGLTVVEAMTCGLPTFATNHGGPAEIIVHGKSGFHIDPYHG 715
StSuSyl LNGQFRWISSQMNRVRNGELYRYIADTKGAFVQPAFYEAFGLTVVEAMTCGLPTFATNHGGPAEIIVHGKSGFHIDPYHG 715
StSuSyI LNGQFRWISSQMNRVRNGELYRYIADTKGAFVQPAFYEAFGLTVVEAMTCGLPTFATNHGGPAEIIVHGKSGFHIDPYHG 715
StSusSy?2 LDGQFRWISAQMNRARNGELYRYIADKRGIFVQPAFYEAFGLTVVEAMTCGLPTFATCHGGPMEIIQDGVSGYHIDPYHP 718
StSuSyII LDGQFRWISAQMNRARNGELYRYIADKRGIFVQPAFYEAFGLTVVEAMTCGLPTFATCHGGPMEIIQDGVSGYHIDPYHP 718
StSuSyIII LKGQIRWIAAQTDRYRNSELYRTIADSKGAFVQPALYEAFGLTVIEAMNCGLPTFATNQGGPAEIIVDGISGFHIDPNNG 720

R S * K kK KKK K e kKKK K KKK KAK AKX KAKAKAKAAK e AAX AXAXAXAKAKAKX K KKK KKK kX KKk e kKKK

v Bipartite nuclear localization signal profile

OLO{OLOL XXX O{OLCLOLXYOX OO~ ~ XX O OLOL L O XX L L CLOL XX DXL QL O~ ~ XX QL L CLOL XX L L LU XXX~ L AL OL XX~ AL LA X X L AL AL AL XL XX AL AL ALY ~ DAL
KC-SuSy EQAADLLADFFEKCKKDPSHWETISMGGLKRIEEKYTWQIYSESLLTLAAVYGFWKHVSKLDRLETIRRYLEMFYALKYRK 795
StSusSyl EQAADLLADFFEKCKKDPSHWETISMGGLKRIEEKYTWQIYSERLLTLAAVYGFWKHVSKLDRLETIRRYLEMFYALKYRK 795
StSuSyI EQAADLLADFFEKCKKDPSHWETISMGGLKRIEEKYTWQIYSERLLTLAAVYGFWKHVSKLDRLEIRRYLEMEYALKYRK 795
StsSusSy2 NKAAELMVEFFQRCEQNPTHWENISASGLOQRILDRYTWKIYSERLMTLAGVYGEFWKLVSKLERRETRRYLEMEFY ILKFRE 798
StSuSyII NKAAELMVEFFQRCEQNPTHWENISASGLQRILDRYTWKIYSERLMTLAGVYGFWKLVSKLERRETRRYLEMEFYILKFRE 798
StSuSyIII DESSNKIVNFFQKSREDPEHWNRISAQGLKRIYECYTWKIYANKVLNMGSIYTEFWKTLYKDOKQAKQRYIDTEFYNLEFRN 800

.. * * . % **..**_.**.**._.***.** :*.*** :.*. **::.** *:.*

AN~ >~~~
KC-SuSy MAEAVPLAAE 805
StsusSyl MAEAVPLAAE 805
StSuSyI MAEAVPLAAE 805
StSusSy2 LVKSVPLAIDDKH 811
StSuSyII LVKSVPLAIDDKH 811

StSuSyIII LIKDVPIRIDEKPEGPKERPERVKVKPQLSQRRSQSRLOK 840

KK .

Fig. 4.7 Comparison of the predicted 6 full-length SuSy sequences corresponding to the three major active
isoform groups from the potato. SuSy groupl includes KC-SuSy (QWW18611), StSuSyl (AAA33841), StSuSyl
(A7Y137); SuSy groupll includes StSuSy2 (AAO67719), StSuSyll (M1A8J5); SuSy grouplll includes StSuSylll
(M1BE45). Multiple sequence alignment was done based on MultAlin software along with some minor manual
adjustments. Dashes indicate gaps that arise during alignment. Asterisks ‘*’ indicate the conserved amino acids;
‘> refers to the almost conserved or conservative substitutions; ‘.’ refers to conserved amino acids in at least two
SuSy groups. The downward arrow ‘U’ indicates the entire sucrose synthase domain (from 7-554 aa) and ‘¥’
denotes the glycoysltransferase Group | region (from 558-725 aa). The crucial regulatory/binding motifs are
underlined in KC-SuSy. ‘a’, ‘B’ and ‘~’ denote the propensity of the individual amino acids of KC-SuSy towards
alpha helix, beta-sheet and random coil formation, respectively.

membrane association and regulation of protein breakdown or degradation (Hardin et al. 2003).
Another most important conserved motif is E-X7-E found in the region from F671 to E699 of
KC-SuSy, a member of GT4 proteins. The first E residue in the E-X7-E motif is invariant in
all the glycosyltranferase (GT) subfamilies, while the other E residue is substituted by GIn (Q)
or Tyr (Y) in the GT5 proteins. These two Glu (E) are known to play a role in the enzyme
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catalysis. Their role and effect on enzyme activity was studied by mutational and structural

analysis (Huang et al. 2016).

Table 4.2 Catalytic domains/motifs of KC-SuSy and their predicted functions

Catalytic domain Position Function
ATP/GTP-binding 184-191 consist of glycine rich sequence followed by a
site motif A (P-loop) conserved lysine and a serine or threonine to help the

binding of ATP and GTP for enzyme activity

Glycosyl transferase 558-725 catalyzes the transfer of glycosyl groups to a
nucleophilic acceptor with either retention or inversion

Group | of configuration at the anomeric centre

Bipartite nuclear 782-796 aids transfer of protein from nucleus to cytoplasm and

localization signal profile other cell organelles, for the appropriate protein
functioning

CodY helix-turn-helix 414-440 A DNA-binding motif (recognition helix) binds to the

domain major groove of DNA

CAMP- and cGMP- 539-542 phosphorylates proteins with exposed motif of

dependent protein kinase
phosphorylation site

612-615 arginine-arginine-X-serine to gain biological activity

SUS gene family in potato and phylogenetic analysis: By screening the potato whole genome

and transcriptome databases, Spud DB, and EnsemblPlants (https://plants.ensembl.org/

index.html), six SUS genes encoding sucrose synthase designated SuS, SUS4 and SuSy2 were
retrieved, and categorised into three SUS groups (I-111) on the basis of phylogenetic analysis
as reported earlier (Table 4.3, Fig. 4.8). Some of the SUS genes except PGSC0003DMG4000
31046 and PGSC0003DMG400013547 (which encodes only a single transcript) were found to
encode multiple transcripts: e.g., PGSC0003DMG400002895, PGSC0003DMG400031046,
PGSCO0 003DMG400016730 encode two transcripts each, PGSC0003DMG400013546 encodes
four while PGSC0003DMG4000006672 encodes five transcripts. The number of exons varied
from 1 to 15, and the ORF size in these transcripts ranged from 372 to 3537 base pairs. These
differences in the exon-intron structure were also reported in some other plants (Xu et al.
2019), which could the possible reason for the evolution, spatio- temporal expression and
functional characterization of the SUS gene. The predicted proteins encoded by the transcripts
consisted of 55-840 amino acids (6.13-95.57 kDa). The SuSy proteins significantly vary in
terms of size, suggesting their roles in diverse biological processes such as sugar sensing and

stress response (Stein and Granot 2019). The presence of multiple transcripts may be due to
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Table 4.3 Features of SUS genes in potato extracted from genomic databases (Spud DB and Ensembl Plants)

Gene PGSC Gene ID Ch local PGSC Transcript ID Uniprot Base Exons  Amino Mol. pl Instability  Aliphatic ~ Gravy
Group ID pairs acids Wit. Index Index

SUSI PGSC0003DMG400002895 12 PGSC0003DMT400007505 A7Y137 2821 13 805 92.47 5.87 33.36 92.42 -0.246

PGSC0003DMT400007506 MO0ZT40 2746 13 805 92.47 5.87 33.96 92.42 -0.246

SUSIHI PGSC0003DMG400031046 3 PGSC0003DMT400079728 M1D2C2 1017 1 176 19.91 5.79 39.78 77.76 -0.428

PGSC0003DMT400017087 M1A8J5 2915 15 811 92.79 6.01 40.32 89.42 -0.288

SUSII PGSC0003DMG4000006672 9 PGSC0003DMT400017088 M1A8J6 3537 11 436 49.87 6.44 41.87 97.18 -0.191

PGSC0003DMT400017093 M1A8J8 1290 1 55 6.13 4.78 31.84 102.91 0.324

PGSC0003DMT400017094 M1A8J9 952 1 93 10.83 6.39 40.15 86.99 -0.146

PGSC0003DMT400017092 M1A8J7 372 1 80 8.63 6.01 38.40 93.75 0.154

SUSIHI PGSC0003DMG400016730 2 PGSC0003DMT400043117 M1BE45 2697 14 840 95.57 6.95 35.21 84.27 -0.392

PGSC0003DMT400043118 M1BE46 1785 10 566 63.85 5.48 30.22 87.60 -0.256

7 PGSC0003DMT400035262 M1B217 2922 12 808 92.95 6.07 34.97 93.38 -0.225

SUsSI PGSCO003DMG400013546 PGSC0003DMT400035261 M1B216 2828 14 805 92.60 6.03 34.61 93.85 -0.240

PGSC0003DMT400035260 P49039 2809 14 805 92.57 5.98 34.28 93.85 -0.240

PGSC0003DMT400035263 M1B218 2534 10 641 73.88 6.17 35.21 90.03 -0.237

SUSI PGSC0003DMG400013547 7 PGSC0003DMT400035264 M1B219 2698 11 803 91.43 5.83 37.35 88.51 -0.287
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Fig. 4.8 The phylogenetic tree was generated by the MEGA X software using the Neighbor-Joining method with
the bootstrap test (1000 replicates) shown next to the branches and computing the evolutionary distances
computed by the Poisson correction method. The analyses involved 28 SuSy protein sequences; 17 from the
potato (StSUS), 6 from tomato (SISUS) and 5 from A. thaliana (AtSUS) as available in the published reports and/or
databases (the plant species and the GenBank/ Uniprot accession numbers are indicated at each branch). The 805-
aa KC-1 specific SuSy (QWW18611) corresponding to the culivar KC-1 of this study occupied distinct positions

in the phylogenetic tree (shown in bold cases). The three SUS groups are also indicated.
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existence of the allelic variants of the gene-a common feature of the polyploid potato plants.
Interestingly, the smaller transcripts are found to be variants of the SuSy proteins, which might
be involved in other physiological processes that still remain an enigma. The instability index
of the functional SuSy proteins ranged from 30.22 to 41.87, which classified them as relatively
stable proteins. The aliphatic index of the SuSy proteins ranged from 77.76 to 102.91 and
indicated that they are thermostable. The GRAVY values of these proteins ranged from
—0.428 to 0.324 indicating their segment-wise hydrophilic and hydrophobic characteristics.
The pl values ranged from 4.78 to 6.95 and indicated their slightly acidic nature. Phylogenetic
analysis of the 28 SuSy proteins from potato, tomato and Arabidopsis indicated that the SUS
gene family was clearly divided into three major groups in potato also like its closest homolog
tomato (Fig 4.8). From the phylogenetic tree, it was deduced that SUS 1 is the largest group
containing many isoforms and appeared to be more evolved as compared to other two groups.

The biological characteristics of the published SuSy isoforms available in the NCBI database
were also studied (Table 4.4). Although the number of amino acids were the same in some
isoforms, they could differ in other biochemical parameters such as theoretical pl and
molecular weight. Like tomato and Arabidopsis and other plants, the SuS genes could be
divided into three groups in potato (Duan et al. 2021). Thus, implicating that these isoforms
could be allelic variants of the individual SUS genes. Hence leading to the expansion and
evolution of the gene family. As mentioned earlier, the size of the SUS gene family
significantly varies between the plant species ranging from two to thirty, suggesting gene
duplication events might have led to the expansion of this gene family (Abdullah et al. 2018;
Stein and Granot, 2019; Xu et al. 2019).

Table 4.4 Biochemical information of the potato SuSys extracted from the NCBI database

Gene Name Accession No. Accession No. ORF  Coding Protein  Mol. Wt. pl
(Nucleotide) (Protein) (bp)  Region (aa) (kDa)

Sucrose synthase (SS16) XM_006345182 XP_006345244 2813  156..2573 805 92.47 5.87
Sucrose synthase M18745 AAA33841 2711 76..2493 805 9241 5.83
Sucrose synthase 2 AY205084 AAO034668 2701  122..2539 805 92.61 5.98
Sucrose synthase 4 AJ537575 CAD61188 2429 6..2423 805 92.44 5.91
Sucrose synthase 2 AY205302 AAO67719 2679 22..2457 811 92.77 5.99
Sucrose synthase 3 NM_001288308 NP_001275237 2679 22..2457 811 92.77 5.99
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Chromosomal localization: The SUS genes were localised on five chromosomes: briefly,
PGSC0003DMG400002895 at 30.85 Mb on Ch12, PGSC0003DMG400031046 on Ch3 at
44.88 Mb, PGSC0003DMG4000006672 on Ch9 at 61.46 Mb, PGSC0003DMG400016730 on
Ch2 at 36.93 Mb and PGSC0003DMG400013546 at 40.64 Mb, PGSC0003DMG400013547 at
40.61 on Ch7 (Fig. 4.9).
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Fig. 4.9 A schematic presentation of chromosomal localization of the potato SUS genes retrieved from Potato
Genome Sequencing Consortium (PGSC) and Ensembl Plants database. The chromosomes are shown in blue,
while the centromeres are shown in red.

Model structure, active site prediction and validation: In order to annotate biological function
of any protein it is essential to know its structure first. So, the model generated by
I-TASSER (through the combination of threading and ab initio prediction) was taken for the
study. I-TASSER, a meta server implements different threading programmes and its quality is
asssed on the basis of Z-score (the energy score in standard deviation units relative to statistical
mean of alignments). For confident alignment Z-score should be greater than 1. The model
with minimized energy was used to show the specific glycosyl transfer signature domain. The
active site and the crucial features and domains as reported earlier were also studied and shown
in the 3-D structure visualized in the form of ribbons by PyMol shown in Fig.4.10 (Zheng et al.
2011; Huang et al. 2016). It was observed that in 3-D structure, the catalytically active
domains i.e., CTD domain in blue, EPBD domain in cyan, the GTB-N domain in wheat, GTB-
C domain in yellow and linker domain in green colour were present in close proximity thus
could trigger the enzymatic activity which need to be elucidated.
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Fig. 4.10 Ilustrated representation and catalytic domains of the predicted three-dimensional structure model of the
KC- SuSy. The CTD domain is depicted in blue, EPBD domain in cyan, the GTB-N domain in wheat, GTB-C
domain in yellow and the extra N and C terminal regions in magenta colour in the form of cartoon. The other
important linker region between CTD and EPBD domain is shown as sphere in green colour. The images were
generated using the PyMol program (Schrédinger, Inc., New York, NY, USA)

The modelled structure was validated using the Structural Analysis and Verification Server
(http://nihserver.mbi.ucla.edu/SAVES) (Fig.4.11). Backbone conformation evaluation by the
inspection of the Psi/Phi Ramachandran plot of the proteins model indicated that very few
generally one or two amino acids were in disallowed regions. As these residues were
considerably distant from the important domains, so their influence on the inferences derived
here can be considered negligible. The details of residues in derived protein models in the
various regions like, the most favoured, additional allowed, generously allowed and disallowed
regions, in Ramachandran plot.
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Fig. 4. 11 Ramachandran plot of the KC- SuSy model. The most favoured regions are colored red, additional
allowed, generously allowed and disallowed regions are indicated as yellow, light yellow and white fields,

respectively.
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Thus from the Ramachandran analysis, it could be hypothesised that generated 3-D model is
highly plausible. The transmembrane helices prediction (Fig.4.12) was done using Phyre2, a
protein fold recognition server (sbg.bio.ic.ac.uk). The transmembrane helices help to predict
the protein topology in the membrane. From the figure it could be deduced that the SuSy
protein is cytoplasmic or in other words it is localized in the cytosol of cell. For this Phyre2
uses memsat-svm which has demonstrated an average accuracy of approximately 90% on large
number of data set. Hence, it has proved to be beneficial in order to know the topology of any

protein thus understanding its structure and function.
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Fig. 4.12 lllustrated representation of transmembrane helix prediction of KC- SuSy by Phyre2. The extracellular
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and cytoplasmic sides of the membrane are labelled and the beginning and of each transmembrane helix illustrated

with a number indicating the residue index

4.2.2 Sequence Analyses of Fructokinases (FRKS)

Multiple sequence alignment, protein motifs and structural features: Using the MultAlin
software, multiple sequence alignment was done using a total of eighteen FRK sequences
corresponding to the four major active forms (FRK1-4) from the five Solanaceae family
members (Fig.4.13): seven FRK2 forms (three from potato, one each from tomato, tobacco,
petunia and capsicum); four FRK1 forms (one each from potato, tomato, capsicum and
tobacco); three FRK3 forms (one from potato, two from tomato), and four FRK4 forms (two
from potato, one each from tomato and tobacco). The purpose was to closely inspect the
sequence similarities and divergences, nature and location of the amino acid substitutions,
deletions/insertions within and between the FRK isoforms of different plant species. Different
members of the individual FRK isoforms became visibly distinct because of their nearly

common N-terminal regions. Alignment of the PfkB family carbohydrate kinase regions of

