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Abstract Ascorbic acid (AsA) also known as vitamin C is
considered as an essential micronutrient in the diet of
humans. The human body is unable to synthesize AsA, thus
solely dependent on exogenous sources to accomplish the
nutritional requirement. AsA plays a crucial role in dif-
ferent physiological aspects of human health like bone
formation, iron absorption, maintenance and development
of connective tissues, conversion of cholesterol to bile acid
and production of serotonin. It carries antioxidant proper-
ties and is involved in curing various clinical disorders
such as scurvy, viral infection, neurodegenerative diseases,
cardiovascular diseases, anemia, and diabetes. It also plays
a significant role in COVID-19 prevention and recovery by
improving the oxygen index and enhancing the production
of natural killer cells and T-lymphocytes. In plants, AsA
plays important role in floral induction, seed germination,
senescence, ROS regulation and photosynthesis. AsA is an
essential counterpart of the antioxidant system and helps to
defend the plants against abiotic and biotic stresses. Sur-
prisingly, the deficiencies of AsA are spreading in both
developed and developing countries. The amount of AsA in
the major food crops such as wheat, rice, maize, and other
raw natural plant foods is inadequate to fulfill its dietary
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requirements. Hence, the biofortification of AsA in staple
crops would be feasible and cost-effective means of
delivering AsA to populations that may have limited access
to diverse diets and other interventions. In this review, we
endeavor to provide information on the role of AsA in
plants and human health, and also perused various
biotechnological and agronomical approaches for elevating
AsA content in food crops.
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COVID-19 - GDP-L-galactose phosphorylase Smirnoff-
Wheeler pathway - Stress

Introduction

L- Ascorbic acid (AsA) is the water-soluble active form of
vitamin C found in plants (Mitmesser et al. 2016; Akram
et al. 2017). It is present ubiquitously in both plants and
animals but absent in prokaryotes. Humans, unlike other
animals, are unable to synthesize AsA due to the non-
functional L-gulono 1-4 lactone oxidase of the AsA
biosynthesis pathway. Therefore, human’s nutritional
source of AsA is mainly dependent on plant foods. The
primary dietary sources of AsA are tubers, citrus fruits,
kiwi, nuts, vegetables, sprouts, capsicum, guava and
strawberries (Maruta et al. 2010; Visser et al. 2011). Rec-
ommended Dietary Allowance (RDA) of AsA in males and
females is 75 and 90 mg/day, respectively (Paciolla et al.
2019). Smokers need an extra 35 mg/day due to oxidative
stress (Ueta et al. 2003). Around 23% of the total world
population is not consuming the RDA intake of AsA.
Nearly 7.9% of the USA population were found to be
clinically AsA deficient (Rowe and Carr 2020). A study
conducted on a group of Indian populations had shown
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variable AsA deficiency from 45.7-73.9% (Ravindran et al.
2011).

In humans, AsA is acclaimed for preventing scurvy, a
fatal disease of erstwhile (Chambial et al. 2013), though it
is seldom nowadays and about 7% of people show latent
scurvy with symptoms like weakness and low energy
(Macknight et al. 2017). AsA plays two noteworthy roles in
cells. Firstly, it acts as an antioxidant and cofactor for
dioxygenase and monooxygenase enzymes (Padayatty
et al. 2017; Smirnoff 2018a). These enzymes have a major
role in epigenetic DNA demethylation (Smirnoff 2018a).
Embryonic development, cancer progression and ageing-
related factors are linked with epigenetic programming and
ascorbate influences all these processes. Secondly, at low
concentration, AsA acts as an electron donor and produce
free radicals (Smirnoff 2018a). A well-characterized pro-
oxidant effect of AsA is the reduction of Fe** and Cu®"
and the production of free hydroxyl radicals of Fe>™/Cu™
and H,0, by Fenton reaction (Padayatty et al. 2017). Fe*™
further reduce the oxygen into superoxides and H,O, The
report showed that the toxicity of AsA in mammalian cell
culture or culture media is high when AsA is present in a
low amount (Przyby 2020). Nearly two billion people
worldwide are suffering from iron deficiency anemia (IDA)
(Miller 2013). AsA promotes the uptake of non-heme iron
and enhances iron absorption in the body. AsA stabilizes
the folate in food and plasma which leads to increased
excretion of oxidized folate derivatives, and absorption of
non-heme iron (Golding 2018). For plants, iron is an
essential micronutrient as it acts as a redox cofactor in
photosynthesis and respiration (Grillet et al. 2014). This
property of iron makes it toxic when present in excess as it
catalyzes the formation of free radicals. Although present
in abundance in the Earth’s crust it is not readily available
to plants due to its poorly soluble form i.e. Fe(Ill). Plants
have evolved two strategies to reduce Fe(Ill) form into
Fe(II) for its uptake (Grillet et al. 2014; Smirnoff 2018b).
However, iron deficiency anaemia (IDA) is a major nutri-
ent deficiency in developing countries. It is necessary to
increase iron content to combat IDA through agricultural
improvement. It has been reported that AsA increases the
iron accumulation in Arabidopsis seeds (Grillet et al.
2014). Iron accumulation in sink tissue is mediated by the
ascorbate efflux. Hence, up-regulation of AsA can not only
enhance ascorbic acid accumulation but also elevate iron
content in plants (Grillet et al. 2014). AsA, an antioxidant
varies in its content among plants and different tissues of
the same plant. Most of the staple crops carry a low amount
of AsA thus, there is a need to have food crops having
plentiful AsA to curb malnutrition (Fig. 1). Malnutrition or
hidden hunger is a major problem in developing and
underdeveloped countries due to the limited access of
diverse diets and other nutrient interventions. In these