76



~~~~~~~~~~~~ BRBB~~~BBB

St-FRK2 MAVNGSALSSGLIVSFGEMLID
St-FRK2A MAVNGSALSSGLIVSFGEMLID
S1FRK2 MAVNG-ASSSGLIVSFGEMLID
St-FRK2B MAVNGSAPSSGLIVSFGEMLID
NtFRK2 MAANG-V-SSGLIVSFGEMLID
PiFRK2 MAVNG-VSSGGLIVSFGEMLID
CbFRK2 MAVNGSA-SSGLIVSFGEMLID
St-FRK1 MADESISGNLKDLSLNRNGDVSKKSHLVVCEFGEMLID
S1FRK1 MAGESISGNLKDLSLNRNGAVSKKSHLVVCEFGEMLID
CbFRK1 MADESISGNLKDLCLNRNGVASNNSHLVVCFGEMLID
NsFRK1 MADESISGNLKDLSLNTNGAATKKSHLVVCEFGEMLID

St-FRK3 MALHVTAFSEFTGVSTSSKASRSSLLSVEPAPRRCTVKAASQYPPSIPRCKIQGRALPSDNGPLEKDESSLVVCFGEMLID
S1FRK3 MALHATAFSFTGVSTSSKSSRSALLSVFPLPRRCTVKATSQYPHSFPRCKIQGRALPSDNGLVEKDESSLVVCFGEMLID
LeFRK3 MALHATAFSFTGVSTSSKSSRSALLS---LPRRCAVKATSQYPHSFPRCKIQGRALPSDNGLVEKDESSLVVCFGEMLID

St-FRK4A MDRSSKKGSKMACCEFPVILDRSMRSSFKLSKSSSSNKLNKSKSSICSPTSLSMKKKSVQENDHLVVCEFGELLID
St-FRK4B MACCFPVILDRSMRSSFKLSKSSSSNKLNKSKSSICSPTSLSMKKKSVQENDHLVVCFGELLID
LeFRK4 MACCFPVILDRSMRSSFKLSKSSSSSKLDKSKSSICSPTSLSTKKKSIQENDNLVVCEFGELLID
NtFRK4 MDRSSKKGSKLACCFPVILDRSMKSSFKLSKSSSSDKLNKSKSSICSPTSLSMKKRD-QENNHLVVCEFGELLID

K ek e kKK o kKK

PfkB Kinase (Signature 1)/ (ATP binding motif)

V V ========== v

BRR~~~~ BRRP~~~cooaaaaciooa~~~BREEREEE R~ ~ oo~~~ ~ BRRBRB~~~~BPRBBRR

St-FRK2 FVPTVSAVSLGEAPGFLKAPGGAPANVATIAVTRLGGKSAFVGKLGDDEFGHMLGGILKTNGVQADGINFDKGARTALAFV
St-FRK2A FVPTVSGVSLAEAPGFLKAPGGAPANVAIAVTRLGGKSAFVGKLGDDEFGHMLAGILKTNGVQADGINFDKGARTALAFV
S1FRK2 FVPTVSGVSLAEAPGFLKAPGGAPANVAIAVTRLGGKSAFVGKLGDDEFGHMLAGILKTNGVQAEGINFDKGARTALAFV
St-FRK2B FVPTVSGVSLAEAPGFLKAPGGAPANVAIAVTRLGGKSAFVGKLGDDEFGHMLAGILKTNGVQADGINFDKGARTALAFV
NtFRK2 FVPTVSGVSLAEAPGFLKAPGGAPANVPIAVTRLGGKSAFVGKLGDDEFGHMLPGILKONGVQADGINFHKGARTALAFL
PiFRK2 FVPTVSGVSLAEAPGFLKAPGGAPANVAIAVTRLGGNSAFVGKLGDDEFGHMLAGI LKENGVKAEGINFDTGARTALAFV
CbFRK2 FVPTVSGVSLAEAPGFLKAPGGAPANVAIAVTRLGGKSAFVGKLGDDEFGHMLAGI LKQONGVQADGINFDTGARTALAFV
St-FRK1 FIPTLAGVSLAEAPAFEKAPGGAPANVAVCISKLGGSSAFIGKVGDDEFGRMLADILKQNNVDNSGMREFDHDARTALAFT
S1FRK1 FIPTVAGVSLAEAPAFEKAPGGAPANVAVCISKLGGSSAFIGKVGDDEFGRMLADILKQNNVDNSGMRFDHDARTALAFT
CbFRK1 FIPTVGGVSLAEAPSFEKAPGGAPANVAVCVSKLGGSSAFIGKVGDDEFGRMLADI LKQHNVDNSGMRFDHDARTALAFV
NsFRK1 FVPTVGGVSLAEAPAFEKAPGGAPANVAVCIANLGGSSAFIGKVGEDDFGRMLADILKQHNVDNSGMRFDHDARTALAFV
St-FRK3 FVPTISGLSLAEAPAFKKAPGGAPANVAVGISRLGGSSAFIGKVGEDEFGYMLAEILKENNVNSDGMRFDPGARTALAFV
S1FRK3 FVPTTSGLSLAEAPAFKKAPGGAPANVAVGISRLGGSSAFIGKVGEDEFGYMLAEILKENNVNSDGMRFDPGARTALAFV
LeFRK3 FVPTTSGLSLAEAPAFKKAPGGAPANVAVGISRLGGSSAFIGKVGEDEFGYMLAEILKENNVNSDGMRFDPGARTALAFV
St-FRK4A FVPTVSGVSLAEAPGFKKAPGGAPANVAVGIARLGGSSAFIGKVGADEFGYMLADILKQNNVDNSGMRFDTHARTALAFV
St-FRK4B FVPTVSGVSLAEAPGFKKAPGGAPANVAVGIARLGGSSAFIGKVGADEFGYMLADILKQONNVDNSGMRFDTHARTALAFV
LeFRK4 FVPTVSGVSLAEAPGFKKAPGGAPANVAVGIARLGGSSAFIGKVGADEFGYMLADILKQONNVDNSGMRFDTHARTALAFV
NtFRK4 FVPTVSEVSLAEAPGFKKAPGGAPANVAVGIARLGGSSAFIGKVGADEFGYMLSDILKQNHVDNSGMRFDTHARTALAFV

K e KK s KK e AAK K KAAKKAAAAKAKAKAK o . KKK KAk Kekk ek KAXKX KKk * KKk * K e KK KKKKKKK o

Substrate recognition domain

BR~~~~~ BRBBRBR~~~~aoor~ ~~ oo~ ~ AXAAA~~ BB BB~ ~ ~ O~ ~ OO O LU AL AU OLOLLOLOL ™~~~ e v e e s v e e
St-FRK2 TLRADGEREFMEFYRNPSADMLLTPDELNLDLIRSAKVFHYGSISLIVEPCRSAHLKAMEVAKEAGALLSYDPNLRLPLWS
St-FRK2A TLRADGEREFMFYRNPSADMLLTPDELNLDLIRSAKVFHYGSISLIVEPCRSAHLKAMEVAKEAGALLSYDPNLRLPLWS
S1FRK2 TLRADGEREFMEFYRNPSADMLLTPAELNLDLIRSAKVFHYGSISLIVEPCRAAHMKAMEVAKEAGALLSYDPNLRLPLWP
St-FRK2B TLRADGEREFMEFYRNPSADMLLTPDELNLDLIRSAKVFHYGSISLIVEPCRSAHLKAMEVAKEAGALLSYDPNLRLPLWS
NtFRK2 TLRADGKREFMFYRNPSADMLLTPDELNLEVIKSAKVFHYGSINLIVEPCRSAHLKAMEVAKEARALLSYDPNLRLPLWP
PiFRK2 TLRADGEREFMFYRNPSADMLLTPDELNLDVIRSAKIFHYGSISLIVEPCRSAHLKAMEVAKEAGALLSYDPNLRLPLWP
CbFRK2 TLRADGEREFMFYRNPSADMLLKPEELNLDLIRSAKVFHYGSISLIVEPCRSAHLKAMEVAKEAGALLSYDPNLRLPLWP
St-FRK1 TLTAEGEREFVFFRNPSADMLLRESELDVDLIKKATIFHYGSISLIDEPCRSAHLAAMDIAKRSGSILSYDPNLRLPLWP
S1FRK1 TLTAEGEREFVFFRNPSADMLLRESELDVDLIKKATIFHYGSISLIDEPCRSTHLAAMDIAKRSGSILSYDPNLRLPLWP
CbFRK1 TLTAEGEREFVFFRNPSADMLLRESELDVNLIKKATIFHYGSISLIDEPCRSTHLAAMDIAKRSGSILSYDPNLRLPLWP
NsFRK1 TLTAEGEREFVFFRNPSADMFLRESELDVNLVKKATIFHYGSISLIEEPCRSTQLAAMDIAKRSGSILSYDPNLRLPLWP
St-FRK3 TLRKDGEREFMEFYRNPSADMLLQEDELDLELIRKAKVFHYGSISLITEPCKSAHIAAAKAAKDAGVILSYDPNLRLPLWP
S1FRK3 TLRKDGEREFMEFYRNPSADMLLOQEDELDLELIRKAKVFHYGSISLITEPCKSAHIAAAKAAKDAGVILSYDPNLRLPLWP
LeFRK3 TLRKDGEREFMFYRNPSADMLLQEDELDLELTRKAKVFHYGSISLITEPCKSAHTIAAAKAAKDAGVILSYDPNLRLPLWP
St-FRK4A TLKADGEREFMFFRNPSADMLLTEAELDKNLIQKARIFHYGSISLIAEPCRSAHLAAMETAKNAGCILSYDPNLRLPLWP
St-FRK4B TLKADGEREFMFFRNPSADMLLTEAELDKNLIQKARIFHYGSISLIAEPCRSAHLAAMETAKNAGCILSYDPNLRLPLWP
LeFRK4 TLKSDGEREFMFFRNPSADMLLTEAELDKNLIQKARIFHYGSISLIAEPCRSAHLAAMETAKNAGCILSYDPNLRLPLWP
NtFRK4 TLRADGEREFMFFRNPSADMLLTEAELDKDLIQKARIFHYGSISLIAEPCRSAHLAAMEITAKKAGCILSYDPNLRLPLWP

* * s KKK KAK ek KAAKAKKKK KKK * * .k K e KKK KAKAKAKAAKX KAAKe o Ko Ko * * Rk kb ki i i
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Substrate recognition domain

~ QOO [oleletlotelelelelelelelo Rty QAL OO~~~ BRRRR~~~~PRRRRR~~RRRRR~~BBR~BR
St-FRK2 SEAEARK---------- ATKVSDVELEFLTGSDKIDDESAM-~-SLWHPNLKLLLVTLGEKGCNYYTKKFHGSVGGFHVKT 250
St-FRK2A SEAEARK-—--—--—-- ATIKVSDVELEFLTGSDKIDDESAM--SLWHPNLKLLLVTLGEKGCNYYTKKFHGSVGGFHVKT 250

S1FRK2 SAEEAKKQIKSIWDSADVIKVSDVELEFLTGSNKIDDESAM--SLWHPNLKLLLVTLGEKGCNYYTKKFHGTVGGFHVKT 259
St-FRK2B SEEEARKQIKSIWNYADVIKVSDVELEFLTGSNKIDDECAM--SLWHPNLKLLLVTLGEKGCNYYTKKFHGSVGGFHVKT 260
NtFRK2 SAEEARKQIKSIWDKADVIKVSDVELEFLTGSDKIDDESAM--SLWHPNLKLLLVTLGDKGCNYYTKNFHGGVEAFHVKT 258
PiFRK2 SAEEARKQIKSIWDKADVIKVSDNELEFLTGSDKIDDESAM--SLWHPNLKLLLVTLGEKGCRYYTKNFHGGVEGFHVKT 259
CbFRK2 SAEEAKKQIKSIWDKADVIKVSDVELEFLTGNPKIDDESAM--SLWHPNLKLLLVTLGEKGCNYYTK-—-—-—---—-—-———— T 247
St-FRK1 SEDAARSGIMSVWNLADIIKISEDEISFLTGSDDPNDDEVVLKRLEFHSNLKLLLVTEGSAGCRYYTKKFKGRVNSIKVKA 277
S1FRK1 SEDAARSGIMSVWNLADIIKISEDEISFLTGADDPNDDEVVLKRLEFHPNLKLLLVTEGSAGCRYYTKEFKGRVNSIKVKA 277
CbFRK1 SEDAARSGIMSVWNLADIIKISEDEISFLTGADDPNDDEVVLKRLFHPNLKLLLVTEGSAGCRYYTKEFKGRVSSIKVKA 277
NsFRK1 SEDAARSGIMSVWNLADVIKISEDEISFLTGADDPNDDDVVLKRLEFHPNLKLLLVTEGSAGCRYYTKEFKGRVHGIKVKA 277
St-FRK3 SAESAREGILSIWDTADIIKISEEEISFLTQGEDPYDDNVVR-KLYHPNLKLLLVTEGPEGCRYYTKDFSGRVKGIKVDA 319
S1FRK3 SAESAREGILSIWNTADIIKISEEEISFLTQGEDPYDDNVVR-KLYHPNLKLLLVTEGPEGCRYYTKDFSGRVKGIKVDA 319
LeFRK3 SAESAREGILSIWNTADIIKISEEEISFLTQGEDPYDDNVVR-KLYHPNLKLLLVTEGPEGCRYYTKDFSGRVKGIKVDA 316
St-FRK4A SAEAAREGILSIWDQADIIKVSEDEITFLTNGEDAYDDNVVMTKLEFHSNLKLLLVTEGGDGCRYYTKNFHGRVNGVKVTA 314
St-FRK4B SAEAAREGILSIWDQADIIKVSEDEITFLTNGEDAYDDNVVMTKLEFHSNLKLLLVTEGGDGCRYYTKNFHGRVNGVKVTA 304
LeFRK4 SEEAAREGILSIWDQADIIKVSEDEITFLTNGEDAYDDNVVMTKLEFHSNLKLLLVTEGGDGCRYYTNNFHGRVSGVKVAA 304
NtFRK4 SADAARKGILSIWDQADVIKVSEDEITFLTDGEDAYDDNVVMTKLFHPNLKLLLVTEGGEGCRYYTKNFHGRVNGIKVTA 313

* ** . . .. ** * * . *** * . .. * * ******** * * % ****

v U
“““““ QAAAAAAAAAAACAACL ~ ~ 2~~~ ~ LA ALK A A A A AAAA AL~~~ v~~~ e~ LI LU O~ ~ ~
St-FRK2 VDTTGAGDSFVGALLTKIVDDQAILEDEARLKEVLRFSCACGAITTTKKGAIPALPTESEALTLLKGGA 319
St-FRK2A VDTTGAGDSFVGALLTKIVDDQAILEDEARLKEVLRFSCACGAITTTKKGAIPALPTESEALTLLKGGA 319
S1FRK2  VDTTGAGDSFVGALLTKIVDDQTILEDEARLKEVLRFSCACGAITTTKKGAIPALPTASEALTLLKGGA 328
St-FRK2B VDTTGAGDSFVGALLTKIVDDQAILEDEARLKEVLRFSCACGAITTTKKGAIPALPTVSEVLTLLKGGA 329
NtFRK2  VDTTGAGDSFVGALLTKIVDDQSILEDEARLKEVLRFACACGAITTTKKGAIPALPTESEALTLLKGGA 327
PiFRK2  VDTTGAGDSFVGALLTKIVDDQSILEDEARLKEVLTFACACGAITTTKKGAIPALPTESEALTLLKRGA 328
CbFRK2  IDTTGAGDSFVGALLTKIVDDQAIIQDEARLKEVLRFACACGAITTTKKGAIPALPTEADALTLIKGGA 316

St-FRK1 VDTTGAGDAFTGGVLKCLASDASLYQDEKRLKEAIFFANVCAALTVTGRGGIPSLPTQDAVQRTLAEVTA 347
S1FRK1 VDTTGAGDAFTGGVLKCLASDASLYQDEKRLREAIFFANVCAALTVTGRGGIPSLPTQDAVRQTLAEVTA 347
CbFRK1 VDTTGAGDAFTGGILKCLASDTTLYQDEKRLREAIFFANVCAALTVTGRGGIPSLPTQDAVQRTLTEVAT 347
NsFRK1 VDTTGAGDAFVGGILKCLASDADLYQDEKRLREALFFANVCAALTVTGRGGIPSLPTQEAVQQTLTEVTA 347
St-FRK3 VDTTGAGDAFVAGILSQLASDVSLLQODESKLRDALSFANACGALTVMERGAIPALPTREVVLNALLKSVA 389
S1FRK3 VDTTGAGDAFVAGILSQLASDVSLLODEGKLRDALSFANACGALTVMERGAIPALPTKEVVLNALLKSVA 389
LeFRK3 VDTTGAGDAFVAGILSQLASDVSLLODEGKLRDALSFANACGALTVMERGAIPALPTKEVVLNTLLKSVA 386
St-FRK4A VDTTGAGDAFVGGLLNSMASDPDIYMDEKKLRDALLFANGCGAITVTEKGAIPALPTKEAVLKILDGATAN 385
St-FRK4B VDTTGAGDAFVGGLLNSMASDPDIYMDEKKLRDALLFANGCGAITVTEKGAIPALPTKEAVLKILDGATAN 375
LeFRK4 VDTTGAGDAFVGGLLNSMASDPDIYMDEKKLRDALLFANGCGAITVTEKGAIPALPTKEAVLKILDGATAN 375
NtFRK4 VDTTGAGDAFVGGLLNSMASDPDIYQDEKKLRNALLFANGCGAITVTEKGAIPALPTKEAVLKILNGATAN 384

KKK K KKK K * .k .. . KK e K. LEE T * * * * ** ***

Fig. 4.13 Comparison of the predicted 18 full-length FRK sequences corresponding to the four major active
isoforms from the Solanaceae family members namely potato, tomato, tobacco, petunia and capsicum. FRK2
isoform includes St-FRK2 (QIS79145), St-FRK2A (CAA78283), SIFRK2 (AAB57734), St-FRK2B
(Sotub06g027780), NtFRK2 (NP_001312967), PiIFRK2 (AAQO09999), CbFRK2 (PHT46403); FRK1 isoform
includes St-FRK1 (Sotub03g007180), SIFRK1 (AAB57733), CbFRK1 (PHT53066), NsSFRK1 (XP_009778351);
FRKS3 isoform includes St-FRK3 (AFX67038), SIFRK3 (NP_001234396) LeFRK3 (AAR24912); FRK4 isoform
includes St-FRK4A (PGSC0003DMP400018156), St-FRK4B (Sotub10g016360), LeFRK4 (AAMA44084),
NtFRK4 (AIE16179). Multiple sequence alignment was done based on MultAlin software along with some minor
manual adjustments. Dashes indicate gaps that arise during alignment. Asterisks ‘*’ indicate the conserved/nearly

I8

conserved amino acids; ‘:” refers to the almost conserved or conservative substitutions; .” refers to conserved
amino acids in at least two FRK forms. The downward arrow ‘U’ indicates the entire PfkB kinase region. The
crucial regulatory/binding motifs are underlined in St-FRK2, and the ATP binding motif within PfkB Kinase
(Signature 1) is over lined by ‘=", V¥’ denotes the crucial amino acids involved in fructose-binding. ‘a’, ‘B’ and
‘~ denote the propensity of the individual amino acids of St-FRK2 towards alpha helix, beta-sheet and random
coil formation, respectively. The predicted N-terminal chloroplast transit peptides in potato FRK forms are grey

highlighted.
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most of the members are comparable in terms of size, but considerable sequence divergence
could be noticed; moreover, St-FRK2, St-FRK2A and CbFRK2 were found shorter by 10 to
12-aa peptide segments. St-FRK2 and St-FRK2B appeared to be two distinct FRK2 variants in
potato. The crucial motifs in the PfkB region of St-FRK2 included PfkB Kinase Signature 1
containing ATP binding motif (GGAPANVAIAVTRLGGKSAFVGKLG), PfkB Kinase
Signature 2 (DTTGAGDSFVGALL), substrate recognition domains (LLSYDPNL and
KAIKVSDVE) along with seven crucial amino acid residues important for Fru binding namely
Glul8, Asp22, Ala45, Asn48, Vall110, Argl77, and Asp258. The region spanning the substrate
recognition domains appeared to be larger by a 10-aa segment in most of the FRK members
except St-FRK2 and St-FRK2A. All the motifs and crucial amino acids are mostly conserved
between the FRK members. Apart from the N-terminal and C-terminal regions, considerable
sequence divergence as noticed in the flanking regions of the crucial motifs/amino acid
residues could influence the secondary structures like a-helices/B-sheets and overall folding
patterns of the FRKSs.

The PfkB kinase region of an active FRK is known to consist of two major domains: the large
domain contains a cluster of a-helices wherein a B-sheet is embedded; whereas the smaller
domain also referred to as lid domain is another $-sheet attached to the aforesaid larger domain
through a hinge made of short loops (Carberra et al. 2010). Sequential binding of carbohydrate
and ATP to PfkB proteins triggers the closure of the lid domain. The enzymes attain an open
state only at the end of catalysis which facilitates release of the products. Moreover, the
hydrophobic 3-sheet of the lid domain is involved in the formation of active dimers of the PfkB
proteins. For most of the PfkB family members, ATP acts as a phosphate donor; but the same
in excess could also trigger substrate inhibition possibly through binding to the allosteric site
and consequently the formation of inactive tetramers. The regulatory role of ATP is yet unclear
(Campos et al.1984; Riggs et al. 2017). Two signature motifs i.e., a di-Gly (GG) motif and a
G/AXGD motif are found to be common in the PfkB proteins. The importance of each motif
was assessed through mutational and structural analyses. The GG motif confers flexibility
between the lid and the large domain, whereas the G/AXGD motif is directly involved in
catalysis. In the L. donovani pfkB member ADK, a non-conservative substitution like the
second glycine to aspartate in the GG motif led to drastic reduction of both enzyme activity
and substrate binding affinity (Datta et al. 2005). The aspartate in the G/AXGD motif plays a
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crucial role during catalytic conversion of Fru to Fru-6-P. FRK activity was drastically reduced
by changing this Asp residue to Asn (Sigrell et al. 1998; Carbera et al. 2010).

All the PfkB kinase-specific important catalytic/binding motifs with the associated crucial
amino acids were mostly conserved in all the FRK forms, and the flanking regions of these
motifs showed considerable divergence. The N- and C-terminal regions were found to vary
significantly between the isoforms. Both conservative and nonconservative substitutions were
noticed at number of places. The variations were due to the cumulative point mutations,
deletions/insertions which could have impact on their secondary structures, folding patterns,
evolutionary relatedness and importantly their catalytic activities. All these aspects remain to

be elucidated through corroborative experimental research.

Phylogenetic analysis: A total of 54 amino acid sequences comprising 45 from the different
Solanaceae family members and 9 from A. thaliana, corresponding mostly to the different
FRK isoforms along with some FLNs were used in making a phylogenetic tree to examine the
sequence relatedness between them (Fig. 4.14). Sequence and phylogenetic analyses clearly
indicated that S. tuberosum cv. KC-1 (QIS79145) i.e., St-FRK2 was a distinct FRK2 form.
Two more KC-1 specific cDNA clones encoding a 256-aa FRK2 form and a 266-aa FLN form
designated S. tuberosum cv. KC-1 (QIV66775) and S. tuberosum cv. KC-1 (QIV66777),
respectively were included in the phylogenetic analysis. The branching patterns of some
A. thaliana FRK forms clearly indicated significant sequence divergence with the
corresponding Solanaceae family members.

Characterization of FRKs from the potato genome: A genome wide analysis of FRK gene
family in potato (Solanum tuberosum L.) was performed on the data available in the complete
potato genome sequence (Potato Genome Sequencing Consortium 2011), and ensemble plant.
Seven FRK with their respective genes IDs were retrieved from the spudDB. It was revealed
that four FRK genes code four different FRK isoforms (FRK1-4), whereas others encode FLN
isoforms (Table 4.5). All the FRKs and FLNs encode different mRNAs due to alternate
splicing except PGSC0003DMG400026916 which encodes single mRNA (FRK2) resulting
into four polypeptides of variable amino acids ranging from 329 to 256. Hence, making FRK2
an important and interesting domain to be studied. The respective positions of the FRKSs on the
different chromosomes is shown in Fig. 4.15. It was observed that the highest number of FRK
genes (FRK2, PGSC0003DMG400026916 and FLN, PGSC0003DMG400020361) are located
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C. chinense (PHU22929)

C. annuum (XP_016564732)

C. baccatum (PHTS3066)

S. tuberosum (Sotub03gD07180)
S. fycopersicum (AABS7733)

N. sylvestris (XP_009778351)

N. sylvestris (XP_0D9778352)

L. barbarum (APWS83748)
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A. thafana (AAGS51160)—AtFRK3
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Fig. 4.14 A total of 54 amino acid sequences comprising 45 from the different Solanaceae family members and 9
from  A. thaliana, corresponding mostly to the different FRK isoforms along with some FLNs were used in
making a phylogenetic tree to examine the sequence relatedness between them. Sequence and phylogenetic
analyses clearly indicated that S. tuberosum cv. KC-1 (QIS79145) i.e., St-FRK2 was a distinct FRK2 form. Two
more KC-1 specific cDNA clones encoding a 256-aa FRK2 form and a 266-aa FLN form designated
S. tuberosum cv. KC-1 (QIV66775) and S. tuberosum cv. KC-1 (QIV66777), respectively were included in the
phylogenetic analysis. The branching patterns of some A. thaliana FRK forms clearly indicated significant
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Table 4.5 Features of the FRK genes in potato retrieved from genomic databases (Spud DB and Ensemble Plants)

PSGC Gene ID

PGSC0003DMG400024246

PGSC0003DMG400026916

PGSC0003DMG400020361

PGSC0003DMG400027017

PGSC0003DMG40002831 1

PGSC0003DMG400030653

PGSC0003DMG4000010277

PSGC Transcript ID

PGSC0003DMT400062304
PGSC0003DMT400062303
PGSC0003DMT400062305
PGSC0003DMT400062306
PGSC0003DMT400069198

PGSC0003DMT400052461
PGSC0003DMT400069497

PGSC0003DMT400069498

PGSC0003DMT400072749
PGSC0003DMT400072750
PGSC0003DMT400078779
PGSC0003DMT400078780
PGSC0003DMT400026604
PGSC0003DMT400026605

Uniprot I.D.

M1C8V2
M1C8V3
M1C8V1
MIC8V4
Q2PYY9
P37829
K7VKD3
K7WJT8
M1BTGO
DIIWP2
M1CKJ7

Q3HVM6

M1CQW1
M1CQWO
K7WU45
M1D0Q1
M1ANF2
M1ANF3

FRK
Isoform

FRK1

FRR2
FRK2
FLN
FRK2
FLN

FLN

FLN

FLN
FLN
FRK3
FRK3
FRK4
FRK4

No. of Base
pairs

1863
922
2581
917
1292

1845
2204

1374

2459
1950
1768
1764
1146
1393

No. of amino
Acids

347
262
309
85

329
319
266
256
388
479
150

233

650
649
389
313
381
385

MW
(kDa)

37.37
28.90
33.43
8.92

3543
33.76
28.74
27.88
4474
54.81
17.09

2591

72.94
72.56
41.78
33.72
40.85
41.35

Chromoso-
mal
localization

DO O© OO OO OO W WwwWww

Theor
itical
pl

5.2

4.75
5.15
9.10
5.47
541
5.89
5.79
5.74
6.91
6.27

491

5.81
5.73
5.37
4.92
5.77
6.61

Stability
index

26.76
34.48
27.76
7.21
29.53

20.75
25.81
26.19
49.91
52.74
50.44

48.85

55.08
53.14
36.19
31.93
27.10
29.00

Aliphatic
index

94.24
99.12
96.96
87.29
95.53
97.62
96.47
99.16
74.33
66.33
79.93

79.18

71.80
75.650
93.86
98.88
89.15
86.73

GRAVY
analysis

-0.016
0.079
0.004
0.031
0.030
0.133
0.069
0.020
-0.483
-0.606
-0.315

-0.395

-0.639
-0.004
-0.004
0.010

-0.001
-0.068
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on the chromosome number 6, while PGSC0003DMG400030653 on Ch2, PGSC0003DMG
400024246 on Ch3, PGSC0003DMG400028311 on Ch5, and PGSC0003DMG4000010277 on
Ch10; no FRK gene was present in the rest of the chromosomes. The longest protein consisted
of 650 amino acids (Uniprot ID: M1CQW1), the shortest protein consisted 85 amino acids
(Uniprot ID: MIC8V4). The molecular weight also spanned in high range from 8.92 to 72.94
KDa. The instability index (1) is an estimator of protein stability in test-tube. This technique

90 M Chr1

80 M Chro
Chra ChrS
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“FLN =FLN Chr12
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Chr2 [ Chr11
lsom i “FLN =
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| |
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- 1% 1

Fig. 4.15 A schematic presentation of chromosomal localization of the various potato fructokinase isoform genes
retrieved from Potato Genome Sequencing Consortium (PGSC) database. The chromosomes are shown in blue,
while the centromeres are shown in red. FRK1 is present on chromosome 3 at 41.2 Mb, FRK2 on chromosome 6
at 58.2 Mb, FRK3 on chromosome 2 at 71.62 Mb while FRK-like on chromosome 5 and 6 at 58.2 and 65.1 Mb,

respectively.

assigns a weight value of instability that can be used to determine an instability index. Proteins
with instability index values less than 40 are predicted as stable and values above 40 indicate
instability of proteins. The Il of FRK proteins ranged from 7.21 to 55.37 in the present study.
Aliphatic index, which is an indicator for increase in thermostability of globular proteins, was
found to be high in all proteins ranging from 71.80 to 97.87, indicating that FRKSs are stable at
wide ranges of temperature. The GRAVY value of FRK proteins ranged from —0.004 to 0.124
indicating their nature spans from hydrophilic to hydrophobic. Surprisingly, some of FRKs are
translated by the mRNAs of the same gene, vary in amino acid number but representing the
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same isoform, and proteins encoded by the same mRNA were also found to vary in their
biochemical attribute which may be due to post translational modification thus making the

allelic concept clearer.

Three-Dimensional (3-D) structure of FRKSs: Structural information of a protein is a
prerequisite in understanding its biological function. The energy minimized 3D structures of
one E. coli FRK, one catalytically inactive potato FLN and five potentially active potato FRKSs
were predicted based on the reliable ab initio modelling approach using I-TASSER, a
hierarchical protein structure modelling approach which effectively combined both threading
and ab initio prediction methods. The quality of the threading alignment was assessed on the
basis of Z-score i.e., the energy score in standard deviation units relative to statistical mean of
alignments. Z-score values were found to be greater than 1 suggesting the reliable/confident
alignments. The predicted 3D structures were visualized in the form of ribbons by PyMol

(https://www.pymol.org) (Fig. 4.16 a—g). The large catalytic domain of the PfkB proteins

except FLN contains a GAGD motif involved in catalysis; whereas the smaller peripheral 3-
sheet acts as the lid domain. The other motif i.e., an N-terminal GG pair is also crucial as it acts
as a hinge between these two domains. shown in Fig. 4. 16 a—g. Earlier it was proposed that
the close proximity of the N- and C- terminal regions could influence the bending and sliding
patterns of the FRK proteins which in turn brought the catalytic GG and GAGD domains
closer to each other for their activities (Riggs et al. 2017; Stein and Granot 2018). The
predicted FRK 3D structures were consistent with the underlying mechanism of enzyme
catalysis. Despite some common folding patterns in the PfkB regions, each 3D structure
appeared to be considerably distinct with regard to the arrangements and relative positions of
the a-helices, B-sheets, N-terminal, C-terminal and chloroplast-specific transit peptide regions.

These structural attributes could influence the catalytic efficiency of the individual FRK forms.
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Fig. 4.16 Illustrated representation and catalytic domains of the predicted three-dimensional structure models of
the FRKs. a 309-aa E. coli FRK (NP_416237); b 266-aa potato FLN; ¢ 347-aa St-FRK1; d 319-aa St-FRK2;
e 329-aa St-FRK2B; f 389-aa St-FRK3; g 375-aa St-FRK4B. The PfkB regions are depicted in cyan, outside of
PfkB the N-terminal regions are in grey and the C-terminal regions are in yellow, chloroplast transit peptides in
yellowish-orange, the catalytic GG and GAGD domains are in brown and magenta colours, respectively. The
images were generated using the PyMol program (Schrddinger, Inc., New York, NY, USA).
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4.2.3 Sequence Analyses of Calcium—dependent Protein Kinase (CDPK)

Multiple sequence alignment, Regulatory/Binding Motifs and other sequence features: Among
the multiple CDPK isoforms present in the potato genome, only three i.e., CDPK1-3 are
known to be involved in tuberization. Keeping this in view, the multiple sequence alignment
was done by using protein sequences corresponding to these isoforms as shown in Fig. 4.17.
The various catalytic domains present in the CDPKs play important role in the regulation of
various physiological processes associated with biotic and abiotic stresses. The distinguishing
features, functions and the relative location of the crucial domains such as cyclic AMP
(cAMP)-dependent phosphorylation (regulates glycogen, sugar and lipid metabolism in cell),
Tyrosine kinase phosphorylation (phosphorylation of the acidic proteins), the bipartite nuclear
localization signal (membrane targeting and signal transduction in plants in responses to

environmental stress), protein kinases ATP binding region are highlighted in Fig. 4.17.

Characterization of CDPKs from the potato genome: In plant genomes expansion of the gene
families is believed to have occurred by different mechanisms such as genome-wide, tandem
and dispersed duplications. A genome wide analysis of the CDPK gene family was performed
in the complete potato genome sequence (Potato Genome Sequencing Consortium 2011 as
reported earlier in database) (Fantino et al. 2017; Gromadka et al. 2018). Tables 4.6 and 4.7
provide a more comprehensive information on the CDPK gene family in potato which would
help for further in-depth studies. The potato genome encodes 23 CDPKSs and appears to exhibit
high plasticity, as gene loss or duplication events and other structural mutations are found with
high frequency. The CDPK genes were found to be localized on 11 chromosomes out of 12; on
chromosome 9 no CDPK gene was found whereas the highest number (six) of CDPK genes are
found on chromosome number 10 (Fig. 4.18). On some chromosomes the CDPK genes form
clusters—a clue of gene duplication which suggests the gradual expansion of this gene family.
Out of 23, 21 CDPKs are acidic, two are slightly basic and 14 of them contain myristoylation
sites (Xu et al. 2015). All CDPKs contain four EF-hands; but like rice, maize, A. thaliana and
potato have CDPK-like kinases that possess less than four or no EF-hands (Mittal et al. 2017).
The gene lengths of different CDPKSs ranging from 4.01 to 14.5 kb were found to contain 6 to

11 introns. The CDPK proteins consisted of 501-638 amino acids having molecular weights
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Fig. 4.17 Comparison between the sequences of three potato CDPKs: StCDPK1 (NP_001275322.1), StCDPK2
(QIS79146), StCDPK3 (AAQ08324.2) involved in tuberization. Multiple sequence alignment was done based on
MultAlin software along with some minor manual adjustments. Dashes indicate gaps that arise during alignment.
Asterisks ‘*’ indicate the conserved/nearly conserved amino acids; ‘:’ refers to the almost conserved or
conservative substitutions; ‘.’ refers to conserved amino acids in at least two CDPK forms. The downward arrow

“|}> indicates the entire protein kinase region. The crucial regulatory/binding motifs are underlined in StCDPK2,
and the ¥’ denotes the crucial active site.
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Table 4.6 Characterization of 23 CDPK proteins in potato

Name

StCPK1
(former

StCDPK1)

StCP K2
(former

StCDPK2)

StCPK3
(former
StCDPK3)

StCPK4
(former

StCDPK4)
StCPK5

(former
StCDPK5)

StCPK6
StCPK7
StCPK8
StCPK9
StCPK10
StCPK11
StCPK12
StCPK13

StCPK14

PGSC Transcript ID

PGSC0003DMT400071663

PGSC0003DMT400057484

Not found

PGSC0003DMT400043320

Not found

PGSC0003DMT400060262
PGSC0003DMT400002592
PGSC0003DMT400027809
PGSC0003DMT400054983
PGSC0003DMT400021055
PGSC0003DMT400067082
PGSC0003DMT400072554
PGSC0003DMT400018575

PGSC0003DMT400025581

PGSC Protein ID

PGSC0003DMP400048479

PGSC0003DMP400038684

Not found

PGSC0003DMP400029382

Not found

PGSC0003DMP400040554

PGSC0003DMP400001885

PGSC0003DMP400018934

PGSC0003DMP400036980

PGSC0003DMP400014336

PGSC0003DMP400045247

PGSC0003DMP400049071

PGSC0003DMP400012783

PGSC0003DMP400017429

GenBank no. (NCBI) ORF (bp)

XM_006365894

XM_006346152

JF308510
NM_001288527

XM_006365245

AB279738
NM_001287861

XM_006345687
XM_006350871
XM_006366477
XM_006348373
XM_006351162
XM_006353564
XM_006339117
XM_006364680

XM_006342017

1530

1566

1665

1704

1608

1512

1737

1602

1797

1575

1506

1824

1635

1623

Aminoacid
length (aa)

509

521

554

567

535

503
578
533
598
524
501
607
544

540

88

Molecular

56.6

57.9

63.0

63.4

60.0

56.4

64.8

60.0

67.6

59.4

56.4

68.3

60.4

61.0

Gene Length No. of introns Chromosome

7.14 6 12
5.80 7 7
11.02 7 10
431 6 10
14.5 7 8
5.80 6 5
6.36 6 5
6.90 7 1
3.90 6 1
4.49 7 10
4.34 6 6
5.26 6 10
4.68 6 10
5.62 7 4

Muyristolation site  Theoretical pl

6.07

6.75

5.81

5.56

5.65

554
5.35
558
5.79
577
517
7.89
5.44

531




StCPK15

StCPK16

StCPK17

StCPK18

StCPK19

StCPK20

StCPK21

StCPK22

StCPK23

PGSC0003DMT400002331

PGSC0003DMT400058126

PGSC0003DMT400024436

PGSC0003DMT400011824

PGSC0003DMT400014939

PGSC0003DMT400054991

PGSC0003DMT400072292

PGSC0003DMT400009177

PGSC0003DMT400069175

PGSC0003DMP400001687

PGSC0003DMP400039123

PGSC0003DMP400016709

PGSC0003DMP400008217

PGSC0003DMP400010340

PGSC0003DMP400036988

PGSC0003DMP400048877

PGSC0003DMP400006361

PGSC0003DMP400046709

XM_006351851
XM_006343307
XM_006356324
XM_006349734

XM_006352199

XM_006348361
XM_006339122
XM_006340676

XM_006347224

1518

1707

1575

1608
1554

1749

1917

1695

1611

505

568

524

535

517

582

638

564

536

57.0

64.2

59.0

60.0

57.8

64.6

70.2

63.6

61.1

4.47

7.82

5.96

4.29

4.93

5.01

4.56

6.05

4.87

11

11

11

11

12

10

5.71

5.42

5.02

5.49

5.69

5.97

6.43

7.60

6.44
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Table 4.7 In silico characterization of 23 CDPK proteins

Tryosine kinase
phosphorylating Serine/threonine-
Protein kinase ATPProtein kinasedomain protein kinase-likeNTV
Name PGSC Transcript ID Aliphatic index Protein GRAVY Protein Binding signature ~ Domain domain
Instability Type Start-end Start-end Start-end Start-end
Index

StCPK1  PGSC0003DMT400071663 81.28 37.42 -0.338 Acidic 67-90 61-319 432-440 181-193 MGVCLS
(former
IStCDPK1) 79-102
StCPK2 ~ PGSC0003DMT400057484 80.31 29.40 -0.391 Acidic 73-331 444-452 193-205 MGIACS
(former
StCDPK2)

110-196 230-242 MGGCFS
StCPK3  Not found 72.36 44.86 -0.661 Acidic 116-143 110-368
(former
IStCDPK3)

159-167 214-226
StCPK4  PGSC0003DMT400043320 79.47 403 -0.374 Acidic 100-123 94-352 MGNTCR
(former
StCDPK4)
StCPK5  Not found 82.95 41.84 -0.352 Acidic 78-105 72-330 137-145 192-204 MGNACR
(former
StCDPKS5)
StCPK6  PGSC0003DMT400060262 90.52 44.02 -0.280 Acidic 41-74 35-293 100-108 155-167 MGNTCV
IStCPK7 PGSC0003DMT400002592 77.44 42.82 -0.447 acidic 120-147 11372 7 234-246 MGNTCV
SICPKS ~ PGSC0003DMT400027809  81.39 37.82 -0.494 acidic  64-87 58-316 178-190 MGNNCV
StCPK9  PGSC0003DMT400054983 82.68 44.41 -0.411 acidic 141-168 135-393 255-267 MGNCNS
StCPK10  PGSCO003DMT400021055  81.45 36.01 -0.527 acidic  59-82 53-311 173-185 MGNCCS
StCPK11  PGSC0003DMT400067082 85.45 39.53 -0.368 acidic 38-61 3220 152-164 MGNCCV
StCPK12  PGSC0003DMT400072554 81.91 36.32 -0.451 acidic 150-177 144-402 264-276 MGLCFT
StCPK13  PGSC0003DMT400018575 82.57 41.60 -0.411 acidic 101-128 95-353 466-474 215-221 MGGCCSS
SICPK14  PGSCO003DMT400025581  78.35 4836 -0.439 acidic  98-121 92-350 463-471 212-224 MGNTCS

0 — 156-168 MGNTCI

StCPK15  PGSC0003DMT400002331 83.23 37.76 -0.368 acidic 42-65 36-294
StCPK16  PGSC0003DMT400058126 76.36 42.14 -0.630 basic 117-140 111-371 97-103 233-245 MGNNCV
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StCPK17
StCPK18
StCPK19
IStCPK20
StCPK21
IStCPK22

StCPK23

PGSC0003DMT400024436
PGSC0003DMT400011824
PGSC0003DMT400014939
PGSC0003DMT400054991
PGSC0003DMT400072292
PGSC0003DMT400009177

PGSC0003DMT400069175

79.47
78.60
78.84
83.02
86.77
79.66

82.15

40.04
42.35
41.08
41.99
45.60
39.67

30.71

-0.504
-0.473
-0.417
-0.408
-0.265
-0.550

-0.380

acidic
acidic
acidic
acidic
acidic
basic

acidic

73-100
84-111
72-95
139-166
138-165
108-131

68-95

67-325
78-336
66-324
133-391
132-391
102-362

60-320

438-446
449-457
437-455
504-512
504-512
48-55

298-306

187-199
198-210
186-198
253-265
252-264
224-236

182-194

MDSSDS
MEIPKSE
MAQVVA
MGTCMS
MGNCNA
MGNCCA

MGNCCV
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56.2 to 70.1 kDa. Their instability indexes ranged from 29.40 to 48.36; out of 23 CDPK
proteins only 9 were stable proteins and the remaining 14 were unstable. Aliphatic indexes
were found to be relatively higher in all the CDPK proteins, indicating that CDPK domains
were stable at wide ranges of temperature. All these proteins showed negative GRAVY scores
suggesting that they were soluble or hydrophilic (Kyte and Doolittle, 1982). In the CDPKSs,
nearly conserved 24-aa protein kinase ATP binding signature (LGRGQFGVTYY
CTENSTENP YACK) was present towards the N-terminal region. A 13-aa (VMHRDLKP
ENFLL) serine/threonine protein kinase-like domain containing Asp in the active site (Asp197
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Fig. 4.18 Chromosomal localization of the calcium-dependent protein kinases genes (StCDPKSs) in potato;
retrieved from the Potato Genome Database (Potato Genome Sequencing Consortium 2011), and labelled as
presented in the Table 4.6. Chromosomes are shown in blue and centromeres are marked by red.

in the case of StCDPKZ2) helps in positioning the ligand-binding domain into the extracellular
space is found in the middle of protein shown earlier in Fig. 4.17. The CDPK proteins were
acidic in nature. A total of 23 full-length CDPK amino acid sequences from potato were used

in making a phylogenetic tree showing sequence relatedness between them (Fig. 4.19).

92



11—y T
0.11 ] Lbintin stress

SHIPK1?
0.13 SHDRKT - Biotic stress
SDPKL Lhiotic stress
0.7 -  SHTPKZO
Y SHDPK21 ABFA gene egulation
0,19 — SHDPK4
ROS wroduch
004 5tCDF'K5] proceRen
SEDPkE  Bintio stress
027 0,12 —— SHIDPKLL
06 SHIPKLS —
008 — SKDPKI? rrodue tion
019 SHPK1G
B SHDPK19 S
Hethrvore resistance
“ SHCDPK 14
024
SHDPES i
017 ” SHIPK] erzation
Qg ——— SLDPK2
SHDPKZE  Jamoomate pathway
021 — SHDPKE
| 01 SEOPKI0 | Abiotis stess
e P 1
03 SHDRK2Z  ABFd gene renlation

Fig. 4.19 The phylogenetic tree generated by the MEGA X software (Kumar et al. 2018) using the Neighbor-
Joining method. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap
test (1000 replicates) are shown next to the branches. The evolutionary distances computed by the Poisson
correction method are in the units of the number of amino acid substitutions per site. All ambiguous positions
were removed for each sequence pair (pairwise deletion option). The evolutionary analyses involved 23 amino
acid sequences of the potato CDPKs as available in the published reports and/or databases (the plant species and
the GenBank Accession Numbers are indicated at each branch). The 515-aa StCDPK2 (Q1S79146) specific to the
culivar KC-1 of this study occupied a distinct position in the phylogenetic tree (shown in bold cases). Probable
functions of the different CDPKs are also indicated.
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Plant CDPKSs were divided into four groups based on their biochemical properties, and roles in
various physiological processes at different stages of development (Liu et al. 2016). In order to
know the probable roles, the biochemical properties and expression patterns of a number of
CDPKs were studied in different plants (Fantino et al. 2017; Gromadka et al. 2018, Grossi et
al. 2021). The probable roles of the CDPK proteins were also investigated in the model plant A.
thaliana (Asano et al. 2012; Mittal et al. 2017; Wen et al. 2020). In potato, StCDPK1, 2, 3, 9,
10, 12 ,13 and 20 belong to Group IlI, and undergo myrisotylation required for membrane
targeting and signal transduction pathways in response to environmental stresses. StCDPK1,
2 and 3 were expressed during tuberization and known to activate GA2 oxidase. Increase in
auxin concentration led to ABA-signalling pathways associated with stolon development, tuber
formation and development and responses to hyperosmotic stress which were similar to the
roles of AtCDPKO9, 19, 33, 23, 15 and 21 (Gargantini et al. 2009; Grandellis et al. 2012; Liese
and Romeis 2013; Gromadka et al. 2018; Bi et al. 2021). StCDPKO, 10, 12 and 13 play crucial
role in salt, cold and drought stress like AtCDPK®6, 26, 34 and 17 (Gutermuth et al. 2013).
StCDPK4, 5, 6, 7, 8, 11, 14, 15, 16, 17, 18 and 19 belong to Group I. StCDPK4 and 5 regulate
ROS production similar to AtCDPKS5, 6 and 26 (Kobayashi et al. 2007; Liese and Romeis
2013; Gromadka et al. 2018). StCDPKG6 and 7 are known to be crucial in formation of salicylic
acid under biotic stress; thus, play a key role in pathogen resistance through convergent
MAMP signaling as exhibited by AtCDPK1 and 5 (Asano et al. 2012). While other StCDPK
members of this group are involved in herbivore resistance by blocking jasmonate and confer
the drought tolerance, production of osmolyte proline and lowering lipid peroxidation probably
through decrease in ROS production as observed in the cases of AtCDPKS5, 6, 20, 11 and 25.
StCDPK21 and 22 belong to Group Il and involved in ABF4 gene regulation, salt tolerance
and stomatal opening. Only StCDPK23 belongs to Group IV and involved in jasmonate
pathway. The differential expression of the individual CDPKs could be correlated with their
participation in specific signal transduction pathways in different plant organs. StCDPK1 was
found to be expressed in sprouting tubers and tuberizing stolons. Expression of StCDPK3 was
noticed in stolons, roots and leaves. StCDPK2 expression was noticed in all plant tissues and
also during the developmental processes such as sprouting, tuberization and light-mediated
signaling (Giammaria et al. 2011; Grossi et al. 2021); its elevated level was observed in the
actively growing young leaves and tubers.

Model structure, active site prediction and validation: In order to predict biological function of
any protein, it is essential to know its structure first. The powerful techniques like X-ray
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crystallography and NMR are employed for determining the 3-D structures. These techniques
require protein crystals; due to such constraints, structures of only a few membrane proteins
have been determined (Schultz et al. 2000; SchuEttelkopf and Van Aalten 2004; Roy et al.
2010; Kelley et al. 2015). Alternatively, to acquire the structural information in a timely
manner, 3-D protein structures were developed by means of ab-initio modeling technique and
found to be useful for drug development (Berendsen et al. 1995; Chou and Shen 2009). So,
the model generated by I-TASSER (through the combination of threading and ab initio
prediction) was taken for the study. I-TASSER, a meta server implements different threading
programmes and its quality is assessed on the basis of Z-score (the energy score in standard
deviation units relative to statistical mean of alignments). For confident alignment Z-score
should be greater than 1. The best model with minimized energy (Fig. 4.20 A—C) was used to
show the specific calcium signature domain and were visualized in the form of ribbons by
PyMol (https://www.pymol.org). Transmembrane topology adopted by the proteins was
predicted by Phyre2 tool (Fig. 4.20 D—F) which clearly showed that each CDPK protein had a
distinct N-terminal extracellular region, approx. 15-aa helical transmembrane segment and the
remaining C-terminal cytoplasmic region. Such topological arrangements of the CDPKs
explains why they are effectively associated with Ca?* signaling pathways.

N-Torminal

N-Torminal . N-Terminal
Extracellular Extracollular - \ .

Extraceollular

200

A

C-Torminal C-Terminal C-Terminal

Cytoplasmic —

Cytoplasmic

Cytoplasmic

Fig. 4.20 (A—C) Illustrated representation and catalytic domains of the predicted three-dimensional structure
models of the StCDPKs from potato. A 532-aa StCDPK1 (NP_001275322.1); B 515-aa StCDPK2 (QI1S79146);
C 558-aa StCDPK3 (AAQ08324.2). The entire protein regions are depicted in cyan, the catalytic protein kinase
ATP-binding region and serine/threonine protein kinase domains are shown in magenta and brown colours,
respectively as ribbon structures. The active sites are shown as stick and ball structures in red colour. The images
were generated using the PyMol program (Schrédinger, Inc., New York, NY, USA). (D—F) lllustrated Contd..
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representation of transmembrane helical segments by Phyre2; D StCDPK1, E StCDPK2, F StCDPK3. The
extracellular and cytoplasmic sides of the plasma membrane are labelled; the beginning and end of each
transmembrane segment are indicated by the positions of the amino acid residues.

The backbone ratification of the established model was corroborated by using Ramachandran
plot through PROCHECK (https://www.ebi.ac.uk/thornton-srv/software/PROCHECK). The
distribution of phi and psi angles for the amino acid residues was denoted by Ramachandran
plot. The built model was proven to be highly plausible; as only approx. 1% residues were
found to be in the disallowed region of the plot (Fig. 4.21). More than 98% amino acid residues
were in the most favorable allowed regions-validating the predicted 3-D structures.

180

Psi (degrees)

Fig. 4.21 (A-C) Ramachandran plot of the StCDPK models: A StCDPK1, B StCDPK2, C StCDPK3. The most
favoured regions are coloured red; additional allowed, generously allowed and disallowed regions are indicated as
yellow, light yellow and white fields, respectively.

4.2.4 Sequence Analyses of Catalases (CATS)

Multiple sequence alignment, protein motifs and phylogenetic analysis: Using the MultAlin
software, multiple sequence alignment was done using a total of five CAT sequences
corresponding to the three major active forms (CAT1-3) from the potato (Fig. 4.22). The
purpose was to closely inspect the sequence similarities and divergences, nature and location of
the amino acid substitutions, deletions/insertions within and between the different CAT
isoforms in potato. Different members of the individual CAT isoforms became visibly distinct
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Cat-2 proximal heme-ligand sig

v
e QUOLOL N 7 7 0 0 N N OLOXOUOLOLOLOLOLOLOL QL QL QL ™~ e e e e e e e e e BRRRR~~~
StCAT2A MDPYKYRPSSAFNSPFCTTNSGAPVWNNNSSLTVGARGPVLLEDYHLVEKLANFDRERIAERVVHARGASAKGFFEVTHD 080
StCAT2B ————=———————————~ TTNSGAPVWNNNSSLTVGARGPVLLEDYHLVEKLANFDRERIAERVVHARGASAKGFFEVTHD 064

St-CAT3 MDPYKYRPSSAANSPFMTTNSGAPVYNNNSSLTVGTRGPILLEDYHLLEKLANFDRERIPERVVHARGASAKGFFEVTHD 080
KC-CAT1 MDPSKYRPSSAYDTPFLTTNAGGPVYNNVSSLTVGPRGPVLLEDYYLIEKLATFDREKIPERVVHARGASAKGFFEVTHD 080
St-CAT1 MDPSKYRPSSAYDTPFLTTNAGGPVYNNVSSLTVGPRGPVLLEDYYLIEKLATFDREKIPERVVHARGASAKGFFEVTHD 080

KAk ek KKk e kk KAAKAAAKX KAAK e AAAA Ko keokhAhkk KAhAhk ok *AAAAA A A AKX A AKX XA XXXk

OO~ QOO ~ >~~~ BRRRPB~~~~~~~~~ AU~~~ ~~ BRRRR~~~~~~~ v BRPRR~~aoa~~oaor~ ~~~
StCAT2A IAHLTCADFLRAPGVQTPVIVRFSTVIHERGSPETLRDPRGFAVKFYTREGNFDLVGNNFPVFFIRDGMKFPDMVHALKP 160
StCAT2B IAHLTCADFLRAPGVQTPVIVRFSTVIHERGSPETLRDPRGFAVKFYTREGNFDLVGNNEPVFFIRDGMKFPDMVHALKP 144
St-CAT3 ISHLTCADFLRAPGVQTPVIVRFSTVIHERGSPETLRDPRGFAVKFYTREGNEFDLVGNNFEFPVFFVRDGMKFPDMVHALKP 160
KC-CAT1 ISHLTCADFLRAPGAQTPVICRFSTVVHERGSPESIRDIRGFGVKFYNRGGNFDLVGNNVPVFFNRDAKSEFPDTIRALKP 160
St-CAT1 ISHLTCADFLRAPGAQTPVICRFSTVVHERGSPESIRDIRGFGVKFYNRGGNFDLVGNNVPVFFNRDAKSFPDTIRALKP 160

K e AAKAKKAKAKAKAKAKAKAKX KAAKAAKN KAAKAAK e kAKX KA KKK e e kX KAk *Ahk * *NAXAXAk*AkkAk**x *kk*x *% KKK e e kKKK

~~~~~~~~~ ALOAAAAAA ™~ ~ AAAAAAAAAAA ™~~~ ~ ~~~ O~~~ v~~~ v~ BRRER~~~~BRERERREPRL~~~~~~~~~oooo
StCAT2A NPKSHIQENWRVLDFFSHHPESLHMFTFLEFDDIGIPQDYRHMDGSGVHTFTLINRAGKSTYVKFHWKPTCGVKSLLEEEA 240
StCAT2B NPKSHIQENWRILDFFSHHPESLHMFTFLEFDDIGIPQDYRHMDGSGVHTFTLINRAGKSTYVKFHWKPTCGVKSLLEEEA 224
St-CAT3 NPKSHIQENWRILDFFSHHPESLHMFSFLFDDLGIPQDYRHMDGFGVNTYMLINKAGKAQYVKFHWKPTCGVKCLLDEEA 240
KC-CAT1 NPKSHIQEDWRTIDFFSFLPESLHTFAFFYDDVCLPTDYRHMEGFGVHAYQLINKEGKAHYVKFHWKPTCGVKCMSEEEA 240
St-CAT1 NPKSHIQEDWRTLDFFSFLPESLHTFAFFYDDVCLPTDYRHMEGFGVHAYQLINKEGKAHYVKFHWKPTCGVKCMSEEEA 240

RR R R R I RN I I KAKKK ke ke o kKo ek KAk KKK ek Khhke oo Khkke Khke KNAAAAAAAAAAAK o . kK Kk

LA~~~ e XX~~~ e~ BRRRRBBRPB~UNANNN~~ o~~~ A~ ~~BRRRRRPR~~~~ [eteteteTe
StCAT2A IRVGGANHSHATQDLYDSIAAGNYPEWKLFIQIMDPDHEDKFDFDPLDVTKTWPEDILPLQPVGRLVLNKNIDNFENENE 320
StCAT2B IRVGGANHSHATQDLYDSIAAGNYPEWKLFIQIMDPDHEDKFDFDPLDVTKTWPEDILPLQPVGRLVLNKNIDNFENENE 304
St-CAT3 IKVGGANHSHATKDLYDSISAGNYPEWKLFIQTIDPDHEDRFDFDPLDVTKIWPEDILPLQPVGRLVLNKNIDNFFAENE 324
KC-CAT1 IRVGGTNHSHATKDLYDSIAAGNYPEWKLFIQTMDPEDVDKFDFDPLDVTKTWPEDLLPLIPVGRLVLNRNIDNFFAENE 324
St-CAT1 IRVGGTNHSHATKDLYDSIAAGNYPEWKLFIQTMDPEDVDKFDFDPLDVTKTWPEDLLPLIPVGRLVLNRNIDNFFAENE 324

*:***:******:******:************ :**:_ *:********** ****:*** ********:****** * * *
Cat-2 proximal heme-ligand sig Tyrosine kinase phosphorylation site
*
OLOLOL™ ~ QOO ~ e e e e e OLOLOLOLOLO ™ OLOLOLOLOU O™ ™~ ~ DO~~~ e e v v e OO~~~ NN N

StCAT2A QLAFCPSIVVPGVYYSDDKMLQTRIFSYSDTQRYRLGPNYLQLPANAPKCAHHNNHYDGSMNFMHRDEEIDYFPSRYDQV 400
StCAT2B QLAFCPSIVVPGVYYSDDKMLQTRIFSYSDTQRYRLGPNYLQLPANAPKCAHHNNHYDGSMNFMHRDEEIDYFPSRYDQV 384
St-CAT3 QLAFCPAIIVPGVYYSDDKLLQTRVEFSYADTQRHRLGPNYLQLPVNAPKCAHHNNHHEGFMNFMHRDEEVNYFPSRLDPC 400
KC-CAT1 QLAFNPAHIVPGIYYSEDKLLQTRIFAYADTQRHRIGPNYMQLPVNAPKCGHHNNHRDGAMNMTHRDEEVDYFPSREDPC 400
St-CAT1 QLAFNPGHIVPGIYYSEDKLLQTRIFAYADTQRHRIGPNYMQLPVNAPKCGHHNNHRDGAMNMTHRDEEVDYFPSREDPC 400

KKK K Kk e KKK e AKX K e AKX e AAXAK e K e K e AAXAAK e K e AAXAK e AXAX AAAAKX AAAAKX ok KAkeo KAAAAkKkoohkhkhhkx *

Amidation site

NNNNNNNNNNNNNNNNN [3 [3 [3 adadedadadedadadadadelolclololvlciadadelolelviclviclcivicivicivielciadedadadadade(olvolvlciviolciololviciviadadelolvleled
StCAT2A RHAEVYPIPSTVCSGKREKCIIQKENNFKQPGERYRTFTPDRQERFIRRWVEALSDPRITYEIRSIWITYWSQADKSLGQ 480
StCAT2B RHAEVYPIPSTVCSGKREKCIIQKENNFKQPGERYRTEFTPDRQERFIRRWVEALSDPRITYEIRSIWISYWSQADKSLGQ 464
StCAT-3 RHAEQYPIPPRVLTGKREKVIIEKENNFKQPGEHYRSWAPGRQERFVCRWVDALSDLRATHEIRSIWISYWSQADKSLGQ 480
KC-CAT1 RPAEQYPIPACVLNGRRTNCVIPKENNSKQAGERYRSWESDRQDRYINKWVESLSDPRVTHEIRSIWISYLSQADKSCCQ 480
St-CAT1 RPAEQYPIPACVLNGRRTNCVIPKENNSKQAGERYRSWESDRQDRYINKWVESLSDPRVTHEIRSIWISYLSQADKSCGQ 480

* KKk KKk KK * K ek . ek KKK K KK KK e AKXk e o KK e Koo s KK e e KKK K KeXAAXAKAAKAKN ek KAAKXKKK *

StCAT2A KLASRLNVRPSI 492
StCAT2B KLASRLNVRPSI 475
StCAT-3 KLASRLNIRPTM 492
KC-CAT1 KVASRITVKPTM 492
St-CAT1 KVASRLTVKPTM 492

Fig. 4.22 Comparison of the predicted 5 full-length CAT sequences corresponding to the three major active

isoform groups from the potato. CAT groupl includes KC-CAT1 (QWW18612), St-CAT1 (P49284); CAT

groupll includes StCAT2A (M0ZMNY7), StCAT2B (Q6T2D5); CAT grouplll includes StCAT3 (M1ALTO).
Contd..
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Multiple sequence alignment was done based on MultAlin software along with some minor manual adjustments.
Dashes indicate gaps that arise during alignment. Asterisks ‘*’ indicate the conserved amino acids; “:” refers to the
almost conserved or conservative substitutions; ‘.’ refers to conserved amino acids in at least two CAT isoforms.
The downward arrow ‘U’ indicates the Catalase-related immune-responsive region (from 409-487aa) ‘¥’
denotes the active site ( His 65) and ‘e’ the crucial amino acids ( Asp 138, Tyr 348) for enzyme activity . The
crucial regulatory/binding motifs are underlined. ‘a’, ‘B and ‘~’ denote the propensity of the individual amino
acids of KC-CAT1 towards alpha helix, beta-sheet and random coil formation, respectively.

because of their nearly common C-terminal regions. All the motifs were conserved with
variations in  crucial amino acids between the CAT isoforms. Apart from the N-terminal
regions, considerable sequence similarity was noticed in the flanking regions of the crucial
motifs/amino acid residues.

The CAT protein are known to contain two main regulatory motifs namely; Catalase proximal
heme-ligand signatures, responsible for the enzyme activity and Catalase-related immune-
responsive domain for triggering the enzyme activity and controlling the nuclear trafficking in
the cell (Table 4.8). Further , the catalase proximal heme-ligand signature is of two types i.e.,
type 1 present at N- terminus containing an active site (His 65) and type 2 present near the
C-terminus. In the 3-D structure, it was observed that these two signatures occupy a position
in close proximity thus effecting the enzyme activity. Another important motif Amidation site
which is present towards C-terminus plays a key role post translational and targeting the signal
receptor, thus aiding in protein functioning. The various catalytic domains present in the CAT
proteins, that are crucial for enzyme activity and characterisation namely; catalase heme-ligand
proximal signatures, tyrosine kinase phosphorylation site, amidation site were predicted with
their location and function as shown in Table 4.8, Fig. 4.22 Phylogenetic analysis of the 13
CATs; 5 from potato, 3 from tomato and 5 from Arabidopsis indicated that the CAT gene
family is clearly divided into three major CAT groups (Fig. 4.23).

CAT gene family in potato: Recently, benefiting from the whole genome sequencing of model
plants, multiple genes encoding CAT isozymes have been identified from various plant
species using the comparative genome approach Previously, genome-wide studies have
demonstrated that CAT is encoded by a small gene family which has been studied extensively
in different plant species (Sharma and Ahmad 2014) including three in tobacco (Willekens et
al. 1994,97); two in barley (Skadsen et al. 1995), three maize (Polidoros and Scandalios
1999), three in Arabidopsis (Du et al. 2008), three in tomato (Drory and Woodson 1992),
three in chilli ( Lee and An 2005), four genes in rice (Alam and Ghosh 2018), two genes in
sugarcane (Sun et al. 2018) and two genes in cucumber (Hu et al. 2016), three in amaranthus
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Table 4.8 Catalytic domains and their predicted functions in Catalase (KC-CAT1)

Catalytic domain

Position

Function

CATALASE_1
proximal

heme-ligand signature
CATALASE_2
proximal

heme-ligand signature

Tyrosine kinase
phosphorylation site

Catalase-related
immune-responsive

Amidation site

Catalase 344-352

Catalase 54-70

386-392

409-487

414-417

consist of glycine rich sequence followed by a conserved lysine
and a serine or threonine,help in the binding of ATP and GTP
and enzyme activity
consist of glycine rich sequence followed by a conserved lysine
and a serine or threonine, help in the binding of ATP and GTP
and enzyme activity

catalyzes the transfer of glycosyl groups to a nucleophilic
acceptor with either retention or inversion of configuration at the
anomeric centre

helps in transfer of protein from nucleus to cytoplasm and other
cell organelles, thus accurate cellular localization plays a crucial
role in the effective nuclear trafficking

C-terminal alpha-amidation is the most important PTM for
various important biological activities like signal transfer and
receptor recognition
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Fig. 4.23 The phylogenetic tree was generated by the MEGA X software using the Neighbor-Joining method with
the bootstrap test (1000 replicates) shown next to the branches and computing the evolutionary distances
computed by the Poisson correction method. The analyses involved 13 CATprotein sequences from the
potato,tomato and A. thaliana as available in the published reports and/or databases (the plant species and the
GenBank Acc Nos are indicated at each branch). The 492-aa KC-CAT (QWW18612) corresponding to the
culivar KC-1 of this study occupied distinct positions in the phylogenetic tree (shown in bold cases). The three

CAT groups are also indicated.
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(Ni and Trelease 1991). But, now in some plants like cotton and Brassica napus seven and
fourteen CAT genes were identified (Wang et al. 2019; Raza et al. 2021).

By screening the S. tuberosum whole genome and transcriptome database (Spud DB and
Ensembl Plants), four CAT genes annotated as CAT1 (PGSC0003DMG400029408), CAT2
(PGSC0003DMG400001570), CAT3 (PGSC0003DMG400009906) and CAT-like (PGSC0003
DMG400021382) were identified (Table 4.9). It was observed that all these genes encode a
single mRNA each. Also, only CAT2 was found to encode two proteins of length 492 and 475
aa, while CAT1 and CAT3 encoded a protein of 492 aa. The molecular weight for CAT1-3
spanned in a narrow range of 54-57 kDa. The instability index of CAT proteins ranged from
36.25 to 40.29, which classified the proteins as relatively stable. Aliphatic index of CAT
proteins ranged from 68.35 to 73.52 indicating the proteins to be less thermostable. The
GRAVY value of CAT proteins ranged from - 0.52 to - 0.57 indicating their nature spans from
hydrophilic to hydrophobic. Further, CAT1, CAT2 and CAT3 were found to be encoded by
genes on chromosome 12, 2 and 4 respectively (Fig.4.24). Surprisingly, even though the three
CAT isoforms are encoded by individual genes with different chromosomal localization, but
the proteins encoded by these isoforms consists of the same number (492 aa) of amino acids
and have many similar biological parameters. This might be due to their expression at different

time intervals and in different organs, though further studies are needed for confirmation.

3-D model structure, active site prediction and validation: In order to annotate biological
function of any protein it is essential to know its structure first. So, the model generated by
I-TASSER (through the combination of threading and ab initio prediction) was taken for the
study. I-TASSER, a meta server implements different threading programmes and its quality is
asssed on the basis of Z-score (the energy score in standard deviation units relative to statistical
mean of alignments). For confident alignment Z-score should be greater than 1. The model
with minimized energy was used to show Catalase proximal heme-ligand signatures. The
active site and the crucial features and domains as reported earlier were studied and the 3-D
structure visualized in the form of ribbons by PyMol shown in Fig. 4.25A (Hu et al. 2016). The
generated 3-D structure was further validated using the Structural Analysis and Verification
Server (http://nihserver.mbi.ucla.edu/SAVES) (Fig.4.25 B). From the predicted structure,

could be hypothesised that the two crucial proximal catalase haeme signature motifs lie close
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Table 4.9 Features of the CAT genes from potato genome database

Gene PSGC Gene ID PSGC Transcript 1D Uniprot Base pair Amino MW Chr pl Instability ~ Aliphatic ~ Gravy
Symbol ID acid (kDa)  position index index
CAT1 PGSC0003DMG400029408 PGSC0003DMT400075611 P49284 1736 492 56.31 12 6.56 40.29 68.35 -0.57
CAT2 PGSC0003DMG400001570 PGSC0003DMT40003986  MOZMN7 1841 492 56.93 2 6.73 37.73 70.53 -0.54
CAT2 PGSC0003DMG400001570 PGSC0003DMT40003986  Q6T2D5 1841 475 5494 2 6.59 36.25 73.05 -0.53
CAT3 PGSC0003DMG400009906 PGSC0003DMT400025653 M1ALTO 1987 492 56.81 4 6.93 38.17 73.52 -0.52
CAT-like PGSC0003DMG400021382 PGSC0003DMT400055104 M1BXD1 6969 2322 19.9 1 6.66 40..85 93.90 -0.03
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Fig. 4. 24 A schematic presentation of chromosomal localization of the various potato catalase isoform genes retrieved from Potato Genome Sequencing
Consortium (PGSC) database. The chromosomes are shown in blue, while the centromeres are shown in red. CAT1 is present on chromosome 12 at 57.45
Mb, CAT2 on chromosome 2 at 38.56 Mb, CAT3 on chromosome 4 at 71.62 Mb while CAT-like on chromosome 1 at 24.5 Mb.

101



Psi (degrees)
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Fig. 4.25 A lllustrated representation and catalytic domains of the predicted three-dimensional structure model of
the KC-CAT. The CAT protein is depicted cyan, Catalase proximal heme ligands in magenta, Catalase-related
immune-responsive in green, Amidation site in deep blue colour as a ribbons respectively. The active site is
shown in red sphere. The images were generated using the PyMol program (Schrodinger, Inc., New York, NY,
USA), B Ramachandran plot of the KC-CAT model. The most favored regions are colored red, additional
allowed, generously allowed and disallowed regions are indicated as yellow, light yellow and white fields,
respectively.

to each other in their 3-D conformation with the active site (His65) in between them. This
bending pattern might be responsible for triggering the enzyme activity (Reid et al.1981).

Thus, proving this ab-initio approach of predicting 3-D structures to be significantly reliable.

According to Objective 2, close inspection of the amino acid sequences helped to know
sequence identities and divergence between the multiple forms of SuSy, FRK, CDPK and CAT
mostly from the Solanaceae family members. Moreover, sequence analyses unfolded a number
salient features not reported earlier. Importantly, it is a comprehensive report with regard to the
individual gene families and their categories corresponding to the above enzymes in potato as
revealed by genome-wide characterization and further supported by chromosomal localization
studies. Phylogenetic analyses could provide clues to predict evolutionary aspects of the genes
in potato. Prediction of secondary/3-D structures could reveal the folding patterns, stability and

catalytic aspects of the enzymes.
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4.3 Objective 3: To study the expression patterns of the individual forms of the
above enzymes in different potato tissues including the various stages of tuber

development

The purpose of this objective was to have an insight into the expression patterns of the
individual enzymes namely SuSy, FRK, CDPK and CAT in different potato organs including
various stages of tuber development. In order to achieve, both experimental and in silico
approaches were adopted to study the expression patterns. mRNA expression patterns of the
corresponding genes were demonstrated by semi-quantitative RT-PCR using total RNA from
different potato organs; further substantiated by the expression values specific to different
organs retrieved from EMBL-EBI Expression Atlas, a database enriched by wide array of
RNA-Seq and Microarray studies. Enzyme assays were carried out at various stages of tuber

development. Based on the String database, protein-protein interactions were also predicted.

4.3.1. Expression Patterns of Sucrose Synthase (SuSy/SUS)

SuSy mRNA expression patterns: In this study, the SUS gene expression pattern was examined
in some potato organs namely tuberizing stolon, growing tuber, leaf, stem, and flower. By
semi-quantitative RT-PCR, ~0.98 kb DNA was amplified using total RNA from tuberizing
stolon and tuber (Fig. 4.26). The size matched with the KC-SuSy i.e., St-SUS4 (a member of
SUS group 1) specific transcripts towards the 5'-end. The transcript levels appeared to be
comparable for tuberizing stolon and tuber; in contrast, the transcripts were not detected in the
cases of leaf, stem and flower. The levels of actin transcripts were found to be nearly uniform
in all the potato organs. Also, the heatmap generated by the Expression Atlas (Fig 4.27),
clearly reflected that SUSI genes (PGSC0003DMG400002895 also known as SuSy/SUS4,
PGSC0003DMG400013546 and PGSC0003DMG400013547) are highly expressed in the sink
tissues, while the other two i.e, SUSII (PGSC0003DMG4000006672) and SUSIII
(PGSC0003DMG400031046 and PGSC0003DMG400016730) are constitutively expressed in
various organs. As SuSy 4 isoform belonging to SUSI was found to be expressed tenfold more
in tubers in comparison to other photosynthetically active tissues and was consistent with the
results of RT-PCR approach of the study as it could detect KC-SuSy specific transcripts only in

tuberizing stolons and tubers. Hence, KC-SuSy, a SuSy4 form seems to play a key role in
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maintaining carbon flux towards tuber formation as it gets a signal through apolplastic

unloading for the tuber formation and sink strength (Zrenner et al. 1995, Viola et al. 2001,

Baroja-Fernandez et al. 2009).

ts tu le st fl

St-SUS4

Actin

Fig. 4.26 Semi-quantitative RT-PCR for SuSy 4 gene expression analysis using total RNA from different potato
organs (cultivar KC-1) and the primers SSF1-0025 and SSR1-0986. ts tuberizing stolon, tu tuber, le leaf, st stem,
fl flower. The size of the SuSy 4-specific amplified product was ~0.98 kb in ts, and tu. Actin-specific primers were

used as an internal control (the size of the amplified product ~0.65 kb in each organ).
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Fig. 4.27 Tissue expression patterns of SUS genes in potato. The expression values were retrieved from large scale

RNA-seq data in Expression Atlas. FPKM: Fragments per kilobase of exon model per million reads mapped.
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SuSy activities at various stages of tuber development: To know the involvement of SuSys in
maintaining carbon flux towards starch formation at the sink organ, SuSy activities were
measured in the successive stages of tuberization i.e, from hooked stolon tip (S1) to mature
tuber (S8) as shown in Fig. 4. 28 and Table 4.10.

S1 S2 S3 S4 S5 S6 S7 S8

Fig. 4.28 Morphology of various stages of tuberization in potato under field condition (cultivar KC-1). 8 stages of

tuberization are shown: S1 hooked apical stolon tip, S8 mature tuber, S2—S7 stages are indicated in Table 4.10.

Table 4.10 Morphological features and SuSy activity profiles during different stages of tuberization in potato

(cultivar KC-1) under field condition (the experimental data are presented as mean + SD of n=3 extracts.)

Stages of tuberization Morphological features SuSy activity
(nmol/min/g FW)

Diameter (cm)  Fresh weight (g)

S1 (hooked apical stolon tip) 0.06 £0.01 0.01£0.00 21.45+ 1.27
S2 (initiation of tuber formation)  0.31 £ 0.02 0.07+£0.01 72.13+ 7.45
S3 (initial tuber) 0.89 £ 0.07 0.52£0.03 168.39+ 11.58
S4 (developing tuber) 1.68+0.25 2.57+0.33 269.91+ 9.29
S5 (developing tuber) 231+0.11 6.99 +0.79 561.55+ 11.23
S6 (developing tuber) 3.23+0.49 18.33+1.42 769.44 £ 19.61
S7 (developing tuber) 5.11+0.16 38.11+ 257 623.79+ 11.57
S8 (mature tuber) 7.43 £0.57 55.79 + 4.35 511.87+ 13.51

During tuber development, since the initiation of tuber formation after the swelling of the
stolon tip, the activity of SuSy was found to increase exponentially, making it an indicator of

sink strength. After reaching towards maturity, the activity declined, which could be due to the
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feedback inhibition by fructose (Schaffer and Petreikov, 1997; Kanayama et al. 1998, German
et al., 2003). As also in studies done by D’aoust et al. (1999) on tomato plant it was
hypothesized that the greater sink strength caused by the over expression of SUS gene triggers
the growth of plant. Similarly, in other plants like Arabidopsis, cotton fibre and seed, rice, pea,
tobacco, wheat and tomato high activity of SuSy was reported in reproductive tissues
highlighting the role of SuSy in determining the sink strength and in the breakdown of sucrose
(Ruan et al. 2007, Ruan and Chourey, 1998). D’aoust et al. (1999) demonstrated that the
overexpression of SUS gene could trigger the growth of the tomato plants due to an increase of
sink strength. Similarly, in other plants like Arabidopsis, cotton fiber and seed, rice, pea,
tobacco, wheat and tomato high activity of SuSy was reported in reproductive tissues
indicating the role of SuSy in Suc cleavage and determining the sink strength (Ruan and
Chourey, 1998; Ruan et al. 2007). Depending upon the cellular localization in plants, SuSy
plays various roles However, the mechanism by which SuSy proteins bind to cellular targets
and the structural aspects that control their catalytic functions still remain to be elucidated at a

molecular level (Stein and Granot, 2019).

Protein-protein interactions: The STRING database was used to study the interaction of SuSy
protein with other proteins in the cell and to predict their role in the plant metabolism (Fig. 4.29).
The analysis was done by the basic setting of the image using full STRING basic network
involving the data from the multiple sources namely Textmining, Experiments, Databases,
Co-expression, Co-occurrence, Gene Fusion and Neighbourhood. In this approach, high
stringency level was adopted to understand the protein-protein interactions and functions of the
selected enzyme/protein in a more significant way. The biological, molecular and cellular
enrichments and probable roles were deduced from the database. SuSy was found to be involved
primarily in response to starch biosynthetic and sucrose metabolism along with the
photoperiodism, flowering, amino acid metabolism, and cellular carbohydrate metabolic processs.
It was found to be linked with a number of enzymes namely; Glucose-1-phosphate
adenylyltransferase (PGSC0003DMT400097320), AGPS2 (PGSC 0003DMT400041215),
AGPS3 (PGSC0003DMT400023304, PGSC0003DMT400079823), Beta-fructofuranosidase
(PGSC0003DMT400023091), InvGE (PGSC0003DMT400023090), InvGF (PGSC0003DMT
400072606) Sucrose-phosphatase ( PGSC0003DMT400072296, SPP2), UTP-glucose-1-phos-
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phate uridylyltransferase (PGSC0003DMT400034699,UDPG), (Granule-bound starch synthase 1
(PGSC0003DMT400031568, WAXY).
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Fig. 4.29 Protein relationship network of potato SUS | (PGSC0003DMG400002895, SS16)
derived from the STRING database

All these enzymes associated with the metabolic functioning of SUS | gene are mainly involved
in the starch, glycogen, glucose and sucrose related pathways, hence aiding the SUS in allocating
carbon towards the sink issues. Thus, from the analysis of the protein interactions of SUS it could
be deduced that SuSys are the key players in allocating carbon towards the sink formation and
could possibly be involved in double break mechanism in coherence with sucrose synthase
(Stein and Granot 2019). The SUS gene was also found to be involved in the flowering, stress
metabolism, nucleotide synthesis and photoperiodism, which might be co related with its
localization in different cell organelles as reported earlier. As SuSys have also been reported to
participate in plant resistance to various environmental stresses like in hypoxia and dehydration
in Arabidopsis (Martin et al. 1993; Dejardin et al. 1999; Baud et al. 2004), wheat (Marana et al.
1990), maize (Zeng et al. 1998) and rice (Hirose et al. 2008) , carrot (Sturm et al. 1999), pigeon
pea (Kumutha et al. 2008) potato (Biemelt et al. 1999) weed (Harada et al. 2004, 2005), low
temperature and drought stress in barley and rubber plant ( Xiao et al. 2014), glycolytic demand
in tobacco (Kleines et al. 1999). Also, the role of SuSy in starch, cellulose and callose synthesis
have been reported in many plants like cotton tobacco and popular (Ruan and Chourey,1998;
Wei et al. 2015, Coleman et al. 2009). Depending upon the localization of SuSy, it plays various
roles (Stein and Granot, 2019). However, the mechanism by which SuSy binds to cellular targets,
the structural aspects which controls the SuSy partitioning, and impact of it on catalytic function
are unknown at a molecular level.
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4.3.2 Expression Patterns of Fructokinases (FRKS)

FRK mRNA expression patterns: The FRK2 gene expression patterns were examined in some
potato organs namely tuberizing stolon, growing tuber, leaf, stem, and flower. By semi-
quantitative RT-PCR, ~0.6 kb cDNA was only amplified using total RNA from tuberizing
stolon, tuber and leaf (Fig. 4.30). The size matched with the St-FRK2 transcripts towards the
5’-end. The transcript levels of both tuberizing stolon and tuber appeared to be comparable and
higher as compared with leaf; interestingly, the transcripts were not detected in the cases of
stem and flower. The actin expression level was found to be uniform in all these potato organs.
Semi-quantitative RT-PCR suggested that FRK2 gene could predominantly express in
tuberizing stolon, growing tubers and considerably in leaves. Possibly, FRK2 isoform plays a
key role during tuberization. The expression patterns of the individual FRK genes remain to be

elucidated.

ts  tu le st A

Fig. 4.30 Semi-quantitative RT-PCR for FRK2 gene expression analysis using total RNA from different potato
organs (cultivar KC-1) and the primers F1-FK0001 and R1-FKO0606. ts tuberizing stolon, tu tuber, le leaf, st stem,
fl flower. The size of the FRK2-specific amplified product was ~0.6 kb in ts, tu, and le. Actin-specific primers

were used as an internal control (the size of the amplified product ~0.65 kb in each organ).

The FRK2A and FLN gene expression patterns were also examined experimentally, in some
potato organs namely tuberizing stolon, growing tuber, leaf, stem, and flower. By semi-
quantitative RT-PCR, ~0.4 kb StFRK2A cDNA was amplified using total RNA from all the
above organs whereas StFLN was only amplified from leaf and stem total RNA (Fig. 4.31).
The size matched with the StFRK and StFLN transcripts towards the 5’-end. The actin

expression level was found to be uniform in all these potato organs.
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SIFRK specific

SFLN specific

Actin specific

Fig. 4.31 Semi-quantitative RT-PCR for FRK2A and FLN gene expression analysis using total RNA from
different potato organs (cultivar KC-1) and the primers F1-FK0001 and R1-FK0343 a FLF1-0001 and FLR2-500
respectively ts tuberizing stolon, tu tuber, le leaf, st stem, fl flower. The size of the FRK2A-specific amplified
product was ~0.34 kb in ts, tu, le, st and fl and FLN- specific was ~0.5kb in case of le only. Actin-specific primers
were used as an internal control (the size of the amplified product ~0.65 kb in each organ).

From the results of semi-quantitative RT-PCR and analyses from the literature survey, it was
deduced that smaller FRK form (St-CFK23) was present in all the organs suggesting its role in
stress metabolism and the FLN (St-CFL27) was present only in leaves, suggesting its possible
role in cholororplast development and the FRK2 isoform (St-CFK21) was present in leaf and
tubers suggesting its role in sink metabolism. These findings were in concordance with the

earlier reports on these isoforms in potato (Smith et al. 1993; Gangadhar et al. 2014).

To study the expression pattern bioinformatically, the heat map was generated from the curated
data in the various experiments of expression atlas (Fig. 4.32). It clearly reflected that FRK1
(PGSC0003DMG400024246), FRK3(PGSC0003DMG400030653) and FLN (PGSCO0003
DMG400020361, PGSC0003DMG400027017) isoforms has constitutive moderate to high
expression, FRK2 isoform (PGSC0003DMG400026916) was highly expressed in the sink
organ (young and mature tubers), while FRK4 (PGSC0003DMG400010277) was found to be

expressed in reproductive organs.

FRK activities at various stages of tuber development: Facile biochemical techniques were
employed in determining the total extractable FRK activities at different stages of tuber
development i.e., hooked stolon tip (S1) to mature tuber (S8) as shown in Fig. 4.28 (Table
4.11) to know the involvement of FRKSs in maintaining carbon flux towards starch formation
at the sink organ. Transition from hooked apical stolon tip to initiation of tuber formation i.e.,
S1 to S2 was associated with a significant increase of FRK activity and kept on increasing

abruptly in the actively growing tubers (S2—S5 stages) followed by gradual decrease till

109



PGSC0003DMG400024246 ...............
PGSC0003DMG400024246 ..............
PGSC0003DMG400020361 ...............
ey | | | | | ]|

PGSC0003DMG400010277 .. . .
= z Z

5
5

1 d

100
s
uojoI§

Jsad Jagn,

MO
10qm) 2INJEN
3|0l
xade jooyg
uaue),
XoH09 aqn],
nd Jaqny,
nouds saqny,
Jaqm Buno g

uid 0 Ut S[0U Ay

Fig. 4. 32 Tissue expression patterns of FRK genes in potato. The expression values were retrieved from large
scale RNA-seq data in Expression Atlas. FPKM: Fragments per kilobase of exon model per million reads mapped.

Table 4.11 Morphological features and FRK activity profiles during different stages of tuberization in potato
(cultivar KC-1) under field condition (the experimental data are presented as mean + SD of n=3 extracts.)

Stages of tuberization Morphological features FRK activity
(nmol/min/g FW)

Diameter (cm)  Fresh weight (g)

S1 (hooked apical stolon tip) 0.06 +0.01 0.01+£0.00 3145+ 1.27

S2 (initiation of tuber formation)  0.31 + 0.02 0.07£0.01 157.79+ 7.45

S3 (initial tuber) 0.89 +0.06 0.49+0.03 458.40 £ 11.87
S4 (developing tuber) 1.62+£0.23 2.34+0.35 1011.58 £ 21.77
S5 (developing tuber) 2.31+0.11 7.39+0.66 1322.23 £27.23
S6 (developing tuber) 3.13+0.55 17.76 + 1.23 947.20 £17.33
S7 (developing tuber) 4.23+0.29 35.91+ 255 442.33 £ 13.35
S8 (mature tuber) 6.27 £ 0.83 53.83+4.35 363.43+ 9.51
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Maturation. Taylor et al. (1995) also noticed similar FRK activity profile in potato. FRK-
mediated fructose metabolism and shifting of carbon flux to storage starch are crucial during
the early stages of tuber development. Moreover, FRK helps in enhancing the SuSy-catalysed

sucrolytic pathway by reducing the feedback inhibition by Fru. Apart from catalytic roles,
FRKs are also involved in sugar sensing and signalling.

Protein-protein interactions: The STRING database was used to study the interactions of FRK
protein with other proteins in the cell and to predict their role in the plant metabolism
(Fig. 4.33). The basic process of analysis remained same as mentioned earlier. The biological,
molecular and cellular enrichments and probable roles were deduced from the database. FRK

was found to be involved in response to various sugar metabolism particularly sucrose
metabolism with its expression mainly in vacuoles.
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Fig. 4.33 Protein relationship network of potato FRK2 (PGSC0003DMG400026916)
derived from the STRING database

It was found to be linked with a number of enzymes namely sucrose synthase (PGSC0003
DMT400017087), xylose isomerase (PGSC0003DMT400070684), vacuolar invertase (PGSC
0003DMT400035987), hexokinase (PGSC0003DMT400000795).
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All these enzymes are associated with sugar signaling and maintain the homeostasis in the cell.
Thus, from the analysis of the protein interactions of FRK it could be deduced that FRKSs are
the key players in allocating carbon towards the sink formation and could possibly be involved
in double break mechanism in coherence with sucrose synthase (Stein and Granot 2019).

4.3.3 Expression Patterns of Calcium-dependent Protein Kinase (CDPKSs)

CDPK mRNA expression patterns: CDPK2 gene expression pattern was examined in some
potato organs namely tuberizing stolon, growing tuber, leaf, stem, and flower. By semi-
guantitative RT-PCR, a DNA product of ~0.9 kb was only amplified using total RNA from
tuberizing stolon, tuber, leaf and stem (Fig. 4.34). The size matched with CDPK2-A transcripts
towards the 5’-end. The transcript level appeared to be comparabibly high in tuberizing stolon,
tuber in comparison to leaf and stem (where it was low); interestingly, the transcript was not
detected in the case of flower. The actin expression level was found to be nearly uniform in the

potato organs.

StCDPK2

Actin

Fig. 4.34 Semi-quantitative RT-PCR for StCDPK2 expression analysis using total RNA from different potato
(cultivar KC-1) organs and the primers SC2F1-0001 and SC2R1-0920. ts tuberizing stolon, tu tuber, le leaf, st
stem, fl flower. The size of the amplified product was ~ 0.9 kb in ts, tu, le and st. Actin-specific primers were used
as an internal control (size of the amplified product ~ 0.65 kb in each organ).

To study the expression patterns of the CDPKs using bioinformatics tools, heatmap was
generated from the curated RNAseqg-derived data from Expression Atlas (Fig. 4.35). StCDPK1,
2 and 3 genes are found to be highly expressed in the tubers indicating their potential role in
tuberization, whereas StCDPK4, 5, 6, 9, 10, 11, 16 and 19 genes are constitutive ones as they
are expressed in all organs potraying their role in plant immunity. StCDPK?7 protein was found

to be associated with tuber, more specifically in tuber peel and sprout. StCDPK12, 17, 20 and
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23 genes are specific to flower and stem, predominantly in stamen indicating their involvement
in floral development. StCDPK14 gene is highly expressed in stem and root. All these data
clearly suggest that CDPK genes vary with regard to spatio-temporal expression patterns

indicating functional specializations of the individual CDPK forms.
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Fig. 4.35 Tissue expression patterns of CDPK genes in potato. The expression values were retrieved from large
scale RN A-seq data in Expression Atlas. FPKM: Fragments per kilobase of exon model per million reads mapped.

Protein-protein interactions: The STRING database was used to study the interaction of
CDPK2 protein with other proteins in the cell and to predict their role in the plant metabolism
(Fig. 4.36). As analysed in the cases of other genes, the biological, molecular and cellular
enrichments and probable roles of CDPK2 protein were deduced from the database. CDPK2
was found to be associated with only respiratory brust (RBOH) at higher confidence, so lower
confidence level at 4.00 was selected to know the interactions of CDPK2 with other proteins. It
was observed that CDPK2 interacts with Respiratory burst oxidase homolog protein
(PGSC0003DMT400032088, RBOHA; PGSC0003DMT400063688, RBOHB; PGSC0003
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DMT400036734, RBOHC), Cyclic nucleotide-gated ion channel 1 (PGSC0003DMT
400046350), Tellurite resistance protein tehA (PGSC0003DMT400021864, PGSCO0003
DMT400074359, PGSC0003DMT400009999, PGSC0003DMT400051388), wrky transcription
factor 32 (PGSC0003DMT400029069), Calcium/calmodulin-dependent protein kinase kinase
(PGSC0003DMT400074993).
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Fig. 4. 36 Protein relationship network of potato CDPK2 derived from the STRING database

CDPK2 plays a crucial role in maintaining the cellular ion homeostasis (by regulating the
calcium ion flux), responses to water and abiotic stress and chemical stimulus as evident from
gene ontology enrichment. Where as at molecular level it plays a role in calcium ion binding,

oxidoreductase and peroxidase activity, voltage gated ion and anion channel activity.

4.3.4 Expression Patterns of Catalase (CAT)

CAT mRNA expression patterns: CAT1 gene expression pattern was examined in some potato
organs namely tuberizing stolon, growing tuber, leaf, stem, and flower. By semi-quantitative
RT-PCR, a DNA product of ~0.4 kb was only amplified using total RNA from tuberizing
stolon, tuber (relatively high), leaf and stem (relatively low), interestingly, the transcript was not
detected in the case of flower (Fig. 4.37). The size matched with CAT1 transcripts towards the

5’-end. The actin expression level was found to be nearly uniform in the potato organs.
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St-CAT1 specific

Actin specific

Fig. 4.37 Semi-quantitative RT-PCR for CAT1 gene expression analysis using total RNA from different potato
organs (cultivar KC-1) and the primers F1-CT0001 and CT- R10403. ts tuberizing stolon, tu tuber, le leaf, st stem,
fl flower. The size of the CAT1-specific amplified product was ~0.4 kb in ts, tu, le and st. Actin-specific primers

were used as an internal control (the size of the amplified product ~0.65 kb in each organ).

The expression studies available in the expression atlas indicated that CAT1 (PGSC0003DMG
400029408) is specifically expressed more in sink organs, viz. tubers and mature leaves,
exhibiting fragments per kilobase of exon model per million reads mapped (FPKM) as 5FPKM
and 4.5FPKM respectively (Fig. 4. 38). The expression reduced by almost 50% in other potato
organs such as flower, petiole, stem and shoot. CAT2 (PGSC0003DMG400001570) exhibited a
specifically high expression in stamen and leaves (~4FPKM) as compared to other organs.
CAT3 (PGSC0003DMG400009906) displayed abundant expression in tuber sprout, flower and
breaking of dormancy. These results conclusively indicate that CAT1 is tuber-specific and caters
to potato tuberization. Also, from the RT-PCR studies the CAT transcripts were detected high in
tuberizing stolons and tubers as compared to leaves and stems. Thus it could be concluded that,
this isoform plays a vital role in controlling the ROS production by decomposing hydrogen
peroxide during the tuberization (Agrawal et al. 2008; Gill and Tuteja 2010; Mittler 2017).

CAT activities at various stages of tuber development: To know the involvement of CATSs in
maintaining balance between generation and breakdown of reactive oxygen species (ROS) in
developing tubers the CAT activity was measured in the successive stages of tuberization i.e,
from hooked stolon tip (S1) to mature tuber (S8) shown earlier in Fig. 4.28. The results clearly

showed that the CAT activity significantly increased during the early stages of tuber
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Fig. 4.38 Tissue expression pattern of CAT genes in potato. The expression values were retrieved from large scale
RNA-seq with Expression Atlas. FPKM: Fragments per kilobase of exon model per million reads mapped.

development (S1-S3) shown in Table 4.12. The activity peaked in the actively growing tubers
mainly at S3 stage. Such trend more or less continued till the attainment of nearly maturation
stages (S4-S7); while the activity considerably declined at maturation (S8). This decline may
be attributed to the low stress level during maturation period. During the tuber growth, the
activity of KC-CAT1 was found to increase exponentially from the initiation of tuber, marking
CAT1 as a key player in mitigating the harmful effects of ROS. With progression towards
maturity, the CAT activity was observed to decline, which may be attributed to the low H.O>
levels. Thorough studies on the individual components of the antioxidant machinery can help

in understanding such metabolic aspects in a more compreshensive manner.

Table 4.12 Morphological features and CAT activity profiles during different stages of tuberization in potato
under field conditions. The experimental data is presented as mean + SD of n=3 extracts.

o ) CAT activity
Stages of tuberization Morphological features (nmol H202/min per mg protein)
Diameter (cm)  Fresh weight ()
S1 (hooked apical stolon tip) 0.06 +0.01 0.01+0.00 321.45+11.27
S2 (initiation of tuber formation) ~ 0.31 £ 0.02 0.07 £ 0.01 47213 +17.45
S3 (initial tuber) 0.89 + 0.07 0.52+0.03 1300.39 + 26.67
S4 (developing tuber) 1.68£0.25 2.57+0.33 1003.91 £9.29
S5 (developing tuber) 231+0.11 6.99 £0.79 808.55 £ 21.23
S6 (developing tuber) 3.23+0.49 18.33+1.42 899.23 £29.41
S7 (developing tuber) 511+0.16 38.11+ 257 951.79 £ 31.57
S8 (mature tuber) 7.43 +0.57 55.79 + 4.35 611.87 £17.51
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Protein-protein interactions: Every protein functions by interacting with the other proteins in
the cell leading to the change in metabolic process. The results from STRING database indicate
that KC-CAT1 has binding partners, some of which are enzymes that produce hydrogen
peroxide (Fig. 4.39).
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Fig. 4.39 Protein relationship network of potato CAT1 derived from the STRING database. Here, the various
Potato Genome Sequencing Consortium (PGSC) IDs correspond to these enzymes: PGSC0003DMT400013447,
PGSC0003DMT400046236 and PGSC0003DMT400070920 to chloroplastic SOD, PGSC0003DMT400042937 to
mitochondrial SOD and PGSC0003DMT400029209 to peroxisome biogenesis protein.

Thus, it makes sense that they bind directly to catalase, as the latter can turn their product into
water, thus completing the detoxification process. (For example, SOD converts the superoxide
radical, a highly harmful ROS into hydrogen peroxide, so it begins the detoxification process,
and by binding to catalase, the process is completed). The above has to do with the fact that
KC-CAT1 has a region (1-67 aa) which is, on one hand, solvent-exposed, and on the other
hand, contains a large hydrophobic patch. Boguszewska et al. (2020) also studied the protein
interactions of stress related genes in potato in two cultivars. This study may provide new
insight to know the possible interactions of underlying mechanisms involved in tuber
development and could facilitate the targeted alteration of genes responsible to combat the
stress and enhance tuber production. As evident in the profile of Expression Atlas CAT1
isoform is expressed specifically high in sink organs (tubers) as compared to other organs.
Also, the expression of the ROS catabolizing enzymes such as SOD, APX and CAT was
significantly increased during transition from stolons to tubers clearly indicative of active
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cellular defence during growth and development. In other words, the developing tubers are
inherently associated with active antioxidative machinery to combat stresses (Agrawal et al.
2008). Various stresses as mentioned earlier adversely affect growth, development,
productivity even may lead to huge crop loss (Lawlor 2002). Enhanced activities of some
antioxidant enzymes including some CAT isozymes were reported in potato under salt stress
(Rahnama and Ebrahimzadeh 2005). Boguszewska et al. (2010) carried out experiments with
some potato cultivars sensitive to soil drought and other stresses.

According to Objective 3, the spatio-temporal expression patterns of the genes encoding SuSy,
FRK, CDPK and CAT were shown in different potato organs including various stages of
tuberization i.e., initiation to maturation. In the initial stages of tuberization, SuSy and FRK
activitities were markedly increased followed by a decline towards maturity clearly indicating
the crucial role of both the enzymes in determining sink strength which supported the idea of
double break mechanism i.e., SuSy-mediated production of Fru was subject to feedback
inhibition. The CDPK2 mRNA level was found to be higher in developing tubers suggesting its
importance in minimizing the adverse effects of oxidative burst during tuberization. CAT
activities were significantly higher at the early stages of tuberization clearly indicating the role
of enzymatic antioxidants in scavenging the harmful ROS like H>O. Protein-protein
interaction studies could predict some mutual regulatory aspects of metabolism.

In conclusion, tuberization is a complex process in potato life cycle involving a number of
enzymes/proteins, transcription factors and multiple signaling pathways. In this study, the
genetic resources of an Indian potato cultivar were explored for isolation of the cDNAs
encoding the distinct isoforms of SuSy, FRK, CDPK and CAT. Since these enzymes are
crucial in the developmentally-regulated tuberization process in potato. Isolation and
characterization of the members of the individual gene families, corresponding deduced protein
sequences, multiple sequence alignments, identifying the crucial motifs/domains, predicting
the secondary/3-D structures and their expression were the major focus areas of this study as
some aspects/features were not reported earlier in potato system. Expression patterns/enzyme
assays showed significantly higher expression levels of Susy4, FRK2, CDPK2 and CAT1 genes
in the developing tubers which indicated that in concert with Suc, Fru and starch metabolism,
Ca?* signaling and ROS metabolism are also crucial in the process of tuberization. The datasets
would be quite useful in improving not only the potato crops but the other members of the
Solanaceae family as well. Keeping in view, this thesis work is quite relevant and useful.
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4.4 Concluding remarks and future prospects

Potato is a non-cereal food crop; its commercial importance is rapidly increasing globally
mainly because of nutritional aspects. In other words, it is promising to fight hunger and
malnutrition in many countries. Therefore, a thorough understanding of tuber growth and
development has become a very attractive area of research in recent decades. It becomes
necessary to increase productivity of this tuber crop. Like other crops, potato plants are highly
prone to both abiotic and biotic stresses and show low photoassimalitation capacity (Powell et
al. 2012). Therefore, new approaches are to be adopted to face such challenges by developing
stress tolerant crops.

In potato lifecycle, the process of developmentally-regulated tuberization involves multiple
proteins/enzymes associated with carbohydrate, starch, storage protein and stress metabolism.
Higher sink strength of developing tubers depends on some crucial factors like sugar signalling
and effective stress management regulated by the nature of spatio-temporal expression patterns
of different genes. In plants, various factors like genetic makeup (G), environment (E) and
importantly, the interactions between them (G x E) have profound influence on growth,
development, fitness, performance, adaptation, and other physiological aspects. A particular
species with different genotypes respond differently by exposure to the same environmental
factors (El-Soda et al. 2014). A particular gene could vary in its express pattern in different
cultivars of potato depending on genotype. Tuberization is a complex process which requires
expression of multiple genes and the complex interplay of the gene products. Studying the
structure, function, characterization and expression patterns of different forms of the crucial
genes would be helpful to understand tuberization. Moreover, it would help to develop potato
cultivars with desirable genotype by modern biotechnological approaches and hence contribute
to increasing crop productivity under both normal and stressful conditions.

In the area of potato molecular genetics, there are some issues that require further attention
e.g., organization of the genes in the individual potato chromosomes, size of the gene families
and their groupings, structural aspects and the transcriptional control of the individual members
of a gene family, biochemical attributes of various protein forms including their catalytic
aspects and their functional specializations. In-depth understanding of protein—protein
interactions such as formation of protein complexes are also crucial as they could influence the

overall metabolic activities during various stages of tuber development.
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This thesis work deals with some of the enzymes/proteins involved in tuberization namely
Sucrose synthase (SuSy), Fructokinase (FRK), Calcium-dependent protein kinase (CDPK) and
Catalase (CAT). The isoforms of these enzymes are involved in tuberization and their
coordinated activities determine the sink strength of a storage organ like potato tuber. The
cDNAs encoding the above enzymes were isolated and characterized for the first time from a
commercially important processing Indian cultivar, Kufri Chipsona-1 (KC-1). During the
process of tuber induction, the apoplastic phloem unloading of sucrose (Suc) is predominantly
replaced by symplastic phloem unloading. Therefore, SuSy-mediated sucrolytic pathway
becomes predominant as compared to invertase-mediated Suc breakdown in the apical region
of swollen tip. It is very likely, this process is responsible for up regulation of several genes
involved in sucrose metabolism such as FRK. As evident from the experiments, SUS4
belonging to group I, is highly expressed during tuberization in comparison to other SUS
forms. In this context, cloning and characterization of a SUS4 member from potato cultivar
KC-1 along with in silico studies of its crucial glycosyl transferase site, CoDY helix domains,
3-D structure, and its expression patterns in various organs and stages of tuber development are
important aspects of the study, particularly in the area of Suc metabolism in developing tubers.
The importance of allocating carbon sources towards the sink tuber is well known. However,
we know little about various forms of FRKSs involved in tuberization. Here, a cDNA encoding
a distinct 319-aa FRK2 isoform i.e., St-FRK2 is reported from the cultivar KC-1 along with
two more cDNA clones encoding 256-aa FRK2A and 266-aa FLN variants involved in stress
metabolism and plant development. The predicted 3-D structures could distinguish between the
different FRK forms in potato suggesting they could vary with regard to catalytic aspects. The
expression pattern of the FRK2 isoform clearly suggests its involvement in determining sink
strength of tuber. In addition, adequate information/analyses are provided describing the FRK
gene family, chromosomal maps and the expression of the individual members. In silico
analyses also helped to generate some new datasets which could be used in genetic
manipulations.

Along with starch-sucrose metabolism in the growing tuber, there is concomitant influx of Ca?*
ions into the cytoplasm paving towards activation of calcium signals (specifically CDPKSs) to
trigger the cascade of activation/deactivation of proteins/enzymes/transcription factors/growth

regulators associated with tuberization (Bi et al. 2021). Keeping in view, a cDNA encoding a
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distinct CDPK2 form was cloned and characterized from the cultivar KC-1 involved in
tuberization. In silico analyses helped to generate some datasets which were not reported
earlier. The influx of calcium ions is usually accompanied with generation of ROS inside the
cytoplasm causing a stressful situation. Catalase (CAT) plays a crucial role during the process
of tuberization as it actively dismutates harmful hydrogen peroxide to water. The biochemical,
molecular and in silico studies on CAT remain important aspects of this thesis work. Here, we
report cloning and characterization of a cDNA encoding distinct CAT1 form involved in
tuberization. Also an insight into the gene family, the crucial domains/catalytic sites and their
probable functions are predicted.

In conclusion, this thesis work mainly focussed on the enzymes involved in sucrose/starch
metabolism, calcium signalling and ROS metabolism closely associated with tuberization. This
Is a comprehensive report with regard to an Indian potato cultivar. All the data/findings of the
study would help in gaining molecular insights into the complex interplay of metabolic and
signalling pathways that facilitate the tuberization process under normal and stressful field
conditions. Thorough sequence analyses of different genes and their products as done in this
study would be useful in several biotechnological approaches such as diploid breeding, gene

editing or marker assisted breeding technologies for development of designer potato crops.
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Sucrose synthase (SuSy, EC 2.4.1.13) refers to a glycosyltranferase (GT) that plays a crucial role in sugar
metabolism mainly in the sink tissues of plants. Using uridine diphosphate (UDP) or adenosine diphosphate
(ADP), SuSy catalyzes the reversible cleavage of sucrose into fructose, and UDP-glucose (UDP-GIc) or ADP-
glucose (ADP-Glc), respectively. In plants, SuSy is encoded by relatively small gene families. It exists in multi-
ple forms distributed differentially in the plant tissues suggesting their functional specializations. SuSy activ-
ity is regulated by a hierarchy of mechanisms including transcriptional control. Here, we report isolation and
characterization of a 2,668-bp cDNA encoding a distinct full-length SuSy4 form, corresponding to SUS I group
gene family, from a commercially important Indian potato (Solanum tuberosum L.) cultivar, Kufri Chipsona-1
by RT-PCR using tuber total RNA. The predicted protein consisted of 805 amino acids (designated KC-SuSy).
All of the available potato SuSy proteins could be categorized into 3 groups i.e., SUS [-III as reported earlier
in other plants. Phylogenetic analysis was carried out using the SuSy sequences from the potato, tomato and
Arabidopsis. Multiple sequence alignments revealed segment-wise identity and divergence between the SuSy
forms. Using KC-SuSy sequence, secondary structures, crucial domains/motifs and amino acids, and a three-
dimensional (3-D) structure were predicted. KC-SuSy was found to be predominantly expressed in tuber.
The early stages of tuber development were associated with high levels of SuSy activity. This report would be

particularly useful for further studies on the SuSy proteins in potato and other Solanaceae family members.

© 2022 SAAB. Published by Elsevier B.V. All rights reserved.

1. Introduction

In plants, sucrose (Suc) refers to the primary product of photosyn-
thetic tissues. This nonreducing sugar is transported from the source
tissues to the non-photosynthetic tissues i.e., sink tissues through the
phloem. The transported Suc is crucial in regard to providing energy,
many metabolic pathways, synthesis of different organic molecules
for growth and development, and also for sugar signalling. Moreover,
it acts as a storage reserve, compatible solute under stresses, and reg-
ulates the expression of sugar-responsive genes (Huber and Huber
1996; Ruan 2014; Stein and Granot 2019). Sucrose-biosynthesis-

Abbreviations: SUS/SuSy, Sucrose synthase; KC-1, Kufri Chipsona-1; CPRI, Central
Potato Research Institute; RNA, ribonucleic acid; cDNA, complementary deoxyribonu-
cleic acid; RT-PCR, reverse transcription polymerase chain reaction; NCBI, National
Center for Biotechnology Information; ORF, open reading frame; ExPASy, Expert Pro-
tein Analysis System; pl, isoelectric point; SIB, Swiss Institute of Bioinformatics; MSA,
multiple sequence alignment; MEGA, molecular evolutionary genetic analysis; I-
TASSER, iterative threading assembly refinement; SAVES, Structural Analysis and Veri-
fication Server; MW, molecular weight; Al, aliphatic index; 3-D, three-dimensional;
Ch, chromosome
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related proteins (SBRPs) usually include sucrose-phosphate synthase
(SPS; EC 2.4.1.14), sucrose synthase (SuSy; EC 2.4.1.13) and sucrose-
phosphate phosphatase (SPP; EC 3.1.3.24). Briefly, SPS catalyzes the
synthesis of sucrose-6-phosphate (Suc-6-P) by transferring the hexo-
syl group from uridine diphosphate glucose (UDP-GIc) to fructose-6-
phosphate (Fru-6-P), followed by its hydrolysis to produce sucrose by
the enzyme SPP. In the sink tissues, Suc can be hydrolyzed into Glc
and Fru by the cell-wall invertase (cwINV) and vacuolar/cytosolic
invertases; whereas, with the help of uridine diphosphate (UDP) the
enzyme SuSy reversibly and efficiently hydrolyzes Suc into UDP-Glc
and Fru (Salerno and Curatti, 2003; Ruan, 2014).

SuSy, a glycosyltransferase (GT), is found in plants and has
recently been reported in bacteria. In cereal endosperm and potato
tuber, SuSy is regarded as the predominant sucrose cleavage enzyme,
and provides substrates for starch synthesis (Winter and Huber,
2000). It meets the increased glycolytic demand under anaerobic con-
dition and cold stress, and provides UDP-GlIc for cell wall biosynthe-
sis; also plays a crucial role by providing substrate for respiration by
supplying energy during loading and unloading in phloem (Fu and
Park, 1995; Sheen et al., 1999; Coleman et al., 2006). SuSy proteins
are typically homotetrameric, and the monomer is around 90 kDa
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consisting of 800 amino acids. The monomers may vary between 53
to 110 kDa in different plants. SuSy could act as a heterotetramer as
reported in some plant species namely maize, barley, rice and bird
cherry. The activity of SuSy was known to be regulated by pH. It
showed Suc-synthesis activity at pH 7.5-9.5; whereas for Suc degra-
dation, the optimal pH values were between 5.5-7.5. SuSy requires
UDP for the cleavage of Suc. However, ADP can also be utilized at a
lower affinity for the same reaction (Guerin and Carbonero, 1997;
Duncan et al., 2006; Sytykiewicz et al., 2008; Schmolzer et al., 2016).
Earlier, the SuSy proteins were considered to be only cytosolic, but
the recent studies showed that they are also localized in various
organelles such as vacuoles, plastid, mitochondria, golgi apparatus,
cytoskeleton and tonoplasts to play different roles such as carbon
allocation to plastid for starch synthesis, regulation of the solutes
between the cytosol and mitochondria, and cytoskeleton functioning
(Morell and Copeland, 1985; Keller et al., 1988; Etxeberria and Gon-
zalez, 2003; Winter et al, 1998; Subbaiah et al, 2006;
Buckeridge et al., 1999; Konishi et al., 2004). The two major domains
of a SuSy monomer are ~250-amino acid N-terminal domain for cel-
lular targeting, and ~500-amino acid C-terminal GT-B domain having
the enzyme’s glycosyl transferase activity (Zheng et al., 2011).

Werr et al. (1985) first cloned and sequenced a SUS i.e., Shrunken
(Sh) gene from maize. Since then, many SUS genes have been cloned
and characterized from different plants such as maize, Arabidopsis,
rice, potato (Solanum tuberosum L.) and tomato. Because of the advan-
ces in genome sequencing, assembly and annotations, the SUS gene
families were studied in a comprehensive manner in plants
(McCarty et al, 1986; Shaw et al.,1994; Martin et al., 1993;
Wang et al., 1992; Yu et al., 1992; Salanoubat and Belliard,1987;
Fu et al,, 1991; Fu and Park, 1995; Goren et al., 2011; Huang et al.,
2016; Dinh et al., 2018; Stein and Granot, 2019; Xu et al., 2019;
Huang et al., 2021; Duan et al., 2021). Usually, this enzyme is encoded
by small gene families between four to seven SUS genes, and divided
into three different clades in both monocots and dicots. However,
more number of SUS genes were also reported in some plant species
(Avigad, 1982; Stein and Granot, 2019). The number of SUS genes
could vary between different plants: two in Amborella trichopoda,
five in grape and sugarcane, six in Arabidopsis, rice, tomato, rubber
tree and peach, and seven in cotton, bamboo and tobacco; while in
apple, tobacco, poplar and Chinese pear, 11, 14, 15 and 30 SUS genes
were identified, respectively (Zhang et al., 2013; Zhu et al.,, 2017;
Baud et al., 2004; Hirose et al., 2008; Goren et al., 2017; Wang et al.,
2015; Chen et al, 2012; Huang et al, 2018; Tong et al.,, 2018;
Wang et al., 2015; An et al., 2014; Abdullah et al., 2018).

Salanoubat and Belliard (1987) first isolated and characterized a
SuSy cDNA clone from potato and showed relatively higher levels of
its transcripts in developing tubers as compared to other organs. It
was demonstrated that SuSy activity was regulated by wounding and
anaerobiosis (Salanoubat and Belliard, 1989). Two classes of sucrose
synthase genes, Sus3 and Sus4, were isolated and characterized from
a potato cultivar (FL1607), and found to be differentially expressed
(Fu and Park, 1995). Zrenner et al. (1995) demonstrated that SuSy
was responsible for the sucrose cleavage in tuber (a sink organ),
rather than invertases. They established the crucial role of SuSy
regarding to carbon partitioning and determining the sink strength
in potato. Later, two more SuSy isoforms were also characterized
from potato (Baroja-Fernandez et al., 2003; Daloso et al., 2016). Most
of the potato cultivars are autotetraploid (2n= 4x=48) and highly het-
erozygous. High levels of DNA polymorphisms in the potato genome
are well known. Cumulative mutations contribute to multiple allel-
ism and natural allelic variations in potato (Draffehn et al., 2010). It is
likely that multiple SuSy forms corresponding to each class of SUS
gene family could exist in potato depending on the cultivar genotype.
The individual SUS genes could show differential expression patterns
in both photosynthetic and non-photosynthetic tissues in potato, and
influence their growth and development. Unlike tobacco and tomato,
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there is no comprehensive report available in the literature with
regard to molecular cloning of different SUS genes and their expres-
sion patterns at various stages of tuber development in potato, partic-
ularly in the Indian potato cultivars. Close inspection of the
sequences, prediction of the crucial motifs and 3-D structures, are
equally important in order to establish the structure-function rela-
tionships in the individual SuSy proteins.

Here, we report isolation and characterization of a cDNA encoding
SuSy4 from a potato cultivar Kufri Chipsona-1 (KC-1). The Spud DB
Potato Genomics Resource, NCBI GenBank and other databases were
also explored to find more SuSy proteins in potato. Along with
sequence comparison and phylogenetic analysis using these proteins,
the crucial domains, motifs, active sites and three-dimensional (3-D)
structure were also predicted in the SuSy4 form under study. SUS-
specific expression patterns were examined in the potato organs
including developing tubers based on the semi-quantitative RT-PCR,
and RNA-seq data available in the potato genome database. SuSy
activities were measured in the different stages of tuber develop-
ment. This is a comprehensive report regarding the SuSy isoforms
particularly in potato which would be useful for further in-depth
molecular and biochemical studies, and in silico approaches.

2. Materials and methods
2.1. Plant materials, growing conditions, and reagents

An Indian potato cultivar Kufri Chipsona-1 (KC-1), procured from
Central Potato Research Institute (CPRI), Shimla, India was used in
this study. It is a high-yielding and commercially important process-
ing variety suitable to different agro-climatic zones of the Indian sub-
continent. It was routinely micropropagated in the laboratory under
controlled conditions (25—-27 °C, ~70% relative humidity under 16 h
photoperiod with a light intensity of 40—42 pmol m~2 s~ spectral
flux photon of photo-synthetically active i.e.,, 460—700 nm radia-
tions) on MS-basal medium with 2.5% sucrose at 4—5 wk intervals.
The micropropagated potato plantlets were acclimatized and then
cultivated in the field for 15—16 wks (mid of November to early of
March). Different potato organs namely tuberizing stolons, develop-
ing tubers at different stages along with young leaf, stem, and flower
were harvested, frozen in liquid nitrogen and stored at —80 °C for fur-
ther molecular and biochemical studies. Chemicals and enzymes
were procured from Sigma-Aldrich Pvt. Ltd, Genei, SRL and HiMedia
Laboratories, India.

2.2. RNA extraction, RT-PCR, and SuSy cDNA cloning

Total RNA was isolated from the growing tuber, tuberizing stolon,
leaf, stem, and flower from the potato cultivar KC-1 by SDS-Phenol
method as reported earlier (Gilman, 1987). Quality of the total RNA
preparations was checked by determining the Ajgo/Azso ratio spec-
trophotometrically followed by regular and formaldehyde agarose
gel electrophoresis along with RT-PCR using different potato gene-
specific primers. The following oligonucleotide primers were used
based on the potato cDNA sequence encoding a SuSy4 form
(M18745, Salanoubat and Belliard, 1987): the forward primer SSF1-
0025, 5'~TCTCAAAGTTGAACTTTGTC-3’ (corresponding to the bases
25-44); and the two reverse primers namely SSR1-0986,
5'—~ACAACCTGGCCACCGGTGTC—-3’ (complementary to the bases
967-986), and SSR3-2693, 5'~ATCTCTTATTCATACCAACAG—3’ (com-
plementary to the bases 2673—2693). For the internal control, consti-
tutively expressed potato actin gene (XM_006348930)-specific
forward (F1-AC0591, 5'—CCACATGCTATCCTTCGTCTC-3') and reverse
(R1-AC1149, 5'-TCCACATCTGTTGGAAGGTAC-3’) primers were
used.

Reverse transcription (RT) was carried out using the RevertAid™
H Minus First Strand cDNA Synthesis Kit with M-MuLV reverse
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transcriptase (Fermentas Life Sciences). Approx. 2.0 ug of purified
total tuber RNA as template and oligo (dT),g primer were used in the
reverse transcription reaction. In order to isolate the full-length
cDNA, PCR was carried out using the RT product, the SuSy cDNA-spe-
cific primers SSF1-0025 and SSR3-2693, and 1.0 unit of high fidelity
XT-5 PCR System (Genei). After initial denaturation at 94 °C for 1 min
30 s, the thermal cycling parameters during PCR were denaturation
at 94 °C for 1 min, annealing at 55 °C for 2 min; polymerization at
72 °C for 3 min for 30 cycles followed by final extension at 72 °C for
5 min. The amplified RT-PCR product was treated with Klenow
enzyme, purified, and cloned into the Smal site of the pUC19 vector
according to the protocol as described by Sambrook et. al., (1989). E.
coliDH5« was used as a host for molecular cloning. The cDNA was
sequenced in both directions by Bioserve Biotechnologies, India.

2.3. Sequence analyses and phylogenetic tree

The nucleotide and amino acid sequences corresponding to the
SuSy cDNA of this study along with other SuSy isoforms in potato
retrieved from the available databases (Spud DB; (http://solanaceae.
plantbiology.msu.edu and EnsemblPlants; https://plants.ensembl.org/
index.html) were analyzed by National Center for Biotechnology
Information (NCBI; http://www.ncbi.nlm.nih.gov/) by the BLAST and
ORF-finder tools. The molecular weight, isoelectric point (pI), and
amino acid composition of the predicted proteins were determined
by the ProtParam tools of Expert Protein Analysis System (ExPASy) of
Proteins and Proteomes server of the Swiss Institute of Bioinformatics
(SIB; https://www.expasy.org/). The secondary structures like
a-helix, B-strand, and coil were examined by the PSIPRED secondary
structure prediction method of Jones (1999) (http://bioinf.cs.ucl.ac.
uk/psipred/). The relationships between the protein sequences and
motifs were investigated by MyHits tool of EXPASy (https://myhits.
sib.swiss/cgi-bin/motif_scan). For multiple sequence alignment, the
MultAlin software (http://www.multalin.toulouse.inra.fr/multalin/;
Corpet, 1988) was used. For construction of phylogenetic tree, the
Clustal Omega multiple sequence alignment program, an EMBL-EBI
sequence analysis tool (https://www.ebi.ac.uk/Tools/msa/clustalo/)
was used followed by evolutionary analyzes by the Neighbor-Joining
method with bootstrap test (1000 replicates) and Poisson correction
method of MEGA X software (Kumar et al., 2018). This analysis
involved a total of 28 amino acid sequences including 17from potato
and six from tomato and five from Arabidopsis (lida et al., 2009;
Lao et al,, 2014; Fuglevand et al., 1998; Wang et al., 1993).

2.4. 3-D structure prediction and validation of the model

The 3D model was constructed using a bioinformatics method i.e.,
[-TASSER (Iterative Threading Assembly Refinement; https://zhan
glab.ccmb.med. umich.edu/I-TASSER/) (Zhang, 2008). The model was
validated using the Structural Analysis and Verification Server
(http://nihserver.mbi.ucla.edu/SAVES/; Cheatham et al., 1995). The
predicted structures were visualized in the form of ribbons by PyMol
software (https://www.pymol.org). The transmembrane helices were
also predicted using Phyre2 tools of a protein fold recognition server
to know the transmembrane topology of the protein (http://www.
sbg.bio.ic.ac.uk/phyre2/; Kelley et al., 2015).

2.5. SuSy expression patterns in potato

The expression patterns of the SUS genes in potato were examined
by the bioinformatics datasets and experimental approaches. The
expression values in different organs were accessed in the large scale
RNA-Seq and microarray studies, protein expression datasets in
Expression Atlas maintained by the European Bioinformatics Institute
(https://www.ebi.ac.uk/gxa/home), and the potato genomic resource
Spud DB (http://solanaceae.plantbiology.msu.edu/). The average
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signal intensity values of a gene were obtained from a high diversity
of experiments covering different organs, developmental stages, and
treatments.

The expression patterns at transcription level were also studied by a
semi-quantitative RT-PCR approach to identify the SuSy expression pat-
terns in several potato organs namely tuberizing stolon, tuber, leaf, stem
and flower. Reverse transcription was carried out in a reaction volume of
20 L using 2.0 ng of total RNA from each organ, oligo (dT);g primer
and the cDNA Synthesis Kit from Fermentas Life Sciences. 3.0 ©L of each
RT product was used as template in PCR of 50 L reaction volume using
the SuSy c¢DNA specific forward and reverse primers, SSF2-0076 and
SSR1-0986, respectively and 1.0 unit of Taq DNA polymerase (Genei).
During PCR, the thermal cycling parameters remained the same as men-
tioned earlier, except for polymerisation for 1min. For the internal con-
trol, the actin gene-specific forward (F1-AC0591) and reverse (R1-
AC1149) primers were used to amplify a ~0.65 kb fragment using the
same RT products as the template. All the RT-PCR products were
resolved using 0.9% agarose gel electrophoresis. The relative expression
levels between the potato organs were examined by the quantification
tool of the gel documentation system (Bio-Rad, USA).

2.6. Assay of SuSy activity

Protein extraction and SuSy assay were carried out according to the
protocols reported earlier (Jammer et al., 2015). Briefly, ~500 mg of the
freshly-harvested maturing potato tubers at different stages of growth
were homogenized in liquid nitrogen with 0.1% Polyvinylpolypyrroli-
done (PVPP). All the extraction steps were performed on ice and/or in a
cold room at 4 °C. The ground plant materials were extracted with
1.0 mL of extraction buffer (40 mM Tris-HCl pH 7.6, 3.0 mM MgCl,,
1.0 mM EDTA, 0.1 mM PMSF, 1 mM benza- midine, 14 mM S-mercap-
toethanol, 24 M NADP"). The homogenate was centrifuged at 4 °C and
20,000 g for 35 min until a solid pellet was obtained. The suspended par-
ticles in the supernatant i.e., crude extract were removed by filtration,
and dialysed overnight against 20 mM potassium phosphate buffer (pH
7.4) at 4 °C. This step was required to remove highly abundant substrates
of SuSy and a few other enzymes as well. The protein contents in the
crude extracts were determined according to the Lowry method
(Lowry, 1951), using BSA as a standard. All of the extracts were frozen in
liquid nitrogen and stored at —20 °C in aliquots until further use. The
SuSy activity was determined in two reactions: in presence of 1.0 mM
UDP to determine a total of Susy and cytosolic invertase activities, and
without UDP for the background cytosolic invertase activity only. The
SuSy activity was calculated by subtracting background invertase activity
from the total activities. For both reactions, the composition of the com-
mon assay buffer was 1.0 mM EDTA, 2.0 mM MgCl,, 5.0 mM DTT,
250 mM sucrose, 1.3 mM ATP, 0.5 mM NAD", 0.672 U of HXK, 0.56 U of
PGI, and 0.32 U of G6PDH in 50 mM HEPES/NaOH at pH 7.0. Suc was
omitted in the controls. The progress of the reaction was monitored by
an increase in absorbance at 340 nm due to conversion of NAD* to
NADH. The total extractable enzyme activities were measured and
expressed in nmol/min/g FW.

2.7. Statistical analysis

Each of the SuSy assays in different tuber extracts and other bio-
chemical experiments were carried out in triplicate and the data were
presented as the Mean + SD of n = 3 independent experiments. Standard
deviation and mean values were calculated using SPSS software of IBM.
3. Results

3.1. Cloning of cDNA and sequence analyses

A cDNA clone, designated St-CSS01, specific to the potato cv. KC-1
was obtained through PCR (Fig. 1). The nucleotide sequence was
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Fig. 1. RT-PCR amplification of SuSy cDNA. Lane 1 1 kb DNA ladder; Lane 2 RT-PCR
product (~2.7 kb) using total RNA from the growing potato tuber of the cultivar KC-1
and the SuSy cDNA-specific primers, SSF1-0025 and SSR3-2693.

analyzed by the NCBI BLAST tool and found to encode a distinct form of
SuSy4. The sequence information was submitted to the GenBank data-
base (MT731684). The 2,668-bp St-CSSO1 consisted of 51-bp 5-UTR,
2418-bp ORF (bases 52— 2469), and 199-bp 3’-UTR. The G+C contents of
the 5'-UTR, coding region, and 3’-UTR were found to be 48, 43 and 34%,
respectively. As revealed by NCBI BLAST search, it showed 99% sequence
identity with a full-length SuSy cDNA from the potato cv. Sirtema
(M18745). The coding region of St-CSS01 showed significant sequence
identities with other SUS cDNAs (XM_006345182.2, NM_001288357.1,
XM_015204139.2, NM_001247726.2, L19762.1, KF977579.1,
NM_001313910.1, EU908020.1, DQ834312.1, AM087674.1) encoding
different SuSy forms in the Solanceae and other plants.

The predicted protein, designated KC-SuSy shown in Fig. 2
(QWW18611), consisted of 805 amino acids. Based on the ProtParam
tool, the calculated molecular weight (MW) of KC-SuSy was found to
be 92.4 kDa with a predicted isoelectric point (pl) of 8.63. Out of its
total 805 amino acids, 94 were strongly basic (+) (Lys, Arg), 114 were
strongly acidic (—) (Asp, Glu), 298 were hydrophobic (Ala, Ile, Leu,
Phe, Trp, Val), and 168 were polar (Asn, Cys, Gln, Ser, Thr, Tyr). The
instability index of KC-SuSy was computed as 34.69, which classified
the protein as stable. The amino acid composition data revealed that
some of the amino acids such as Gln (4.2%), Ser (4.6%), Glu (9.4%) and
Leu (11.1%) occurred more frequently as compared to their average
occurrence; whereas, the amino acids, namely Cys (0.9%), Ser(4.6%),
Asn (3.7%) occurred less frequently (Doolittle, 1989). Sequence and
phylogenetic analyses clearly indicated that KC-1 specific SuSy of the
study was a distinct member of SuSy4 isoform, belonging to group I
with specific signature sequences of this enzyme, preserved in all the
SuSy isoforms of the Solanaceae family (Fig. 2).

3.2. Sequence alignment, regulatory/binding motifs, distinct sequence
features and phylogenetic tree

Six potato SuSy sequences representing three different groups
were used for alignment to identify the sequence relatedness and
divergence. The crucial domains/motifs involved in the catalysis and
regulation under various biotic and abiotic stresses include ATP/GTP-
binding site motif A (P-loop), bipartite nuclear localization signal,
CodY helix-turn-helix domain, glycosyl transferase domain and
cAMP- and cGMP-dependent protein kinase phosphorylation sites;
their relative locations and functions are presented in Table 1 and
Fig. 2. Phylogenetic analysis of the SuSy proteins from potato, tomato
and Arabidopsis indicated that the SUS gene family was clearly
divided into three major groups (Fig. 3).
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3.3. Potato SUS gene family

By screening the potato whole genome and transcriptome databases,
Spud DB, and EnsemblPlants (https://plants.ensembl.org/index.html), six
SUS genes encoding sucrose synthase designated SuS, SUS4 and SuSy2
were retrieved, and categorised into three SUS groups (I-III) on the basis
of phylogenetic analysis as reported earlier (Table 2, Fig. 3). Some of the
SUS genes except PGSC0003DMG400031046 and PGSCO003DMG
400013547 (which encode only a single transcript) were found to
encode multiple transcripts: e.g, PGSC0003DMG400002895,
PGSC0003DMG400031046, PGSC0003DMG400016730 encode two tran-
scripts  each, PGSCO003DMG400013546 encodes four while
PGSCO0003DMG4000006672 encodes five transcripts. The number of
exons varied from 1 to 15, and the ORF size in these transcripts ranged
from 372 to 3537 base pairs. The predicted proteins encoded by the tran-
scripts consisted of 55—840 amino acids (6.13—95.57 kDa). The smaller
transcripts are variants of the SuSy proteins, which might be involved in
other physiological processes that still remain an enigma. The instability
index of the functional SuSy proteins ranged from 3022 to 41.87,
which classified them as relatively stable proteins. The aliphatic index of
the SuSy proteins ranged from 77.76 to 102.91 and indicated that
they are thermostable. The GRAVY values of these proteins
ranged from —0.428 to 0.324 indicating their segment-wise hydrophilic
and hydrophobic characteristics. The pl values ranged from 4.78 to 6.95
and indicated their slightly acidic nature. The SUS genes were localised
on five chromosomes: briefly, PGSC0003DMG400002895 at
30.85 Mb on Ch12, PGSC0003DMG400031046 on Ch3 at
44,88 Mb, PGSC0003DMG4000006672 on Ch9 at 61.46 Mb,
PGSCO0003DMG400016730 on Ch2 at 36.93 Mb and
PGSC0003DMG400013546 at 40.64 Mb, PGSC0003DMG400013547 at
40.61 on Ch7 (Fig. 4). The biological characteristics of the published SuSy
isoforms available in the NCBI database were also studied (Table 3).
Although the number of amino acids were the same in some isoforms,
they could differ in other biochemical parameters such as theoretical pl
and molecular weight. Like tomato and Arabidopsis and other plants, the
SuS genes could be divided into three groups in potato (Duan et. al.,
2021).

3.4. Modeling, active site prediction and validation

It is essential to know the structural aspects of a protein to anno-
tate its biological function. A model of KC-SuSy was generated by I-
TASSER (through the combination of threading and ab initio predic-
tion). I-TASSER, a meta server implements different threading pro-
grammes and its quality is assessed on the basis of Z-score (the
energy score in standard deviation units relative to statistical mean
of alignments) and for the confident alignment Z-score should be
greater than 1. The model with minimized energy shows the specific
glycosyl transfer signature domain. The active site, the crucial fea-
tures and domains as reported earlier were studied; the 3-D structure
was visualized in the form of ribbons by PyMol (https://www.pymol.
org) as shown in Fig. 5 (Zheng et al., 2011; Huang et al., 2016). More-
over, the Normalized B-factor which represents the secondary struc-
ture as predicted by I-TASSER is shown in Fig. 6. The modeled
structure was validated using the Structural Analysis and Verification
Server (http://nihserver.mbi.ucla.edu/SAVES) (Fig. 7). The transmem-
brane helices were predicted using Phyre2, a protein fold recognition
tool (sbg.bio.ic.ac.uk) shown in Fig. 8.

3.5. Expression patterns in potato organs, sugar content and SuSy
activities during tuber development

The heatmap generated by the Expression Atlas (Fig. 9), clearly
reflected that SUSI genes are highly expressed in the sink tissues,
while the other two i.e., SUSII and SUSIII are constitutively expressed
in various organs. In this study, the SUS gene expression pattern was
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KC-SuSy -MAERVLTRVHSLRERVDATLAAHRNEILLFLSRIESHGKGILKPHELLAEFDAIRQDDK—-NKLNEHAFEELLKSTQEA 77
StSuSy1l -MAERVLTRVHSLRERVDATLAAHRNEILLFLSRIESHGKGILKPHELLAEFDAIRQDDK- -NKLNEHAFEELLKSTQEA 77
StSusSyI -MAERVLTRVHSLRERVDATLAAHRNEILLFLSRIESHGKGILKPHELLAEFDAIRQDDK- -NKLNEHAFEELLKSTQEA Ve
StSusy?2 -MSNPKFTRVPSMRERVEDTLSAHRNQLVALLSRYVAQGKGILQPHHLIDEFNSAVCDDTACEKLKEGPFCEILKSTQEA 79

StSuSyII -MSNPKFTRVPSMRERVEDTLSAHRNQLVALLSRYVAQGKGILQPHHLIDEFNSAVCDDTACEKLKEGPFCEILKSTQEA 79
StSuSyIII MATTPALKRSESIADSMPEALRQSRYHMKRCFAKYIEQGKRMMKLHSLMDELEKVIDDPAERNHVLEGLLGYILCTTMEA 80
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KC-SuSy  IILPPWVALAIRLRPGVWEYIRVNVNALVVEELSVPEYLQFKEELVDGA-SNGNFVLELDFEPFTASFPKPTLTKSIGNG 156
StSuSyl  IVLPPWVALAIRLRPGVWEYIRVNVNALVVEELSVPEYLQFKEELVDGA-SNGNFVLELDFEPFTASFPKPTLTKSIGNG 156
StSuSyI  IVLPPWVALAIRLRPGVWEYIRVNVNALVVEELSVPEYLQFKEELVDGA-SNGNFVLELDFEPFTASFPKPTLTKSIGNG 156
StSuSy2  IVLPPFVAIAVRPRPGVWEYVRVNVYDLSVEQLTIPEYLRFKEELVDGE-DNNLFVLELDFEPFNASVPRPSRSSSIGNG 158
StSuSyII IVLPPFVAIAVRPRPGVWEYVRVNVYDLSVEQLTIPEYLRFKEELVDGE-DNNLFVLELDFEPFNASVPRPSRSSSIGNG 158
StSuSyIII AVVPPYIAFATRQNPGFWEYVKVNANDLSVEGITATEYLKFKEMIVDESWAKDEYALEIDFGAVDFSTPRLTLSSSIGNG 160
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ATP/GTP-binding site motif A
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KC-Susy VEFLNRHLSAKMFHDKESMTPLLEFLRAHHYKGKTMMLNDRIQNSNTLONVLRKAEEY LIMLPPQTPYFEFEHKFEEIGL 236
StsuSyl VEFLNRHLSAKMFHDKESMTPLLEFLRAHHYKGKTMMLNDRIQNSNTLONVLRKAEEY LIMLPPDTPYFEFEHKFQEIGL 236
StsusSyI VEFLNRHLSAKMFHDKESMTPLLEFLRAHHYKGKTMMLNDRIQNSNTLONVLRKAEEY LIMLPPDTPYFEFEHKFQEIGL 236
StSusy2 VQFLNRHLSSNMFRSKES LDPLLDFLRGHNHKGNVLMLNERIQRISRLESSLNKADDY LSKLPPDTPY TEFEYALQEMGF 238
StSuSyII VQFLNRHLSSNMFRSKESLDPLLDFLRGHNHKGNVLMLNERIQRISRLESSLNKADDYLSKLPPDTPYTEFEYALQEMGF 238
StSuSyIII LSYVSKFLTSKLNASSTSAQCLVDYLLTLNHQGDKLMINETLSTVSKLQAALVVAESSISSIPTDTPYQSFELRFKEWGF 240
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KC-Susy EKGWGDTAERVLEMVCMLIDLLEAPDSCTLEKFLGRIPMVFNVVILSPHGYFAQENVLGYPDTGGQVVYILDQVPALERE 316
StSusSy1l EKGWGDTAERVLEMVCMLLDLLEAPDSCTLEKFLGRIPMVFNVVILSPHGYFAQENVLGYPDTGGQVVYILDQVPALERE 316
StSusylI EKGWGDTAERVLEMVCMLLDLLEAPDSCTLEKFLGRIPMVFNVVILSPHGYFAQENVLGYPDTGGQVVYILDQVPALERE 316
StSusy2 EKGWGDTAKRVLETMHLLSDILOAPDPSTLETFLGRLPMVEFNVVILSPHGYFGOANVLGLPDTGGQVVYILDQVRALEAE 318
StSuSyII EKGWGDTAKRVLETMHLLSDILQAPDPSTLETFLGRLPMVFNVVILSPHGYFGQANVLGLPDTGGQVVYILDQVRALEAE 318
StSuSyIII EKGWGDTAERVRDTMRTLSEVLQAPDPSNFEKFFGRVPTVFNIVLFSVHGYFGQADVLGLPDTGGQVVYVLDQVVAFEEE 320
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KC-SusSy MLKRIKEQGLDIIPRILIVTRLLPDAVGTTCGQRIEKVYGGEHSHILRVPFRTEKGIVRKWISRFEVWPYMETF IEDVAK 396
StSuSyl MLKRIKEQGLDIIPRILIVTRLLPDAVGTTCGQRIEKVYGAEHSHILRVPFRTEKGIVRKWISRFEVWPYMETFIEDVAK 396
StSuSyI MLKRIKEQGLDIIPRILIVTRLLPDAVGTTCGQRIEKVYGAEHSHILRVPFRTEKGIVRKWISRFEVWPYMETFIEDVAK 396
StSuSy2 MLLRIKQQGLNFKPKILVVTRLIPDAKGTTCNQRLERISGTEYSHILRVPFRTENGILHKWISRFDVWPYLEKFTEDVAG 398
StSuSyII MLLRIKQQGLNFKPRILVVTRLIPDAKGTTCNQRLERISGTEYSHILRVPFRTENGILHKWISRFDVWPYLEKFTEDVAG 398
StSuSyIII MLQRIKQQGLNVKPQILVLTRLIPDAKGTKCNQELEPIKNTKHSHILRVPFRTEKGVLNQWVSRFDIYPYLERYTQDASD 400
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CodY helix-turn-helix domain
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KC-Susy EISAELQAKPDLIIGNYSEGNLAASLLAHKLGVTQCTIAHALEKTKYPDSDIYWKKFDEKYHFSSQFTADLIAMNHTDFI 476
StSusSyl EISAELQAKPDLIIGNYSEGNLAASLLAHKLGVTQCTIAHALEKTKYPDSDIYWKKFDEKYHFSSQFTADLIAMNHTDFI 476
StSusyI EISAELQAKPDLIIGNYSEGNLAASLLAHKLGVTQCTIAHALEKTKYPDSDIYWKKFDEKYHFSSQFTADLIAMNHTDFI 476
StSuSy2 EMSAELQGVPDLIIGNYSDGNLVASLLAYKMGVTQCTIAHALEKTKYPDSDIYWKKFEEKYHFSCQFTADLLSMNHSDFI 478
StSuSyII EMSAELQGVPDLIIGNYSDGNLVASLLAYKMGITQCTIAHALEKTKYPDSDIYWKKFEEKYHFSCQFTADLLSMNHSDFI 478

StSuSyIIT KIIELMEGKPDLIIGNYTDGNLVASLMARKLGITLGTIAHALEKTKYEDSDIKLKELDPKYHFSCQFTADLIAMNSADFV 480
KR KKK KKK | Kk Kk kKRR ok Kk Kook kKKK KRKKKKKK KRk k | k. KKKKK KkkkKkk . Kk kK.
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KC-SuSy ITSTFQEIAGSKDTVGQYESHMAFTMPGLYRVVHGINVFDPKFNIVSPGADINLYFSYSDTEKRLTAFHPEIDELLYSDV 556
StSusyl ITSTFQEIAGSKDTVGQYESHMAFTMPGLYRVVHGINVFDPKFNIVSPGADINLYFSYSETEKRLTAFHPEIDELLYSDV 556
StSusyI ITSTFQEIAGSKDTVGQYESHMAFTMPGLYRVVHGINVFDPKFNIVSPGADINLYFSYSETEKRLTAFHPEIDELLYSDV 556
StSuSy2 ITSTYQEIAGTKNTVGQYESHTAFTLPGLYRVVHGIDVFDPKFNIVSPGADMTIYFPYSDKEKRLTSLHPSIEKLLFDPE 558
StSuSyII ITSTYQEIAGTKNTVGQYESHTAFTLPGLYRVVHGIDVFDPKFNIVSPGADMTIYFPYSDKEKRLTSLHPSIEKLLFDPE 558
StSuSyIII ITSTYQEIAGSKDRPGQYESHSAFTLPGLYRVVSGINVFDPKFNIAAPGADQSVYFPYTEKQKRLTDFRPAIEKLLFSKV 560

Kokkk ookkkkk k| kkkokkk kkk kkkkkkk  kk  kkkkkkkk . kkkk | kk k.. akkkk ok k. Kk,

v
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KC-SuSy ENDEHLCVLKDRTKPILFTMARLDRVKNLTGLVEWYAKNPRLRGLVNLVVVGG-DRRKESKDLQEQAEMKKMYELIETHN 635
StSusy1l ENDEHLCVLKDRTKPILFTMARLDRVKNLTGLVEWYAKNPRLRGLVNLVVVGG-DRRKESKDLEEQAEMKKMYELIETHN 635
StsSusyI ENDEHLCVLKDRTKPILFTMARLDRVKNLTGLVEWYAKNPRLRGLVNLVVVGG-DRRKESKDLEEQAEMKKMYELIETHN 635
StsSusy2 QNEVHIGNLNDQSKPIIFSMARLDRVKNITGLVECYAKNATLRELANLVVVAGYNDVKKSNDREEIAE IEKMHALMKEHN 638
StSuSyII QNEVHIGNLNDQSKPIIFSMARLDRVKNITGLVECYAKNATLRKLANLVVVAGYNDVKKSNDREEIAEIEKMHALMKEHS 638
StSuSyIII DNDEHIGYLEDRTKPILFTMARLDTVKNTTGLTEWFGKNKKLRSLVNLVVVGGSFDPTKSNDREEAAEIKKMHVLIEKYQ 640
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Fig. 2. Comparison of the predicted 6 full-length SuSy sequences corresponding to the three major active isoform groups from the potato. SuSy group I includes KC-SuSy
(QWW18611), StSuSy1 (AAA33841), StSuSyl (A7Y137); SuSy group II includes StSuSy2 (AAO67719), StSuSyll (M1A8]5); SuSy group III includes StSuSylll (M1BE45). Multiple
sequence alignment was done based on MultAlin software along with some minor manual adjustments. Dashes indicate gaps that arise during alignment. Asterisks *’ indicate the
conserved amino acids; ‘.’ refers to the almost conserved or conservative substitutions; ‘.’ refers to conserved amino acids in at least two SuSy groups. The downward arrow ‘|}’ indi-
cates the entire sucrose synthase domain (from 7-554 aa) and ‘¥’ denotes the glocysl transferase Groupl region (from 558725 aa) . The crucial regulatory/binding motifs are
underlined in KC-SuSy. ‘o', ‘B’ and ‘~’ denote the propensity of the individual amino acids of KC-SuSy towards alpha helix, beta-sheet and random coil formation, respectively.
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E-X7-E motif
¥ e B RS QOO ~ ~~ BRB ~ v v v QXXX >~~~ BRBRR ~~~ ~~ AQCPBR~~~~BRPR~~~~

KC-SuSy LNGQFRWISSQMNRVRNGELYRYIADTKGAFVQPAFYEAFGLTVVEAMTCGLPTFATNHGGPAEI IVHGKSGFHIDPYHG 715
StSuSyl LNGQFRWISSQMNRVRNGELYRYIADTKGAFVQPAFYEAFGLTVVEAMTCGLPTFATNHGGPAEI IVHGKSGFHIDPYHG 715
StSuSyI LNGQFRWISSQMNRVRNGELYRYIADTKGAFVQPAFYEAFGLTVVEAMT CGLPTFATNHGGPAEI IVHGKSGFHIDPYHG 715
StSuSy2 LDGQFRWISAQMNRARNGELYRYIADKRGIFVQPAFYEAFGLTVVEAMT CGLPTFATCHGGPMEIIQDGVSGYHIDPYHP 718
StSuSyII LDGQFRWISAQMNRARNGELYRYIADKRGIFVQPAFYEAFGLTVVEAMTCGLPTFATCHGGPMEIIQDGVSGYHIDPYHP 718
StSuSyIII LKGQIRWIAAQTDRYRNSELYRTIADSKGAFVQPALYEAFGLTVIEAMNCGLPTFATNQGGPAEIIVDGISGFHIDPNNG 720
* kk o kkk ok ok kk kkkk.kkk ok kkkkk kkkkkkkk, hkkk khkkkkkkk  kkk kkk ok kk,kkkk
v Bipartite nuclear localization signal profile
O 0L OXOXOX CLOXCL O OLOL XXX O ~ (X GLOLCX OLOLO XX OX L CXCX OLOLOL DX O™~ CXCX O CLCLOL L OX O XXX CLOL X~ OLOL XXX~ (XX OLOL O X L OO XX L DXL X LU L~ XX
KC-SusSy EQAADLLADFFEKCKKDPSHWETI SMGGLKRIEEKYTWQIYSESLLTLAAVYGFWKHVSKLDRLEIRRYLEMFYALKYRK 795
StsuSyl EQAADLLADFFEKCKKDPSHWETI SMGGLKRIEEKYTWQIYSERLLTLAAVYGFWKHVSKLDRLEIRRYLEMFYALKYRK 795
StSuSyI EQAADLLADFFEKCKKDPSHWETI SMGGLKRIEEKYTWQIYSERLLTLAAVYGFWKHVSKLDRLEIRRYLEMFYALKYRK 795
StsusSy2 NKAAELMVEFFQRCEQNPTHWENISASGLQRILDRY TWKIYSERLMTLAGVYGFWKLVSKLERRETRRYLEMFY ILKFRE 798
StSuSyII NKAAELMVEFFQRCEQNPTHWENISASGLQRILDRYTWKIYSERLMTLAGVYGFWKLVSKLERRETRRYLEMFYILKFRE 798
StSuSyIII DESSNKIVNFFQKSREDPEHWNRISAQGLKRIYECYTWKIYANKVLNMGSIYTFWKTLYKDQKQAKQRYIDTFYNLEFRN 800
.. hh Lok kk | kk | ckk kk | ke kL sk kkk o kL, LI S S
CIOLOIO, ~ v i i

KC-SuSy MAEAVPLAAE 805

StSusyl MAEAVPLAAE 805

StSusSyI MAEAVPLAAE 805

StSusSy2 LVKSVPLAIDDKH 811

StSuSyII LVKSVPLAIDDKH 811

StSuSyIII LIKDVPIRIDEKPEGPKERPERVKVKPQLSQRRSQSRLQK

ek

840

Fig. 2. Continued.

Table 1
Catalytic domains / motifs and their predicted functions in potato SuSy.
Catalytic domain Position  Function
ATP/GTP-binding site motif A (P-loop) 184-191 consist of glycine rich sequence followed by a conserved lysine and a serine or
threonine to help the binding of ATP and GTP for enzyme activity
Glycosyl transferase Group I 558-725 catalyzes the transfer of glycosyl groups to a nucleophilic acceptor with either
retention or inversion of configuration at the anomeric centre
Bipartite nuclear localization signal profile 782-796 aids transfer of protein from nucleus to cytoplasm and other cell organelles, for the
appropriate protein functioning
CodyY helix-turn-helix domain 414-440 A DNA-binding motif (recognition helix) binds to the major groove of DNA
cAMP- and cGMP-dependent protein kinase phosphorylation site  539-542, phosphorylates proteins with exposed motif of arginine-arginine-X-serine to gain
612-615 biological activity

examined in some potato organs namely tuberizing stolon, growing
tuber, leaf, stem, and flower. By semi-quantitative RT-PCR, ~0.98 kb
DNA was amplified using total RNA from tuberizing stolon and tuber
(Fig. 10). The size matched with the KC-SuSy specific transcripts
towards the 5’-end. The transcript levels appeared to be comparable
for tuberizing stolon and tuber; in contrast, the transcripts were not
detected in the cases of leaf, stem and flower. The levels of actin tran-
scripts were found to be nearly uniform in all the potato organs.

SuSy plays a key role in maintaining carbon flux towards starch
formation in the sink tissues. In view of this, the SuSy activities were
measured in the successive stages of tuberization i.e., from hooked
stolon tip (S1) to mature tuber (S8) shown in Fig. 11 (Table 4). The
data in Table 4 clearly showed that there was a significant increase of
SuSy activity during the early stages of tuber development (S1-S5);
reached a maximum level at the mid-maturation stage (S6), and
gradually declined until maturation (S7—S8) probably due to inhibi-
tion by its own substrates such as Fru.

4. Discussion

Tuberization in the potato is a complex developmental process
associated with distinct changes at various morphological, cellular,
molecular and biochemical levels. Synthesis of storage starch and
accumulation of proteins occur significantly during tuber formation.
Suc is the major source of carbon for starch synthesis in the tuber. A

switch from apoplastic to symplastic sucrose unloading during tuber
induction is coincident with a biochemical change from an invertase-
mediated Suc cleavage to a SuSy-mediated Suc cleavage pathway in
the subapical region of the stolon tip. SuSy undergoes feedback inhi-
bition by free Fru. With regard to carbon allocation in the potato
tuber, SuSy is crucial as it acts as a key player in maintaining the car-
bon flux toward starch formation (Viola et al., 2001; Sarkar, 2008).
Apart from the storage tissues, the SUS genes are also expressed in
different plant organs such as leaves, vascular tissues, stems, flowers,
fruits, cotyledons and developing seeds (Stein and Granot, 2019).
Plant SuSys were extensively studied at biochemical and molecular
levels. A number of cDNA/genomic clones encoding different SuSy
isoforms, their expression patterns along with structure-function and
phylogenetic relationships, and catalytic activities were reported in
different plant species including Arabidopsis, rice and some commer-
cially important Solanaceae family members namely tomato and
tobacco (Stein and Granot, 2019). Potato is the world’s most impor-
tant and promising non-grain food crop in terms of production and
global food security (Genova et al., 2011). Unlike tomato and tobacco,
the SuSy isoforms are yet to be comprehensively studied in potato in
terms of their expression patterns and structure-function relation-
ships. This present study is relevant and useful due to the potato’s
importance in global food supply.

In the present study, the KC-1 specific cDNA clone, St-CSSO1
which encodes a distinct SuSy4 form and is predominantly expressed
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Fig. 3. The phylogenetic tree was generated by the MEGA X software using the Neighbor-Joining method with the bootstrap test (1000 replicates) shown next to the branches and
computing the evolutionary distances computed by the Poisson correction method . The analyzes involved 28 SuSy protein sequences; 17 from the potato (StSUS), 6 from tomato
(SISUS) and 5 from A. thaliana (AtSUS) as available in the published reports and/or databases (the plant species and the GenBank/ Uniprot accession numbers are indicated at each
branch). The 805-aa KC-1 specific SuSy (QWW18611) corresponding to the culivar KC-1 of this study occupied distinct positions in the phylogenetic tree (shown in bold cases). The

three SUS groups are also indicated.

in developing tubers suggesting its role in Suc metabolism was
cloned and characterized. It belongs to SUS I group gene family hav-
ing conserved function in cellular sucrose metabolism and allocation
(Xu et al., 2019). Various protein parameters such as approx. molecu-
lar weight, theoretical pl, amino acid composition and their average
occurrence and stability were predicted. Apart from the cDNA cloning
studies, five more potato SuSy sequences were retrieved from the
databases and thoroughly analyzed. The available potato SuSy
proteins could now be categorized into three potentially active
isoforms consistent with the earlier reports. Multiple sequence
alignments helped to identify the sequence relatedness and diver-
gence within and between the members of the major SuSy iso-
forms in potato.

Typically, a SuSy protein is known to contain two major regula-
tory domains namely a ~250-aa N-terminal domain responsible for
cellular targeting that includes the cellular targeting domain (CTD)
and an early nodulin 40 (ENOD40) peptide-binding domain (EPBD),
and almost double the C-terminal GT-B domain of 500 amino acids
playing a role in the glycosyl transferase activity. The active sites in
the GT-B domains are found to be conserved, both within and among
the three SuSy subgroups, hence they are subject to more evolution-
ary constraints than the “regulatory” domains which are responsible
for the cellular localization of the SUS genes (Zheng et al., 2011;
Xu et al., 2019). Two important serine phosphorlyation sites occur-
ring at the segment 11-15 and at position 170 are found to be
responsible for membrane association, and regulation of protein
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Table 2
Features of SUS genes in potato extracted from genomic databases (Spud DB and Ensembl Plants).
Gene PGSC Gene ID Chlocal PGSC Transcript ID UniprotID  Base Exons  Amino Mol. Wt.  pl Instability Aliphatic Gravy
Group pairs acids Index Index
NN PGSC0003DMG400002895 12 PGSC0003DMT400007505  A7Y137 2821 13 805 92.47 587 33.36 92.42 -0.246
PGSC0003DMT400007506 ~ MOZT40 2746 13 805 92.47 587  33.96 92.42 -0.246
SusII PGSC0003DMG400031046 3 PGSC0003DMT400079728  M1D2C2 1017 1 176 19.91 579 39.78 77.76 -0.428
SusIt PGSC0003DMG4000006672 9 PGSC0003DMT400017087  M1A8J5 2915 15 811 92.79 6.01 4032 89.42 -0.288
PGSC0003DMT400017088  M1A8J6 3537 11 436 49.87 6.44  41.87 97.18 -0.191
PGSC0003DMT400017093  M1AS8J8 1290 1 55 6.13 478 3184 102.91 0.324
PGSC0003DMT400017094  M1A8]9 952 1 93 10.83 639  40.15 86.99 -0.146
PGSC0003DMT400017092  M1A8J7 372 1 80 8.63 6.01 3840 93.75 0.154
SuSII PGSC0003DMG400016730 2 PGSC0003DMT400043117  M1BE45 2697 14 840 95.57 6.95 3521 84.27 -0.392
PGSC0003DMT400043118  M1BE46 1785 10 566 63.85 548 3022 87.60 -0.256
SusI PGSC0003DMG400013546 7 PGSC0003DMT400035262  M1B217 2922 12 808 92.95 6.07 3497 93.38 -0.225
PGSC0003DMT400035261  M1B216 2828 14 805 92.60 6.03  34.61 93.85 -0.240
PGSC0003DMT400035260  P49039 2809 14 805 92.57 598 3428 93.85 -0.240
PGSC0003DMT400035263  M1B218 2534 10 641 73.88 6.17 3521 90.03 -0.237
SUSI PGSC0003DMG400013547 7 PGSC0003DMT400035264  M1B219 2698 11 803 91.43 583 3735 88.51 -0.287
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Fig. 4. A schematic presentation of chromosomal localization of the potato SUS genes retrieved from Potato Genome Sequencing Consortium (PGSC) and Ensembl Plants database.
The chromosomes are shown in blue, while the centromeres are shown in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.).
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Table 3

Biological information of the potato SuSys extracted from the NCBI database.
Gene Name Accession No. (Nucleotide) ~ Accession No. (Protein)  ORF(bp)  Coding Region  Protein (aa) = Mol. Wt.(kDa)  pl
Sucrose synthase (SS16) ~ XM_006345182 XP_006345244 2813 156..2573 805 92.47 5.87
Sucrose synthase M18745 AAA33841 2711 76..2493 805 92.41 5.83
Sucrose synthase 2 AY205084 AA034668 2701 122..2539 805 92.61 5.98
Sucrose synthase 4 AJ537575 CAD61188 2429 6..2423 805 92.44 5.91
Sucrose synthase 2 AY205302 AA067719 2679 22..2457 811 92.77 5.99
Sucrose synthase 3 NM_001288308 NP_001275237 2679 22..2457 811 92.77 5.99
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Fig. 5. Illustrated representation and catalytic domains of the predicted three-dimen-
sional structure model of the KC-1 specific SuSy. The CTD domain is depicted in blue,
EPBD domain in cyan, the GTB-N domain in wheat, GTB-C domain in yellow and the
extra N and C terminal regions in magenta color in the form of cartoon. The other
important linker region between CTD and EPBD domain is shown as sphere in green
color. The images were generated using the PyMol program (Schrodinger, Inc., New
York, NY, USA). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).

degradation (Hardin et al., 2003). Another most important conserved
motif is E-X;-E found in the region from F671 to E700 of GT4 proteins.
The first E residue in the E-X,-E motif is invariant, while the second
one could be substituted by Gln or Tyr. These two Glu (E) residues are
known to play crucial role in the enzyme catalysis as studied by
mutational and structural analysis (Huang et al., 2016). Several other
domains like ATP/GTP-binding site motif A (P-loop) contains a glycine
rich sequence followed by lysine residues that help in ATP binding.
Bipartite nuclear localization signal profile helps in targeting the pro-
tein localization, and CodY helix-turn-helix domain aids in protein
functioning.

Recently, because of whole genome sequencing, a number of
genes encoding SuSy isoforms have been identified from different
plant species using the comparative genomics approach (Stein and
Granot, 2019; Xu et al,, 2019). Close inspection of the databases
revealed the presence of six SUS genes in the potato genome belong-
ing to three groups viz. SUS I, SUS II, SUS IIl shown in Fig. 3). The SuSy
proteins significantly vary in terms of size, suggesting their roles in
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Fig. 8. Illustrated representation of transmembrane helix prediction of KC- SuSy by
Phyre2. The extracellular and cytoplasmic sides of the membrane are labeled and the
beginning and of each transmembrane helix illustrated with a number indicating the
residue index.

diverse biological processes such as sugar sensing and stress response

(Stein and Granot, 2019). The presence of multiple transcripts may be
due to existence of the allelic variants of the gene-a common feature
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Fig. 6. Normalized Bfactor and 2D structure prediction of the KC- SuSy (blue: alpha helix, red: extended strand, green: beta turn, yellow: random coil) by I-TASSER. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 10. Semi-quantitative RT-PCR for SuSy 4 (KC-Specific) gene expression analysis
using total RNA from different potato organs (cultivar KC-1) and the primers SSF1-
0025 and SSR1-0986. ts tuberizing stolon, tu tuber, le leaf, st stem, fl flower. The size of
the SuSy 4 -specific amplified product was ~0.98 kb in ts, and tu,. Actin-specific pri-
mers were used as an internal control (the size of the amplified product ~0.65 kb in
each organ).

of the polyploid potato plants. The number of exons was also found to
vary between the SUS group members. In the case of transcripts
encoded by the PGSC0003DMG400002895, the exon number was the
same but there was a difference in the number of base pairs (Table 2).
Some differences in the exon-intron structure were reported in some
plants. As reported in the NCBI database, some SuSy isoforms con-
sisted of the same number of amino acids but showed variations in

Table 4

Fig. 11. Morphology of various stages of tuberization in potato under field condition
(cultivar KC-1). 8 stages of tuberization are shown: S1 hooked apical stolon tip, S8
mature tuber, S2—S7 stages are indicated in Table 4.

other parameters (Table 3). These isoforms could be allelic variants of
the individual SUS genes. As mentioned earlier, the size of the SUS
gene family significantly varies between the plant species ranging
from two to thirty, suggesting gene duplication events might have
led to the expansion of this gene family (Abdullah et al., 2018;
Stein and Granot, 2019; Xu et al., 2019).

According to the expression profile data of Expression Atlas, SuSy
4 isoform is expressed tenfold more in tubers in comparison to other
photosynthetically active tissues. This was consistent with the RT-
PCR approach of the study as it could detect KC-SuSy specific tran-
scripts only in tuberizing stolons and tubers. KC-SuSy, a SuSy4 form
seems to play a key role in maintaining carbon flux towards tuber

Morphological features and SuSy activity profiles during different stages of tuberization in potato (cultivar KC-1)

under field condition (the experimental data are presen

ted as mean % SD of n = 3 extracts.).

Stages of tuberization Morphological features SuSy activity (nmol/min/g FW)
Diameter (cm) Fresh weight (g)

S1 (hooked apical stolon tip) 0.06 +0.01 0.01 +0.00 21.45+1.27

S2 (initiation of tuber formation) ~ 0.31 4+ 0.02 0.07 £ 0.01 7213 £745

S3 (initial tuber) 0.89 + 0.07 0.52 +0.03 168.39 £ 11.58

S4 (developing tuber) 1.68 +£0.25 2.57 £0.33 269.91 +9.29

S5 (developing tuber) 231+0.11 6.99 +0.79 561.55+11.23

S6 (developing tuber) 3.23+£049 1833+ 142 769.44 +19.61

S7 (developing tuber) 5.114+0.16 38.11 +£2.57 623.79 +11.57

S8 (mature tuber) 7.43 +0.57 55.79 £4.35 511.87 £ 13.51
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formation as it gets a signal through apolplastic unloading for the
tuber formation and sink strength (Zrenner et al.,1995; Viola et al.,
2001; Baroja-Fernandez et al., 2009). The phylogenetic analysis
revealed that SUS I group gene family evolved independently from
the monocot and dicot subfamilies (Xu et al., 2019).

During tuber development, since the initiation of tuber formation
after the swelling of the stolon tip, the activity of SuSy was found to
increase exponentially, making it an indicator of sink strength. After
reaching towards maturity, the activity declined, which could be due
to the feedback inhibition by fructose (Schaffer and Petreikov, 1997;
German et al.,, 2003). D’aoust et al. (1999) demonstrated that the
overexpression of SUS gene could trigger the growth of the tomato
plants due to an increase of sink strength. Similarly, in other plants
like Arabidopsis, cotton fiber and seed, rice, pea, tobacco, wheat and
tomato high activity of SuSy was reported in reproductive tissues
indicating the role of SuSy in Suc cleavage and determining the sink
strength (Ruan and Chourey, 1998; Ruan et al., 2007). Depending
upon the cellular localization in plants, SuSy plays various roles.
However, the mechanism by which SuSy proteins bind to cellular tar-
gets and the structural aspects that control their catalytic functions
still remain to be elucidated at a molecular level (Stein and
Granot, 2019).

5. Conclusion

In plants, SuSy activity is known to play key roles in sugar metab-
olism, particularly in the sink tissues. Potato is a major food crop
known for the high sink capacity of its tubers. Many laboratories now
adopt various marker-assisted breeding and genetic modification
techniques for improving the desirable traits in potato such as
high yield, processing qualities, tolerance to varying agro-climatic
conditions, value-added nutrients, disease resistance, and pro-
longed postharvest storage. Such efforts require the identification
and thorough characterization of the genes and their allelic var-
iants involved in the desired traits. Therefore, in-depth under-
standing of the SuSy proteins could help in developing designer
crops through genetic manipulations.
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ABSTRACT

In plants, calcium-dependent protein kinases (CDPKs) play crucial role in the regulation of growth and devel-
opment in response to various stresses. They act as sensor-transducers in decoding the calcium (Ca®*) ions
associated with multiple signal transduction pathways. The plant CDPK isoforms are encoded by the nuclear
multigene families. Some CDPK isoforms were reported earlier in potato; but their three-dimensional (3-D)
structures were not predicted. Based on the RT-PCR approach using tuber total RNA, a 1560-bp cDNA clone
encoding 515-aa CDPK2 isoform (designated StCDPK2) was isolated and characterized from the potato culti-
var Kufri Chipsona-1(KC-1). A thorough sequence analysis revealed both sequence identities and crucial
motifs in the potato CDPKs. Semi-quantitative RT-PCR approach was adopted to show the expression pat-
terns of StCDPK2 in different potato organs grown under field condition. The three-dimensional (3-D) struc-
tures of potato CDPK1-3 were predicted by a composite approach using ab initio modeling, and further
validated and assessed by Ramachandran plot analyses. In addition, a number of the CDPK isoforms were
retrieved from the potato genome sequence database; their probable biochemical properties and functional

3-D protein structures

aspects were predicted based on both bioinformatics tools and published reports.

© 2022 SAAB. Published by Elsevier B.V. All rights reserved.

1. Introduction

In plants, calcium ion (Ca?*) plays pivotal role in various processes
such as growth, development and stress responses. Transient
increase in cyotosolic Ca®* concentrations triggers the signaling path-
ways that lead to the cellular changes like stomatal movements,
increased water retention, and responses to the biotic stress such as
pathogen attack (DeFalco et al., 2010; Tong et al., 2021). Plant Ca*sig-
natures are understood by some calcium sensors such as calmodulins
(CaMs), calmodulin-like proteins (CaMLs), calcineurin B-like proteins
(CBLs) and Ca”-dependent protein kinases (CDPKs) (Sanders et al.,
2002; Zhao et al., 2021). Upon binding with Ca?* ions these proteins
undergo conformational changes, thus activating many downstream
proteins. Among all these sensors, CDPKs are unique as they act Ca?

Abbreviations: Ca®*, Calcium ion; CaMs, Calmodulins; CaMLs, calmodulin-like pro-
teins; CBLs, calcineurin b-like proteins; CDPKs, Ca**-dependent protein kinases; CaM-
LD, calmodulin-like domain; KC-I, Kufri Chipsona-1; CPRI, central potato research insti-
tute; RNA, ribonucleic acid; ¢cDNA, complementary deoxyribonucleic acid; RT-PCR,
reverse transcription polymerase chain reaction; NCBI, national center for biotechnol-
ogy information; ORF, open reading frame; EXPASy, expert protein analysis system; Pi,
isoelectric point; SIB, swiss institute of bioinformatics; MSA, multiple sequence align-
ments; MEGA, molecular evolutionary genetic analysis; I-TASSER, iterative threading
assembly refinement; SAVES, structural analysis and verification server
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*ion responders (Atif et al, 2019; Sharma et al, 2021).
Hetherington and Trewavas (1982) first reported the CDPK activities
in peas followed by other plant species. Their structural analogs could
be found in protists and alveolates; whereas, no CDPKs were found in
fungi, insects and mammals (Sanders et al., 2002). CDPKs (M;: 40 to
90 kDa) are encoded by the multigene family in plants. They possess
five distinct domains: N-terminal variable domain, kinase domain,
auto-inhibitory domain, regulatory domain i.e., calmodulin-like
domain (CaM-LD), and a C-terminal domain of variable length. CDPK
transmits the signal by phosphroylating the substrate i.e., target pro-
tein at the N-terminus via catalytic kinase. Activation of CDPKs occurs
by the phosphorylation of serine/threonine residues in the conserved
protein kinase domain. Calcium influx into the cell leads to a confor-
mational change in CDPK due to interactions between the CAM-like
domain and the auto-inhibitory domain, and finally kinase domain is
activated (Harmon et al., 2001; Singh et al., 2017; Tong et al., 2021).
The CDPK multigene family consists of at least 12 subfamilies
which are derived from a common ancestor for both monocot and
eudicots. CDPKs occur in both soluble and membrane bound forms,
and found in multiple locations such as cyotosol, nucleus, ER, peroxi-
somes, mitochondria (Harper et al., 2004). The occurrence of gene
duplication and subsequent divergence of CDPKs with distinct func-
tions have been revealed by the genome wide analysis of Arabidopsis
containing 34 genes for CDPKs. Genome sequencing and expressed
sequence tag (EST) data indicated the presence of multigene families
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of CDPKs in other plants that included rice, Arabidopsis, tomato,
maize, potato, soyabean, fox tail millet, Fragaria and Medicago trunca-
tula (Cheng et al., 2002; Chen et al., 2013; Zuo et al., 2013; Yu et al,,
2018; Wang et al., 2019; Crizel et al., 2020; Zhao et al., 2021). CDPKs
were found to be associated with the activity of phytohormones such
as GAs. Also, they are recognized as key players participating in the
translation of pathogen signal-induced changes in the Ca?* concen-
tration into plant defense reactions that included the synthesis of
free radicals, changes and alterations of gene expression, phytohor-
mone synthesis, cell signaling, cell death, plant immune signaling,
nitrogen-deficiency induced oil accumulation and protein-protein
interaction networks (Frattini et al., 1999; Romeis et al., 2001;
Sanders et al., 2002; Boudsocq and Sheen, 2013; Bredow and Mona-
ghan, 2019; Li et al.,, 2019; Ahmed et al., 2020; Marques et al., 2022).
CDPK proteins play major biological and functional roles viz., root
development (Ivashuta et al, 2005), pollen tube -elongation
(Myers et al., 2009), cell differentiation, programmed cell death
(Lee et al., 2006), hormone signaling (Liese and Romeis, 2013), and
fiber development (Ahmed et al., 2020). The role of CDPKs is also
well-recognized in the complex tuberization process in potato
(Raices et al.,, 2003). CDPK activities with different substrate and cel-
lular specificity are known to play important role in potato life cycle.
For example, StCDPK3 is expressed predominantly during early initi-
ation of stolon elongation, while StCDPK1 is expressed during apical
swelling in the stolon tip, StCDPK2 is expressed during tuberization
and in leaves (Raices et al., 2003). Also, StCDPK2 was found to play a
crucial role in light sensing and stress metabolism (Grossi et al.,
2022). Moreover, StCDPK4 and StCDPK5 were identified as modula-
tors of early defense reactions in response to the challenges from
Phytophthora infestans in potato (Kobayashi et al., 2007). Apart from
these forms, other CDPK isoforms were known to be crucial for stress
metabolism (Bi et al., 2021).

Potato (Solanum tuberosum L.) is a major non-grain food crop and
grown all over the world. It ranks third, and comes only after wheat
and rice (http://faostat.fao.org/). Potato belongs to the family Solana-
ceae which consists of more than 3000 members. Most of the potato
cultivars are autotetraploid (2n=4x=48), and highly heterozygous.
High level of DNA polymorphism in the potato (Solanum tuberosum
L.) genome is well known. Because of cumulative mutations, multiple
allelism and natural allelic variations are common in potato
(Draffehn et al., 2010). It is likely that each class of gene family could
have multiple members in potato. Various morphological, biochemi-
cal and molecular processes are involved in potato tuberization
(Viola et al., 2001; Sarkar, 2008). Keeping in view of the importance
of Ca**signaling, this study focused on the different forms of CDPKs
involved in potato tuberization. We isolated a CDPK isoform,
StCDPK2, from potato tuber, and characterized it by molecular, bio-
chemical and in silico approaches. In addition, a number of other
CDPK isoforms in the potato genome were also studied.

2. Materials and methods
2.1. Plant materials and growth conditions

In this study, we used a high-yielding and commercially impor-
tant Indian potato cultivar namely Kufri Chipsona-1 (KC-1), procured
from Central Potato Research Institute (CPRI), Shimla, India. It is rou-
tinely micropropagated in our laboratory under controlled conditions
(16 h light/8 h dark, light intensity approximately 40—42 ;zmol m 2
s~1,25-27°C, 70% relative humidity) on MS-basal medium with 2.5%
sucrose. The micropropagated potato plantlets were acclimatized
and then cultivated in the field for 16 wks (mid-November to mid-
March). The tubers, leaves and other organs were harvested and fro-
zen in liquid nitrogen for further molecular and biochemical studies.

635

South African Journal of Botany 148 (2022) 634—642
2.2. RNA extraction, RT-PCR, and CDPK cDNA cloning

Total RNA was isolated from the leaves and freshly harvested
tubers from the potato cultivar Kufri Chipsona-1 by SDS-Phenol
method as reported earlier by Gilman (1987). RNA quality was
checked by determining Ayeo/Azs0 ratio spectrophotometrically, and
the values were around 2.0. The quality of total RNA preparations
was further checked by regular and formaldehyde agarose gel elec-
trophoresis along with reverse transcription polymerase chain reac-
tion (RT-PCR) using different potato gene-specific primers. The
following oligonucleotide primers were used based on the potato cal-
cium-dependent protein kinase 2 (CDPK2) sequence (AF418563,
Raices et al,, 2003): the forward primer SC2F1-0001, 5-ATGGG-
TATTTGTGCTAGTA-3’ (corresponding to the bases 1-19); and the
reverse primer SC2R2-1560, 5-GACCTTGCCTGGTTATTTGG-3’ (com-
plementary to the bases 1541—-1560).

Reverse transcription (RT) was carried out using the RevertAid™
H Minus First Strand cDNA Synthesis Kit with M-MuLV reverse tran-
scriptase (Fermentas Life Sciences). Approx. 2.0 ug of purified total
RNA from the growing tubers of KC-1 and oligo (dT);s primer were
used in reverse transcription reaction. In order to isolate the full-
length cDNA, PCR was carried out using the RT product, the CDPK
cDNA-specific primers namely SC2F1-0001 and SC2R2-1560, and 1.0
unit of Tag DNA polymerase (Genei). After initial denaturation at 94 °
C for 1 min 30 s, the thermal cycling parameters during PCR were:
denaturation at 94 °C for 1 min, annealing at 55 °C for 2 min, and
polymerization at 72 °C for 2 min for 30 cycles followed by final
extension at 72 °C for 5 min. The amplified RT-PCR product was
treated with Klenow enzyme, purified, and cloned into the Smal site
of pUC19 vector according to the protocol as described by
Sambrook et al. (1989). E. coli DH5«x was used as a host for molecular
cloning. The cloned cDNA was sequenced in both directions by Bio-
serve Biotechnologies, India.

2.3. Semi-quantitative RT-PCR

Semi-quantitative RT-PCR was carried out to know the CDPK2
expression patterns in several potato organs namely tuberizing sto-
lon (ts), tuber (tu), leaf (le), stem (st) and flower (fl). Reverse tran-
scription was carried out in a reaction volume of 20 uL using 2.0 ug
of total RNA from each organ, oligo (dT);g primer and cDNA Synthesis
Kit from Fermentas Life Sciences. 3.0 uL of each RT product was used
as template in PCR (50 i L reaction volume) using the CDPK2-specific
forward primer SC2F1-0001, and the reverse primer SC2R1-0920, 5'-
AGGTCCTTGGCACTACTTGA-3’ (complementary to the bases
901-920), and 1.0 unit of Tag DNA polymerase (Bangalore Genei).
During PCR, the thermal cycling parameters were kept same as men-
tioned earlier except polymerization at 72 °C for 2 min. For internal
control, constitutively expressed potato actin gene
(XM_006348930)-specific forward primer F1-AC0591, 5'-CCACATGC-
TATCCTTCGTCTC-3' (corresponding to the bases 591-612); and the
reverse primer R1-AC1149, 5'-TCCACATCTGTTGGAAGGTAC-3’ (com-
plementary to the bases 1128 to 1149) were used. The CDPK and
actin-specific RT-PCR products were resolved in 0.9% agarose gel
electrophoresis. The relative expression levels between the potato
organs were assessed by the quantification tool of the gel documen-
tation system (Bio-Rad, USA).

2.4. Sequence analyses, retrieval and phylogenetic tree

The nucleotide sequence of the CDPK cDNA was analysed by NCBI
(http://www.ncbi.nlm.nih.gov/) Blast tools. The amino acid sequence
was predicted by the open reading frame (ORF) finder available at
the NCBI. For calculating the theoretical molecular weight, isoelectric
point (pl), and amino acid composition of the predicted protein, the
ProtParam tool of Expert Protein Analysis System (EXPASy)
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proteomics server of the Swiss Institute of Bioinformatics (SIB; URL:
http://expasy.org/tools/) was used.To investigate the relationships
between the protein sequences and motifs, MyHits tool of EXPASy
(https://myhits.sib.swiss/cgi-bin/motif_scan) was used. For multiple
sequence alignment, the MultAlin software (http://www.multalin.tou
louse.inra.fr/multalin/; Corpet, 1988) was used.

All the available CDPK protein sequences of potato were retrieved
from the Spud DB (Potato Genomics Resource) in fasta format. The
different biochemical parameters of the proteins such as molecular
weight, theoretical pl, aliphatic index, GRAVY and instability indexes
were calculated using ProtParam tool of EXPASy Proteins & Pro-
teomes server of the Swiss Institute of Bioinformatics (SIB, http://
www.expasy.org/). Protein domains were predicted by PROSITE scan
(Sigrist et al., 2013), and myristoylation sites by NMT—The MYR Pre-
dictor script (http://mendel.imp.ac.at/myristate/SUPLpredictor.htm).
Further chromosomal location, gene length, number of exons were
predicted using the annotation tool of Spud DB Potato Genomics
Resource (http://solanceae.plantbiology.msu.edu).

Phylogenetic analysis of the 23 CDPKs was performed to study
their evolutionary relationship. Multiple sequence alignments (MSA)
followed by neighbor joining method with bootstrap 1000 were
done to understand the nodes using Molecular Evolutionary Genetic
Analysis (MEGA X) software (Kumar et al., 2018).

2.5. 3-D structure prediction of protein

The amino acid sequences of the CDPK proteins (StCDPK1-3)
were retrieved in fasta format. It was observed that no single tem-
plate with lower e-value and acceptable identity was able to satisfy
the 100% query coverage. Therefore, the initial 3D model was con-
structed using I-TASSER (Iterative Threading Assembly Refinement),
a complete, comprehensive and hierarchical approach for prediction
of structure and function of proteins. It uses the restraints from tem-
plates identified by multiple threading program to build a full length
model using a replica exchange Monte-Carlo simulation. Most reli-
able model was selected using Discrete Optimized Protein Energy
(DOPE). The estimated global accuracy of the model was indicated by
the C-score and estimated TM-score. Normal Z-score >1 was consid-
ered for the better alignment. The residue with high negative value
of predicted Normalised B-factor was taken as it is considered to be
more stable (Zhang, 2008).

2.6. Correction and validation of the model

Stable state of any system is defined as the minimum energy state
of its atoms; in order to remove the inner constraints of the atoms
leading to distorted geometry energy minimization becomes essen-
tial. Hence, energy minimization was performed on the best models
of the CDPKs by refining the local side chain and protein packing
using the tools provided by NOMAD-Ref web server (http://lorentz.
dynstr.pasteur.fr). After correction, models were validated using the
Structural Analysis and Verification Server (http://nihserver.mbi.
Ucla.edu/SAVES/; Cheatham et al., 1995). The predicted structures
were visualized in the form of ribbons by PyMol (https://www.
pymol.org). The transmembrane helices were predicted using Phyre2
tools of a protein fold recognition server (http://www.sbg.bio.ic.ac.
uk/phyre2/).

3. Results
3.1. Cloning of cDNA and sequence analyses

The nucleotide sequence of the cDNA clone (1560 bp, designated
CDPK2-A) specific to Kufri Chipsona-1 was analyzed by NCBI BLAST

tool, and found to be a distinct form of CDPK2 gene family; the
sequence information was submitted to the GenBank database
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(MN420514; protein_id QIS79146). The 1560-bp CDPK2-A lacking 5’'-
UTR consisted of 1548-bp ORF, and 12-bp 3’-UTR; the G+C content of
the coding region and 3’-UTR were found to be 41.4% and 66.7%,
respectively. Nucleotide BLAST search revealed that CDPK2-A shared
99% sequence identity with AF418563, a full-length CDPK2 cDNA
clone from the potato cultivar spunta (Raices et al., 2003). The coding
region of CDPK2-A also showed significant sequence identities
with some other plant ¢cDNAs having the following Accession
Numbers: NM_001288442.1, XM_006346152.2, XM_015226573.1,
NM_001247653.2, BT013334.1, AF363784.1, LC156099.1, AF115406.3,
JN662020.1, XM_016701298.1, XM_016631157.1 belonging to differ-
ent forms of CDPK and CDPK-like proteins in the Solanaceae family.

The predicted protein, designated StCDPK2, consisted of 515
amino acids (Fig. 1). Based on the ProtParam tool, the calculated
molecular weight (MW) of StCDPK2 was found to be 57.14 kDa with
a predicted isoelectric point (pI) of 6.59. Out of total 515 amino
acids, 67 were strongly basic (+) (Lys, Arg), 70 were strongly acidic
(=) (Asp, Glu), 163 were hydrophobic (Ala, Ile, Leu, Phe, Trp, Val),
and 118 were polar (Asn, Cys, Gln, Ser, Thr, Tyr). The instability
index of StCDPK2 was computed as 28.35, which classified the pro-
tein as stable. The amino acid composition data revealed that some
of the amino acids such as Gly (8.7%), Lys (8.9%), Glu (7.8%), and Ile
(6.4%) occurred more frequently as compared to their average
occurrence; whereas, the amino acids, namely Thr (4.9%), Gln
(2.7%), Arg (4.1%), Phe (2.7%), and Trp (0.8%), occurred less fre-
quently (Doolittle, 1989).

3.2. Sequence alignment, regulatory/binding motifs and distinguishing
sequence features

Among the multiple CDPK isoforms present in the potato genome,
only three i.e.,, CDPK1-3 are known to be involved in tuberization.
The various catalytic domains present in the CDPKs play important
role in the regulation of various physiological processes associated
with biotic and abiotic stresses. The distinguishing features, functions
and the relative location of the crucial domains such as cyclic AMP
(cAMP)-dependent phosphorylation (regulates glycogen, sugar and
lipid metabolism in cell), Tyrosine kinase phosphorylation (phos-
phorylation of the acidic proteins), the bipartite nuclear localization
signal (membrane targeting and signal transduction in plants in
responses to environmental stress), protein kinases ATP binding
region are highlighted in Fig. 1.

3.3. Characterization of CDPKs from the potato genome

In plant genomes, expansion of the gene families is believed to
have occurred by different mechanisms such as genome-wide, tan-
dem and dispersed duplications. A genome wide analysis of the CDPK
gene family was performed in the complete potato genome sequence
(Potato Genome Sequencing Consortium 2011 as reported earlier in
database) (Fantino et al., 2017; Gromadka et al., 2018). Supplemen-
tary Tables 1 and 2 provide a more comprehensive information on
the CDPK gene family in potato which would help for further in-
depth studies. The potato genome encodes 23 CDPKs and appears to
exhibit high plasticity, as gene loss or duplication events and other
structural mutations are found with high frequency. The CDPK genes
were found to be localized on 11 chromosomes out of 12; on chromo-
some 9 no CDPK gene was found whereas the highest number (six) of
CDPK genes are found on chromosome number 10 (Fig. 2). On some
chromosomes the CDPK genes form clusters a clue of gene duplica-
tion which suggests the gradual expansion of this gene family. A total
of 23 full-length CDPK amino acid sequences from potato were used
in making a phylogenetic tree showing sequence relatedness
between them (Fig. 3).
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StCDPK3 MGGCFSKKYTQQODANG--YRAGRGTVNQAYQKSPOPQPEGPYQPQPQPERPYQPPPQPAY 58
StCDPK1 MGVCLSKSKPAESKSDGHYRSGGSDGGG——————— VGGKGHNHGTHQAQIQYTKSPGPET 53
StCDPK2 MGICASKGKPNNANNGH-----—--— HGSG-—-—-——-—-- SG----GVPTHRNEIQYTKSPGPEA 42
Xxoxoxx . . A T
U
StCDPK3 QPPPPPRPQPLPQQQAHPVPVTVQPGQOPODOMOGPHLNNILGKPFEDIRKLYTLGKELGR 118
StCDPK1 QLPLRPQASPKP———=———=—————————————— VFKQET I LGKAFEDVKAHYTLGKELGR 92
StCDPK2 QLHVRPPPSPKP———=———=—————————————— AVRYDTILGKPYEDVKLHYTLGKELGR 81
*_. _‘k___*_* _****_:**:: .*********
Protein kinases ATP-binding region Bipartite nuclear localization signal
StCDPK3 GQFGVTYYCTENSTENPYACKSILKRKLVSKNDREDMKREIQIMOQHLSGOPNIVEFKGAY 178
StCDPK1 GQYGVTFLCTEIATGHQYACKSISKKKLVTKSDKADMRREIQIMOHLSGOPNIVEFKGAY 152
StCDPK2 GOFGVTYLCTEIVTGQQYACKSISKKKLVTKADKDDMRREIKIMOQHLSGOPNIVEFKGAY 141
**:***:.***‘ *‘:.******:*:***:* *: **:***:******************
Serine/Threonine protein kinases active-site
v
StCDPK3 EDRQSVHLVMELCAGGELFDRITIARGYYSEKNAAEITRQIVNVVNICHFMGVMHRDLKPE 238
StCDPK1 EDKNSVCLVMELCAGGELFDRITAKGHYTERAAASMCRAIVNVVHVCHFMGVMHRDLKPE 212
StCDPK2 EDKGSVYIVMELCGGGELFDRITIAKGHYSERAAATMCRAIVNVVHVCNFMGVLHRDLKPE 201
**: * % :*****‘**********:*:*:*:.** :.*.*****::*:****:*******
StCDPK3 NFLLTSKDENAMLKATDFGLSVFIEEGKVYRDIVGSAYYVAPEVLRRSYGKEADVWSAGV 298
StCDPK1 NFLLSDKSENAALKATDFGLSVFIEEGKVYKDIVGSAYYVAPEVLRKSYGKEIDVIWSAGV 272
StCDPK2 NFLLSDKSENAALKLTDFGLSVFIQEGKSYKDIVGSAYYVAPEVLRRCYGKEIDIWSAGV 261
****:_*_***:'k'k:*********:***:*:***************:_****:*:*****
StCDPK3 ILYILLSGVPPFWAETEKGIFNTILKGEIDFQSDPWPSISNSAKDLIQKMLTQEPRKRIT 358
StCDPK1 MLYILLSGVPPFWAETERGIFDAILKEDIDFESQPWPSITSSAKDLVRKMLNKDPKQRIS 332
StCDPK2 MLYILLSGVPPFWAETEKGIFDAILKGTIDFESKPWPSVSSSAKDLVQKMLTKDPKKRIT 321
:***************‘k:***::***_ ***:*.‘k***::_*****::***_::*::**:
U
StCDPK3 SAQVLEHPWLRLG-EASDKPIDSAVLSRMKQFRAMNKLKKLALRVIAEDLSEEEIKGLKA 417
StCDPK1 AAQVLEHPWLKVGGVASDKPLDNAVLSRMKQFRAMNKLKRLALKVIAENLSADEIQGLKS 392
StCDPK2 AAQVLEHPWLKEGGVASDKPLEGAVLSRMKQFRAMNKLKKLALKVIAENLSAEETIHGLKA 381
:*********: * _*****::.****************:***:****:**.:**:***:
StCDPK3 MEFENIDTDNSGTITYEELKSGLARLGSKLTGTEVKQLMEAADVDGNGTIDYIEFITATMH 477
StCDPK1 MFHNIDTDNSGTITYEELKSGLARLGSKLTEAEVKQLMEAADVDGNGSIDYIEFITATMH 452
StCDPK2 MEHNIDTDNSGTITYEELKSGLAKLGSKLTEAEVKQLMEAADVDGNGSIDYTEFITATMH 441
**'********************:******.:***************:***:********
Tyrosine kinase phosphorylation site
StCDPK3 RHRLERDEHLFKAFONFDKDHSGFITRDELENAMKEYGMGDETTIKEITIAEVDTDNDGRI 537
StCDPK1 KHRLERDENLYKAFQYFDKDGSGFITRDELETSMEEHGIGDPASIREITAEVDADNDGRI 512
StCDPK2 KHRLERDENLYTAFQYFDKDGSGFITRDELEAAMQEHGIGDPSCIREITISEVDTDNDGRI 501
:*******:*:‘***:****.*‘k‘k*‘k‘k‘k‘k*‘k :*:*:*:**:: *:***:***:******
StCDPK3 NYEEFCAMMRSGTTQPQOKLEFE 558
StCDPK1 NYEEFCTMMRSGAKQPGKLFE - 532
StCDPK2 NYEEFCTMMRSGAK--—-—--—— 515

khkKkKk KKk o kA k kK)o

Fig. 1. Comparison between the sequences of three potato CDPKs: StCDPK1 (NP_001275322.1), StCDPK2 (QIS79146), StCDPK3 (AAQ08324.2) involved in tuberization. Multiple
sequence alignment was done based on MultAlin software along with some minor manual adjustments. Dashes indicate gaps that arise during alignment. Asterisks “*’ indicate the
conserved/nearly conserved amino acids; ‘" refers to the almost conserved or conservative substitutions; ‘.’ refers to conserved amino acids in at least two CDPK forms. The down-
ward arrow ‘|’ indicates the entire protein kinase region. The crucial regulatory/binding motifs are underlined in StCDPK2, and the ‘W’ denotes the crucial active site.

3.4. Expression patterns of CDPK2 in potato organs

The CDPK2 gene expression pattern was examined in some potato
organs namely tuberizing stolon, growing tuber, leaf, stem, and
flower. By semi-quantitative RT-PCR, a DNA product of ~0.9 kb was
only amplified using total RNA from tuberizing stolon, tuber, leaf and
stem (Fig. 4). The size matched with CDPK2-A transcripts towards the
5’-end. The transcript level appeared to be comparable in tuberizing
stolon, tuber, leaf and stem; interestingly, the transcript was not
detected in the case of flower. The actin expression level was found
to be nearly uniform in the potato organs.

3.5. Modeling and structure validation

In order to predict biological function of any protein, it is essential
to know its structure first. So, the model generated by I-TASSER
(through the combination of threading and ab initio prediction) was
taken for the study. I-TASSER, a meta server implements different
threading programmes and its quality is assessed on the basis of Z-
score (the energy score in standard deviation units relative to statisti-
cal mean of alignments). For confident alignment Z-score should be
greater than 1. The best model with minimized energy (Fig. 5A—C)
was used to show the specific calcium signature domain and were
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Fig. 2. Chromosomal localization of the calcium-dependent protein kinases genes (StCDPKs) in potato; retrieved from the Potato Genome Database (Potato Genome Sequencing
Consortium 2011), and labelled as presented in the Supplementary Table1. Chromosomes are shown in blue and centromeres are marked by red.
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Fig. 3. The phylogenetic tree generated by the MEGA X software (Kumar et al., 2018) using the Neighbor-Joining method. The percentage of replicate trees in which the associated
taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The evolutionary distances computed by the Poisson correction method are in the
units of the number of amino acid substitutions per site. All ambiguous positions were removed for each sequence pair (pairwise deletion option). The evolutionary analyses
involved 23 amino acid sequences of the potato CDPKs as available in the published reports and/or databases (Labelled according to the names as in Supplementary table S1) The
515-aa StCDPK2 (QIS79146) specific to the culivar KC-1 of this study occupied a distinct position in the phylogenetic tree (shown in bold cases). Probable functions of the different
CDPKs are also indicated.

visualized in the form of ribbons by PyMol (https://www.pymol.org). model was corroborated by using Ramachandran plot through PRO-
Transmembrane topology adopted by the proteins was predicted by CHECK (https://www.ebi.ac.uk/thornton-srv/software/PROCHECK).
Phyre2 tool (Fig. 5D—F). The backbone ratification of the established The distribution of phi and psi angles for the amino acid residues was
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Fig. 4. Semi-quantitative RT-PCR for StCDPK2 expression analysis using total RNA from
different potato (cultivar KC-1) organs and the primers SC2F1-0001 and SC2R1-0920.
ts tuberizing stolon, tu tuber, le leaf, st stem, fl flower. The size of the amplified product
was ~ 0.9 kb in ts, tu, le and st. Actin-specific primers were used as an internal control
(size of the amplified product ~ 0.65 kb in each organ).

denoted by Ramachandran plot. The built model was proven to be
highly plausible; as only approx. 1% residues were found to be in the
disallowed region of the plot (Fig. 6).

4. Discussion

Potato is one of the major non-grain food crop grown all over the
world. It is a promising crop due to its high nutritional value. It ranks
third, and comes only after wheat and rice. Currently, the major
objectives of global potato and other crop breeding programs are to
understand the various signaling pathways associated with the pro-
cess of growth, development, tuberization, stress responses, and
importantly crop yield. Efforts are being made in producing the resis-
tant varieties towards various challenging biotic and abiotic stresses
such as attacks by the pathogenic viruses and microbes, drought,
frost and heat for improving crop yield, nutritional values and storage
stability (Singh et al., 2014; Atif et al., 2019).

Calcium-dependent protein kinases (CDPKs), one of the largest
groups of calcium sensors in plants, bind to calcium ions directly and
modulate their activities. The calcium-activated kinases regulate
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diverse developmental processes and defense responses in plants.
Considerable progress has been made on molecular and biochemical
studies on CDPKs during last more than two decades. Research
reports and database search revealed that multiple CDPK forms are
present in the Solanaceae family members namely tobacco and
tomato (Witte et al., 2010; Wang et al., 2015). Out of 23, 21 CDPKs
are acidic, two are slightly basic and 14 of them contain myristoyla-
tion sites (Xu et al., 2015). All CDPKs contain four EF-hands; but rice,
maize, A. thaliana and potato have CDPK -like kinases that possess
less than four or no EF-hands (Mittal et al., 2017).

The gene lengths of different CDPKs ranging from 4.01 to 14.5 kb
were found to contain 6 to 11 introns. The CDPK proteins consisted of
501-638 amino acids having molecular weights 56.2 to 70.1 kDa.
Their instability indexes ranged from 29.40 to 48.36; out of 23 CDPK
proteins only 9 were stable proteins and the remaining 14 were
unstable (Supplementary Table S1). Aliphatic indexes were found to
be relatively higher in all the CDPK proteins (Supplementary Table
S2), indicating that CDPK domains were stable at wide ranges of tem-
perature. All these proteins showed negative GRAVY scores suggest-
ing that they were soluble or hydrophilic (Kyte and Doolittle, 1982).
In the CDPKs, nearly conserved 24-aa protein kinase ATP binding sig-
nature (LGRGQFGVTYYCTENSTENPYACK) was present towards the N-
terminal region. A 13-aa (VMHRDLKPENFLL) serine/threonine protein
kinase-like domain containing Asp-in the active site (Asp197 in the
case of StCDPK2) helps in positioning the ligand-binding domain into
the extracellular space is found in the middle of protein (Fig. 1). The
CDPK proteins were found to be acidic in nature.

Plant CDPKs were divided into four groups based on their bio-
chemical properties, and roles in various physiological processes at
different stages of development (Liu et al., 2016). In order to know
the probable roles, the biochemical properties and expression pat-
terns of a number of CDPKs were studied in different plants
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Fig. 5. (A—C) Illustrated representation and catalytic domains of the predicted three-dimensional structure models of the StCDPKs from potato. A 532-aa StCDPK1
(NP_001275322.1); B 515-aa StCDPK2 (QIS79146); C 558-aa StCDPK3 (AAQ08324.2). The entire protein regions are depicted in cyan, the catalytic protein kinase ATP-binding region
and serine/threonine protein kinase domains are shown in magenta and brown colours, respectively as ribbon structures. The active sites are shown as stick and ball structures in
red color. The images were generated using the PyMol program (Schrodinger, Inc., New York, NY, USA). (D—F) Illustrated representation of transmembrane helical segments by
Phyre2; D StCDPK1, E StCDPK2, F StCDPK3. The extracellular and cytoplasmic sides of the plasma membrane are labelled; the beginning and end of each transmembrane segment

are indicated by the positions of the amino acid residues.


https://www.ncbi.nlm.nih.gov/protein/568215447

G. Kaur and N. Das

A

Psi {degrees)

Phi (degrees)

C

Psi(degress)

South African Journal of Botany 148 (2022) 634—642

45

Phi (degrees)

Fig. 6. (A— C) Ramachandran plot of the StCDPK models: A StCDPK1, B StCDPK2, C StCDPK3. The most favoured regions are coloured red; additional allowed, generously allowed
and disallowed regions are indicated as yellow, light yellow and white fields, respectively.

(Fantino et al,, 2017; Gromadka et al., 2018; Grossi et al., 2022). The
probable roles of the CDPK proteins were also investigated in the
model plant A. thaliana (Asano et al., 2012; Mittal et al., 2017;
Wen et al., 2020). In potato, StCDPK1, 2, 3,9, 10, 12, 13 and 20 belong
to Group II, and undergo myrisotylation required for membrane tar-
geting and signal transduction pathways in response to environmen-
tal stresses. StCDPK1, 2 and 3 were expressed during tuberization
and known to activate GA2 oxidase. Increase in auxin concentration
led to ABA-signaling pathways associated with stolon development,
tuber formation and development and responses to hyperosmotic
stress which were similar to the roles of AtCDPK9, 19, 33, 23, 15 and
21 (Gargantini et al, 2009; Grandellis et al., 2012; Liese and
Romeis, 2013; Gromadka et al., 2018; Bi et al., 2021). StCDPK9, 10, 12
and 13 play crucial role in salt, cold and drought stress like AtCDPK®6,
26, 34 and 17 (Gutermuth et al., 2013). StCDPK4, 5, 6, 7, 8, 11, 14, 15,
16,17, 18 and 19 belong to Group I. StCDPK4 and 5 regulate ROS pro-
duction similar to AtCDPK5, 6 and 26 (Kobayashi et al., 2007;
Liese and Romeis, 2013; Gromadka et al., 2018). StCDPK6 and 7 are
known to be crucial in formation of salicylic acid under biotic stress;
thus, play a key role in pathogen resistance through convergent
MAMP signaling as exhibited by AtCDPK1 and 5 (Asano et al., 2012).
While other StCDPK members of this group are involved in herbivore
resistance by blocking jasmonate and confer the drought tolerance,
production of osmolyte proline and lowering lipid peroxidation prob-
ably through decrease in ROS production as observed in the cases of
AtCDPKS5, 6, 20, 11 and 25. StCDPK21 and 22 belong to Group III and
involved in ABF4 gene regulation, salt tolerance and stomatal open-
ing. Only StCDPK23 belongs to Group IV and involved in jasmonate
pathway. The differential expression of the individual CDPKs could
be correlated with their participation in specific signal transduction
pathways in different plant organs. StCDPK1 was found to be
expressed in sprouting tubers and tuberizing stolons. Expression of
StCDPK3 was noticed in stolons, roots and leaves. StCDPK2
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expression was noticed in all plant tissues and also during the devel-
opmental processes such as sprouting, tuberization and light-medi-
ated signaling (Giammaria et al, 2011; Grossi et al, 2022); its
elevated level was observed in the actively growing young leaves and
tubers.

This study focused mainly on the three CDPKs ( i.e., StCDPK1, 2
and 3) as each of them was expressed during the complex tuberiza-
tion process in potato. Along with sequence identities, the important
motifs of these forms are shown in Fig. 1. Prediction of the protein 3-
D structures is also an important aspect of this report. The powerful
techniques like X-ray crystallography and NMR are employed for
determining the 3-D structures. These techniques require protein
crystals; due to such constraints, structures of only a few membrane
proteins have been determined (Schultz et al., 2000; SchuEttelkopf
and Van Aalten, 2004; Roy et al.,, 2010; Kelley et al., 2015). Alterna-
tively, to acquire the structural information in a timely manner, 3-D
protein structures were developed by means of ab-initio modeling
technique and found to be wuseful for drug development
(Berendsen et al., 1995; Chou and Shen, 2009). Here, the 3-D struc-
tures of StCDPK(1-3) were predicted using the composite molecular
modeling web-server I-TASSER which relies on the threading techni-
ques, and their energy levels were minimized by NOMAD-Ref. These
structures were evaluated through Ramachandran plot analyses.
More than 98% amino acid residues were in the most favorable
allowed regions-validating the predicted 3-D structures. However,
molecular optimization of these structures through molecular
dynamics simulation got terminated prematurely as the protein
structures contained a number of missing atom coordinates and were
associated with poor quality parameters.

In conclusion, tuberization is a complex developmental process in
potato life cycle. It still remains an enigma as multiple signaling path-
ways are believed to influence this process. Various signaling mole-
cules, number of transcription factors and different enzymes are
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involved in this complex morpho-physiological process. Isolation and
characterization of cDNA/genomic clones corresponding to the multi-
ple forms of the signal receptors/transducers, transcription/protein
factors and enzymes involved in the different stages of tuber devel-
opment remain the focus areas of potato research. Sequence analyses
at protein level and predicting 3-D structures could help in under-
standing the structure-function relationships. Keeping in view, the
findings on the potato CDPKs as presented in this report are relevant
and would be useful in crop improvement.
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Abstract

Catalase (CAT) (H,0,: H,O, oxidoreductase; EC 1.11.1.6) is capable of directly dismutating moderately reactive H,O,
into H,O and O,, and is regarded as one of the major enzymatic antioxidants in plants. The CAT isozymes are known to be
differentially expressed and regulated. In this study, micropropagated potato plantlets of seven cultivars were grown under
field condition with uniform agricultural practices. CAT activities were measured in the crude extracts from different potato
organs namely tubers, leaves and stems at different stages of their growth. Relatively higher CAT activity was noticed in the
very small actively growing tubers as compared to the other tissues. Cultivar-dependent differences were noticed in terms of
the CAT activities which clearly indicated variation with regard to their antioxidative capacities. pH profile, thermostability
and storage stability of CAT were examined. A simple and rapid three-phase partitioning (TPP) method worked effectively
with regard to purification of CAT from the crude extracts. Both denaturing and non-denaturing PAGE analyses suggested
that both the tuber-type and leaf-type CAT are tetrameric in nature and varied in size, possibly referred to the distinct iso-
forms in potato.

Keywords Potato (Solanum tuberosum L.) cultivars - Field condition - Catalase (CAT) - Three-phase partitioning (TPP) -

PAGE analyses

Introduction

In plants, aerobic metabolism and different types of stresses
such as salinity, drought, extreme temperatures, heavy met-
als, pollutants, high irradiance, mechanical stress, nutrient
deprivation and infection by pathogens lead to generation
of the reactive oxygen species (ROS) namely singlet oxy-
gen ('0,), superoxide anion radical (0,7), hydrogen perox-
ide (H,0,) and hydroxyl radical (OH’) at varying degrees
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depending on the cell, tissue or organ types. Quantitatively,
ROS production is low under normal growth conditions
(the rate of O, ~ production is~240 pM s~! with a steady-
state level of ~0.5 pM H,O, in chloroplasts). However,
various stresses disrupt the cellular homeostasis that trigger
enhanced production of ROS (production rate of O, ™ ranges
from 240 to 720 uM s~! with a steady-state level of 5-15 pM
H,0,) which causes oxidative damage of various cellular
components such as membranes, nucleic acids, proteins,
lipids, resulting in cell death (Hammond-Kosack and Jones
1996; Mittler 2002). Currently, ROS are also viewed as sig-
nals and secondary messengers involved in stress response,
defence and programmed cell death (PCD) (Gapper and
Dolan 2006; Mittler 2017). ROS-mediated deleterious
effects could be overcome by several enzymatic and non-
enzymatic antioxidants. Some enzymatic antioxidants are
superoxide dismutases (SODs), catalases (CATs), peroxi-
dases (PRXs), guaiacol peroxidases (GPXs) and glutathione
reductase (GR). Ascorbic acid (AA), reduced glutathione
(GSH), a-tocopherol, carotenoids, phenolics, flavonoids
and proline are the common examples of non-enzymatic
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antioxidants (Bowler et al. 1991; Foyer and Noctor 2005;
Das and Roychoudhury 2014; Choudhury et al. 2017).

Superoxide anion radical (O,7) is usually the first ROS
to be formed in the chloroplasts and other cellular compart-
ments as well. The moderately reactive O, is dismutated
into O, and H,0, by the metalloenzyme, SOD. H,0,, the
most frequently occurring ROS, is produced in peroxi-
somes by oxidases involved in f-oxidation of fatty acids,
photorespiration and purine catabolism. It is also produced
in mitochondria and chloroplasts. H,O, plays some crucial
roles in plant cells that include signal transduction, cell wall
lignification and defence against pathogens. CATs, in these
organelles essentially eliminate H,O, if produced in excess.
Cytosol, endoplasmic reticulum and the nucleus are also the
sites of H,0O, generation but in small quantities (Scandalios
et al. 1997; Fahnenstich et al. 2008; Gill and Tuteja 2010).
Due to a significantly longer half-life (~1 ms), H,0, is capa-
ble of crossing membranes via aquaporins and traverses
longer distances within the cell causing oxidative damage
(Bienert et al. 2007). H,O, in excess leads to the formation
of harmful OH' radicals through decomposition by fenton
type of reaction (Cabiscol et al. 2000).

Hydroperoxidases (E.C. 1.11.1.x) represent ubiquitous
housekeeping oxidoreductases involved in the various pro-
cesses of the plant life cycle such as development, defence,
ageing and senescence. They include catalases (CAT, H,0,:
H,0, oxidoreductase; EC 1.11.1.6), ascorbate peroxidase
(APX, Ascorbate: H,0, oxido-reductase; EC 1.11.1.1) and
other peroxidases where AH, refers to an electron donor.
Catalases are highly expressed enzymes. In tobacco (Nico-
tiana plumbaginifolia), CAT was found to be predominantly
present in peroxisomes which acted as a sink for H,O, and
appeared to be indispensable for stress defence in C4 plants
(Willekens et al. 1997). In Arabidopsis, oxidative stress caused
the proliferation of peroxisomes (Lopez-Huertas et al. 2000).
Most of the prokaryotic and eukaryotic CATs are monofunc-
tional, heme-containing tetramers consisting of polypeptides
of M.~50-70 kDa having very high turnover number. They
catalyse very rapid decomposition of H,0, by dismutation
with concomitant evolution of molecular oxygen (O,). Apart
from CATs, the ascorbate—glutathione cycle and APX are also
important in controlling the level of ROS in almost all the
cellular compartments. CAT shows significantly lower affin-
ity for H,O, as compared to APX and other peroxidases as
evident from the respective K, values, i.e., at mM and pM
range, respectively (Mittler 2002). It is now commonly agreed
that APX contributes towards fine modulation of H,0, level
required for signalling pathways; whereas, CAT is responsible
for the removal of the excess formed during stresses (Klotz
and Loewen 2003; Zamocky et al. 2008; Mhamdi et al. 2010).
Multiple isoforms of CAT are found in plants, they are coded
by several genes as found in cucumber, Arabidopsis, tobacco,
maize, pumpkins, cottonseed and barley (Hu et al. 2016). The

@ Springer

catalase isoforms show distinct expression patterns under abi-
otic stresses suggesting their protective role in plant defence
(Guan and Scandalios 1996; Zimmermann et al. 2006; Du
et al. 2008; Su et al. 2014).

Potato (Solanum tuberosum L.) is a member of the Solan-
aceae family. Most of the potato cultivars are autotetraploid
(2n=4x=48) and highly heterozygous. Therefore, it is likely
that the individual genes involved in ROS metabolism have
multiple forms depending on the cultivar genotype. Consider-
able progress has been made on CAT and other antioxidants
in potato to date. Beaumont et al. (1990) isolated and purified
CAT, a tetramer of 56 kDa subunits and devoid of NADPH,
from peroxisomal fraction of mature potato tubers. Cyanide,
azide and thiols were found to act as inhibitors of this enzyme.
Cultivar-dependent differences of antioxidative capacity in
terms of SOD, CAT and a-Tocopherol content under stresses
were also reported in potato tubers (Spychalla and Desborough
1990). The distinct expression patterns of various antioxidant
enzymes were noticed during tuber dormancy and oxidative
stress due to soil drought (Rojas-Beltran et al. 2000; Bogusze-
wska et al. 2010). These reports clearly suggest that the level of
various ROS and antioxidants had influence on different stages
of the potato life cycle, such as vegetative growth, tuberiza-
tion, tuber dormancy and sprouting under normal and stress
conditions.

There are number of high-yielding and commercially
important Indian potato cultivars suitable to different agro-
climatic zones of the Indian subcontinent (Kumar et al. 2014).
There is no comprehensive report available to date with regard
to enzymatic and non-enzymatic antioxidants in different
organs of the individual cultivars at biochemical and molecu-
lar level. This study focused on the determination of CAT, a
major enzymatic antioxidant, activities in the crude protein
extracts of the growing and mature tubers along with other
organs, namely leaf and stem grown under field condition. The
purpose was to assess and compare the CAT activities between
the different organs of the potato cultivars, followed by the
analyses of pH profile, thermo and storage stability. Currently,
three-phase partitioning (TPP) has gained considerable impor-
tance with regard to isolation, purification and concentration
of protein/enzyme and other bioactive molecules from dif-
ferent sources without compromising the activity and yield
(Ozer et al. 2010; Duman and Kaya 2013; Yan et al. 2017).
Keeping this in mind, the various process parameters of the
TPP method were examined and adopted for purification and
characterization of CAT from the crude extracts.
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Materials and methods
Plant materials, growth conditions and reagents

Some of the Indian potato cultivars namely Kufri Chip-
sona-1 (KC-1), Kufri Chipsona-2 (KC-2), Kufri Chan-
dramukhi (KCh), Kufri Jyoti (KJy), Kufri Ashoka (KAs)
and Kufri Pukhraj (KPu) are routinely maintained in our
laboratory. The former two are processing varieties. KCh
and KAs are early maturing; whereas, the other cultivars
are medium maturing. These high-yielding and commer-
cially important varieties were procured earlier from Cen-
tral Potato Research Institute (CPRI), Shimla, India. They
vary with regard to genetic make-up, maturation time,
disease resistance, tuber yield and quality. They grow
under different agro-climatic conditions of the Indian
subcontinent. All these cultivars along with Desiree (De),
a reference cultivar, were routinely micropropagated at
25-27 °C, ~70% relative humidity under 16 h photoper-
iod with a light intensity of 40-42 mmol m~2 s~ spectral
flux photon of photo-synthetically active (460—700 nm)
radiations on MS-basal medium with 2.5% sucrose at 4-5
week intervals. The potato plantlets were acclimatized
prior to cultivation in the field for nearly 15 weeks (mid
of November to end of February). Different organs, namely
tuber, leaf and stem were collected at various stages of
growth and stored at — 80 °C till further use. Chemicals
and enzymes were procured from Sigma-aldrich Pvt. Ltd,
SRL and HiMedia Laboratories, India.

Preparation of crude organ extracts

The crude extracts were made from different potato organs
following the protocol as described earlier (Kandukuri
et al. 2012; Duman and Kaya 2013). Briefly, approx. 3.0 g
of tubers (peels were removed), leaves and stems of the
individual potato cultivars were cut into small pieces and
pulverized to fine powder in liquid nitrogen; then homog-
enized in 10 mL of 50 mM phosphate buffer, pH 7.0 with
8% PVP, 10 mM PMSF, 0.1 mM EDTA and 30 mM KCl
into a fine paste using mortar and pestle. The homogenate
was filtered through three layers of cheesecloth, and then
centrifuged at 10,000 g for 20 min at 4 °C and the clear
supernatant was collected and used for quantification of
total protein, CAT assay and analyses of its thermostabil-
ity, pH profile and storage stability.

Quantification of total protein

Total protein contents of the individual organ extracts were
determined by Folin—Ciocalteau method (Lowry et al.
1951) using bovine serum albumin (BSA) as the standard.

Assay of catalase activity

CAT activity was determined by measuring a decrease in
the absorbance of H,0, at 240 nm as described earlier (Aebi
1984; Miyagawa et al. 2000). The CAT activity was meas-
ured on the basis of the difference in absorbance (AA,,,)
per unit of time. 30 puL of crude enzyme extract was taken
in a total reaction volume of 3.0 mL having the following
composition: 10 mM H,0, in 50 mM phosphate buffer (pH
7.0). One unit of activity is defined as the amount of enzyme
which catalyses the decomposition of 1.0 pmol of H,O, per
min at pH 7.0 and 25 °C as calculated from the extinction
coefficient for H,0, at 240 nm of 39.4 M~' cm™.

pH profile, thermostability and storage stability

All these parameters related to CAT were examined using
crude extract from mature tubers of the potato cultivar KC-1
along with the exotic cultivar De. To see the effect of pH
on the activity, CAT assay was carried out at various pH
values ranging from 3.0 to 9.0 using the following buffer
systems: 50 mM sodium acetate buffer (pH 3.0, 4.0 and 5.0)
and 50 mM sodium phosphate buffer (pH 6.0, 7.0, 8.0 and
9.0). Prior to CAT assay, each 30 pL aliquot of the crude
extract was mixed in 1.0 mL of each buffer, kept overnight
at 4 °C to determine both stability and optimum pH as well.
Thermostability refers to the ability of an enzyme to resist
thermal unfolding in the absence of its substrate (Ozer et al.
2010). To determine the temperature dependence of CAT
activity, 30 uL aliquots of the crude extract were taken in the
individual reaction mixtures (pH 7.0) and incubated in water
bath at different temperatures ranging from 10 to 70 °C (10,
20, 30, 40, 50, 60, and 70 °C) for 60 min. Enzyme activ-
ity was determined under the standard assay condition as
described above. For storage stability, each 30 pL aliquot of
the crude extract was mixed in 1.0 mL of 50 mM phosphate
buffer (pH 7.0) and stored at 4 °C. CAT assay was performed
every day for a week and the data were recorded.

Three-phase partitioning (TPP)

Three-phase partitioning (TPP) method was employed for
purification of CAT from the crude extracts prepared from
mature potato tuber and leaf organs as described by Den-
nison and Lovrien (1997). Prior to purification of CAT by
TPP method, some of the crucial process parameters namely
ammonium sulphate saturation, extract to t-butanol ratio,
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temperature and pH were evaluated (data not shown). Satu-
ration with 40% (w/v) ammonium sulphate and crude extract
to t-butanol in 1:1 (v/v) ratio at 25 °C were found to be
effective and applicable to different organ extracts as CAT
accumulation occurred maximally only at interfacial phase.
Briefly, the crude extract was saturated with 40% (w/v)
ammonium sulphate at 25 °C, and vortexed gently to dis-
solve the salt followed by addition of t-butanol in 1:1 (v/v)
ratio to the mixture, then vortexed gently and incubated at
25 °C for 60 min. The mixture was centrifuged at 4500 X g
for 5 min at 4 °C to ensure the separation of phases. The
upper t-butanol layer was removed; the middle interfacial
precipitate containing CAT was collected carefully in a sepa-
rate tube, then dissolved in 1.0 mL of 50 mM phosphate
buffer (pH 7.0), and finally used for CAT assay and total
protein content. Likewise, the lower aqueous layer i.e., bot-
tom phase was collected and analysed.

Statistical analysis

Each of the CAT assays in different organ extracts and other
biochemical experiments as described above was carried out
in triplicate and the data were presented as the Mean + SD
of n=3 independent experiments. Standard deviation and
mean values were calculated using SPSS software of IBM.
Statistical differences between the means of CAT activities
in the potato organs were calculated using one-way analysis
of variance (ANOVA) for a significance level of 0.05.

Denaturing and native polyacrylamide gel
electrophoresis (PAGE)

Proteins in the TPP-purified extracts were resolved through
both denaturing SDS-PAGE and non-denaturing native
PAGE on the basis of their electrophoretic mobility (a func-
tion of length of polypeptide chain or molecular weight)
using 7.5% polyacrylamide gel according to the procedures
as described earlier (Laemmli 1970; Schigger and Jagow
1991). Approx. 20 pg of protein was loaded in each lane and
the protein bands were visualized by staining the gel with
Coomassie brilliant blue R-250 for 1 h followed by destain-
ing using the mixture containing 40% methanol and 10%
acetic acid for 2-3 h.

Results and discussion

Catalase activity in different organ tissues

ROS metabolism plays a crucial role in a plant’s life cycle
under both normal and stress conditions. Thorough studies

on the individual components of the antioxidant machin-
ery only can help in understanding such metabolic aspects
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properly. Activities of some major enzymatic antioxidants
like SODs, CATs and/or PRXs along with sequestration of
metal ions are crucial for maintaining the normal steady-
state O, :H,0, ratio. Several stresses perturb such ratio
causing overproduction of ROS, H,0, in particular, where
CATs become indispensable for detoxification (Bowler et al.
1991; Mittler 2002; Choudhury et al. 2017). Catl-defecient
tobacco plants showed enhanced sensitivity towards stresses,
including cell death under certain conditions (Willekens
et al. 1997). ROS play a dual role in plants. At low concen-
trations, H,O, acts as a signal molecule; whereas, at high
concentrations, it causes extensive damage to cellular com-
ponents. As ROS are beneficial to plants, various antioxida-
tive systems of the cell, including CAT, keep ROS at a basal
non-toxic level (Gill and Tuteja 2010; Mittler 2017). Vari-
ous non-enzymatic and enzymatic antioxidants are found in
the stored potato tubers (Spychalla and Desborough 1990).
Tuber development i.e., from initiation of stolons to matura-
tion of tubers, is a complex process associated with a mul-
titude of cellular, morphological and biochemical changes
(Rojas-Beltran et al. 2000; Boguszewska et al. 2010). The
specific role of ROS metabolism and signalling associated
with such biological processes are yet to be clearly under-
stood in potato and other plants. The activities of the individ-
ual antioxidants in different organs are likely to reflect their
antioxidative potential to combat various stresses. This study
focused on determining CAT activities in different potato
organs including tubers at various stages of growth under
field condition.

After acclimatization, the disease-free potato plantlets
were grown under field condition in the central plain zone of
Punjab, a North-Western state of India, having temperate cli-
mate and different organs were collected as shown in Fig. 1.
CAT activity was measured in the tubers at different stages
of growth and found to vary significantly between some
of the cultivars depending on their genotypes (Table 1). In
the cultivars namely KC-1 and KPu, CAT activities were
found to be comparable at different stages of tuber growth
i.e., from early growing to maturation; whereas, there was
a gradual decrease in CAT activity in the cases of KAs and
De. Actively growing very small tubers showed relatively
higher CAT activity, an attribute found to be a common fea-
ture in the potato cultivars with a maximum value noticed
in KAs followed by De. Higher CAT activity could be a sign
of defence against ROS produced in the metabolically active
early growing tubers which needs to be clearly understood.
CAT activity was also determined in other potato organs,
namely leaf and stem, as shown in Table 2. CAT activity
was found to be lower in the leaves in comparison to the
growing tubers. Young and fully-expanded mature leaves
of each cultivar did not differ significantly with regard to
CAT activity. It is likely that a steady CAT level is required
in the leaves for active defence against ROS generated by



Acta Physiologiae Plantarum (2020) 42:10

Page50f11 10

Fig. 1 Morphology of different
organs of the potato cultivar
KC-1 grown under field condi-
tion. Tubers at various stages of
growth: a very small, b small, ¢
medium, and d large or mature;
e young leaf, f young stem, g
fully-expanded mature leaf, h
mature stem

Table 1 Comparison of catalase
activity in the tubers of the
potato cultivars at different
stages of growth under field
condition (the experimental data
are presented as mean +SD of
n=3 tuber extracts)

photorespiration and aerobic metabolism. The mature stems
of the cultivars showed significantly lower CAT activity
as compared to the other organs which suggested that the

Potato cultivars

Catalase activity (pmol H,O,/min per mg protein)

Very small (1-3 g)

Small (4-7 g)

Medium (8—13 g)

Large (15-20 g)

Kufri Chipsona-1
Kufri Chipsona-2
Kufri Pukhraj

Kufri Chandramukhi
Kufri Jyoti

Kufri Ashoka
Desiree

921+16
593+10
799 +£26
800+9
437+21
1577+13
1144 21

800+18
462+20
666+21
70813
293+23
139917
93729

899+22
400+38

683+18
695+12
776 £10
973+15
858 +18

951+16
373+10
70917
60114
58617
818+11
75816

highly vascular and differentiated stems could be associated
with lower antioxidative capacity. Differential expression
patterns of several CAT isoforms were reported in tobacco,
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Table2 Comparison of catalase activity in the growing and mature
leaf and stem tissues of the potato cultivars grown under field condi-
tion (the experimental data are presented as mean +SD of n=3 organ
tissue extracts)

Potato cultivars Catalase activity (umol H,O,/min per mg of

protein)

Growing organ Mature organ

Leaf Stem Leaf Stem
Kufri Chipsona-1 846+23 254+24 951+22 170+19
Kufri Chipsona -2 236+10 137+14 370+16 189+16
Kufri Pukhraj 220+11  339+21 267+14 41119
Kufri Chandramukhi  504+20 499+16 559+13 248+21
Kufri Jyoti 454419 427+£20 58617 264+16
Kufri Ashoka 311+9  312+16 574+22 418+19
Desiree 945+21 439+16 501+14 335+15

potato and other plants. Unlike other organs, stem showed
mainly the expression of Class II catalases (Willekens et al.
1994; Rojas-Beltran et al. 2000). Multiple isoforms of CAT
including Class II possibly contributed to higher CAT activ-
ity in the leaves and other organs in comparison to the stem.

In potato, considerable progress has been made on CAT
since its purification and characterization from tuber per-
oxisomes (Beaumont et al. 1990). Stressful situation like
prolonged storage of the tubers at low temperatures resulted
in time dependent increases of SOD, CAT and a-Tocopherol
contents clearly indicative of protection against enhanced
ROS production. Cultivar-dependent differences were also
noticed in terms of their antioxidant contents (Spychalla and
Desborough 1990). Expression patterns and activity of sev-
eral antioxidant enzymes including CAT during tuber dor-
mancy were reported. Low CAT levels in the dormant tubers
probably helps in gradual accumulation of H,0O,-a prerequi-
site for sprouting (Rojas-Beltran et al. 2000). Tuberization
in potato is a complex developmental process influenced by
a number of factors such as photoperiod, temperature, nitro-
gen nutrition and endogenous levels of the phytohormones
(Sarkar 2008). A comparative proteomic approach was
adopted to monitor differentially expressed proteins during
tuber development. The expression of the ROS cataboliz-
ing enzymes such as SOD, APX and CAT was significantly
increased during transition from stolons to tubers which
clearly indicated active cellular defence during growth and
development. In other words, the developing tubers are
inherently associated with active antioxidative machinery
to combat stresses (Agrawal et al. 2008). Various stresses as
mentioned earlier adversely affect growth, development and
productivity and may even lead to huge crop loss (Lawlor
2002). Enhanced activities of some antioxidant enzymes,
including CAT isozymes, were reported in potato under salt
stress (Rahnama and Ebrahimzadeh 2005). Boguszewska
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et al. (2010) carried out experiments with some potato cul-
tivars sensitive to soil drought and other stresses. Increased
activity of antioxidative enzymes like POX, SOD and CAT
was considered to play a protective role under oxidative
stress and in turn prevented yield losses.

In plants, various factors like the genetic composition
(G), the environment (E) and importantly the interactions
between them (G X E) have profound influence on their
growth, development, fitness, performance, adaptation and
other physiological aspects. A particular species with differ-
ent genotypes respond differently by exposure to the same
environmental factors (El-Soda et al. 2014). This explains
why the different potato cultivars are adaptive to various
agro-climatic zones and vary with regard to several attrib-
utes such as vegetative growth, maturation time, tuber yield
and quality, tuber dormancy, sprouting and tolerance to vari-
ous biotic and abiotic stresses depending on the genotypes
(Kumar et al. 2014). Soil properties and climatic condi-
tions influence the productivity of a crop. The potato plants
under study were grown in the sandy-loam soil during mid
of November to the end of February. Usually extreme cold
conditions prevail during January to mid-February with a
temperature range of 5-10 °C. Duration of photoperiod, fluc-
tuations between day and night temperatures, soil moisture
and nutrient contents potentially impose stresses during veg-
etative growth of potato (Demagante and Vander Zaag 1988;
Romero et al. 2017). The cultivar-dependent differences of
CAT activities of different potato organs, including tubers
at various stages of growth appeared to be quite consistent
with the earlier studies. The data also indicated a variation of
their antioxidative potential under field condition depending
on the genotypes. The potato cultivars are likely to show var-
ying tolerance towards oxidative stress. Moreover, relatively
low CAT activity was found in the freshly harvested mature
tubers i.e., large tubers reflecting the state of dormancy as
evident in the earlier report (Rojas-Beltran et al. 2000).

Effects of pH, temperature and storage

pH profile, thermostability and storage stability are impor-
tant biochemical attributes of an enzyme. For such studies,
crude enzyme extracts from the mature tubers of KC-1 and
De were used. The relative activities (%) were calculated
based on the ratio of the CAT activity obtained at certain
condition to the maximum activity obtained at the range
of same condition. The effect of pH on CAT activity was
determined and is shown in Fig. 2. The optimum pH was
found to be 7.0 which coincides with the biological pH. The
CAT activity is drastically reduced at pH 3.0 or below and
9.0 or above. The data clearly indicated that the surrounding
pH has a profound influence on the net charge of an enzyme
hence its overall conformation and enzymatic performance.
As evident in the literature, CAT assay is usually carried
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Fig.2 Effect of pH on CAT
activity in the crude tuber
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Fig. 3 Effect of temperature on
CAT activity in the crude tuber
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out at 25-30 °C (Aebi 1984; Kawakami et al. 2000). To
understand the thermostability of CAT, equal aliquots of
the crude protein extract were incubated at different tem-
peratures i.e., 10-70 °C for 1 h prior to standard assay. The
results as shown in Fig. 3 clearly indicated that CAT activ-
ity remained stable at low temperature i.e., below 20 °C.

20 30 40 50 60 70 80
Temperature (°C)

The CAT activity was significantly compromised at 50 °C
and above very likely due to enzyme inactivation. The sur-
rounding temperatures have profound influence on the over-
all three-dimensional conformation of an enzyme and its
catalytic efficiency. Loss of CAT function at higher tempera-
tures, possibly due to deviation from its stable tetrameric
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Fig.4 Storage stability of CAT

in the crude tuber extracts
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Relative activity (%)
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20

structure, are found to be consistent with earlier reports
(Kandukuri et al. 2012). There was no significant change of
CAT activity in the crude extract if kept at 4 °C up to 3 days
for both the potato cultivars suggesting considerable storage
stability of this enzyme (Fig. 4).

Purification of catalase by three-phase partitioning
(TPP)

TPP method relies on the principles of salting out, isoionic
and cosolvent precipitation (Dennison and Lovrien 1997,
Saxena et al. 2007). In this method, water soluble pro-
teins/enzymes separate into the intermediate phase help-
ing isolate and concentrate proteins. The TPP purification

w==ge== Potato cv. KC-1 -=g==Potato cv. De

3 4 5 6 7 8

Days

step of the crude potato organ extracts is shown in supple-
mentary Fig. S1. Purification and recovery profile of CAT
corresponding to the cultivars KC-1 and De are shown in
Table 3. With regard to interfacial phase, CAT recovery
up to 179% with 3.81 folds of purification was observed
in the case of KC-1 leaf. Some degree of altered confor-
mational and solvation state of the enzyme purified by
this method possibly contributed to such enhanced CAT
activities as proposed earlier (Kiss et al. 1998). Moreover,
the data appeared to be consistent with other published
reports (Ozer et al. 2010; Duman and Kaya 2013) and
clearly indicated that the TPP method had worked effi-
ciently for the crude protein extracts from different potato
organs which differed considerably with regard to storage
biomolecules and other metabolites.

Table 3 Purification and

Potato tissue  Step Total Total Specific Purifi- Recovery (%)
recovery profile of catalase activity  protein activity (U/  cation
(CAT) from mgture organs of ) (mg) mg) (fold)
the potato cultivars by three-
phase partitioning (TPP) Tuber (KC-1) Crude extract 566 0.71 797 1.00 100
Interfacial phase of TPP 761 0.25 3044 3.82 134
Leaf (KC-1)  Crude extract 253 0.34 744 1.00 100
Interfacial phase of TPP 453 0.16 2831 3.81 179
Tuber (De) Crude extract 812 0.87 933 1.00 100
Interfacial phase of TPP 1065 0.30 3550 3.80 131
Leaf (De) Crude extract 312 0.33 945 1.00 100
Interfacial phase of TPP 408 0.15 2720 2.87 131
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Fig.5 Polyacrylamide gel A

electrophoresis of TPP-purified 1 2 3 4
catalase (CAT) extract from kDa

the potato organs. a Denatur-

ing SDS-PAGE; lane I, protein 2o

molecular weight markers;

lane 2, CAT from bovine liver; 158.0

lanes 3 and 4, from the tubers 97.2

of KC-1 and De, respectively;

lanes 5 and 6; from the leaves 66.4 o
of KC-1 and De, respectively;

lanes 7 and 8, crude extracts 27

from tuber and leaf of KC-1,
respectively; b Non-denaturing
PAGE; lanes 1 to 6, loading
patterns were same as presented
ina

27.0

14.3
6.5

Polyacrylamide gel electrophoresis (PAGE)

The TPP purified protein extracts were analysed by both
denaturing SDS-PAGE and non-denaturing PAGE as shown
in Fig. 5. The purified tuber extract appeared to be homog-
enous in SDS-PAGE with a molecular weight nearly 60 kDa,
whereas the size was ~240 kDa as found in native PAGE
suggesting it as a tetramer. This observation is consistent
with the reported data on CAT from the peroxisomal fraction
of mature potato tuber (Beaumont et al. 1990). As evident
from the difference in mobility, the size of CAT correspond-
ing to leaf appeared to be larger in comparison to tuber CAT.
Tuber-type and leaf-type CAT as observed probably refer to
the distinct isoforms in potato; their expression patterns and
other attributes remain unclear.

Conclusions

In potato, soil drought and other stresses are known to
adversely affect the vegetative growth, yield and quality of
the tubers. In this study, a total of seven potato cultivars were
allowed to grow under field condition—a situation where a
growing plant had to face a multitude of stresses during its
life span because of fluctuations in environmental condi-
tions despite of the conventional and more or less uniform
agricultural practices. Various antioxidants are likely to be
involved to combat oxidative stress for the growth and sur-
vival of plants. Several biochemical attributes of CAT like
pH profile, thermostability and storage stability as presented
in this report were not available in potato earlier. Variation
in CAT activities could be considered as an indicator of the
cultivar-dependent differences with regard to their antioxi-
dative capacities under field condition. Very likely, both the
genotype (G) and gene-environment (G X E) interactions

6 7 8 B 1 2 3 4 5 6
kDa
250.0 e -
h .
150.0 -
1000
75.0 -
50.0 =

Lo 30

contribute to varying stress tolerance between the individual
cultivars. This could explain, at least partially, why these
cultivars are suitable to different agro-climatic zones in the
Indian subcontinent. Such data could be useful in develop-
ing stress-tolerant varieties through crop breeding. Purifica-
tion of CAT from the crude protein extracts by TPP method
to almost homogeneity is also an important aspect of this
study. Tuber-type and leaf-type CAT were found to vary with
regard to their size as evident from PAGE analysis.
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