@ Springer

countries, the population is predominantly dependent on
staple food crops which are rich in carbohydrates but low
in micronutrients (Chaturvedi et al. 2021). Thus, bioforti-
fication of staple crops through agronomic approach,
genetic engineering and conventional breeding could be the
possible way to eradicate malnutrition from the world
(Chaturvedi et al. 2021). Biofortification of crops also aids
in plant health and production, reducing the abiotic and
biotic stress conditions. AsA biofortified crops had shown
improved tolerance against different oxidative stresses and
this also gives a possible way to maintain productivity
during global climate change (Akram et al. 2017; Boubakri
2017).

Role of AsA in plants

About 1% of available glucose is utilized for AsA pro-
duction in plants (Paciolla et al. 2019). AsA is ubiquitously
present in all the cells of plants, including cell wall,
extracellular matrix, and apoplast (Macknight et al. 2017).
AsA content differs significantly between plant species and
plant organs. A higher amount of AsA is found in devel-
oping tissues, and the lowest amount is present in the roots
(Smirnoff 2018b; Paciolla et al. 2019). Plant develop-
mental and environmental changes influence AsA content
in organs and tissues. Light is an essential environmental
signal in regulating AsA levels in plants (Yabuta et al.
2007; Heyneke et al. 2013). It has been observed that in the
sprouts of Vigna radiata, the AsA level has increased to
21.4-fold in semi-light and 29.8-fold after three days of full
light exposure (Lu and Guo 2020). Different wavelengths
of lights showed a different pattern in AsA synthesis.
Variation in the AsA content significantly altered the
expression of genes linked with photosynthesis. AsA is a
cofactor of enzyme violaxanthin de-epoxidase, thus plays a
role in the synthesis of xanthophylls. Hence, it is vital for
the protection of photosystem II (PSII) by dissipating
excess excitation energy in the light-harvesting complexes
(Saga et al. 2010; Awad et al. 2015; Paciolla et al. 2019). In
tomatoes, exogenous application of AsA increased the fruit
ripening (Steelheart et al. 2020). The AsA deficient mutant
of Arabidopsis showed earlier senescence compared to
wild-type plants (Kiddle et al. 2003). AsA is the cofactor of
enzyme l-aminocyclopropane-1-carboxylic acid (ACC)
oxidase and catalyzes the last rate-limiting step of the
ethylene biosynthetic pathway (Smirnoff 2018b). It also
acts as a cofactor for the biosynthesis pathways of gib-
berellins, abscisic acid, and in the catabolism of auxins
(Akram et al. 2017). AsA plays role in mitigating plant
pathogen infection and its defense mechanism is dependent
on pathogen lifestyles. In plants, the biotrophic pathogens
infection is usually controlled through salicylic acid (SA)
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Fig. 1 Representation of major
crop production in the year 2020 a
in the world followed by their
AsA content (mg/100 g fresh
weight (F.W.). 1a) Production
(metric tons) status of major
staple food crops viz., maize,
wheat, and rice along with other
crops. 1b) Food crops showing
the AsA content. Staple crops
(maize, wheat rice) showed the
lesser amount of AsA, while the
highest amount of AsA was
shown in spinach followed by
lemon and kiwi. The data of
major crop production adapted
from the food and agriculture
organization (FAO 2020, http://
www.fao.org/faostat/en/#data/
QCl/visualize) and AsA content
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signaling. However, for necrotrophic pathogens, it is arbi-
trated through jasmonic acid and ethylene signaling (Pas-
tori et al. 2003; Glazebrook 2005; Akram et al. 2017).
Various reports showed that Arabidopsis mutants with low
AsA showed the high depositions of SA, pathogenesis-re-
lated proteins, and camalexin. These mutants were more
resistant against biotrophic pathogen Pseudomonas syr-
ingae and Peronospora parasitica. While on the other
hand, they were highly susceptible to necrotrophic asco-
mycetes Alternaria brassicicola (Egan et al. 2007; Botanga
et al. 2012). Nonetheless, the exogenous addition of AsA
induces resistance against different plant-pathogen inter-
actions. AsA controls cell division, elongation, differenti-
ation and programmed cell death (PCD) (Bellini and De
Tullio 2019). In presence of AsA, meristematic cells of the
root can reduce the length of the G1 phase and promote

entry to the S phase of the cell cycle. Cell enriched with
AsA has a higher cell division rate, on the contrary, a
higher level of DHA causes the reduction of cell division
which indicates that AsA fundamentally increased the cell
cycle progression.

Smirnoff-wheeler (SW) pathway

SW pathway (Fig. 2) is the predominant pathway for the
synthesis of AsA in plants. It is compelled via the con-
version of D-glucose-6-phosphate to D-fructose-6-phos-
phate by phosphoglucose isomerase (PGI) (Yabuta et al.
2007). D-fructose-6-phosphate is transformed to D-man-
nose-6-phosphate and D-mannose 1-phosphate catalyzed
by phosphomannose isomerase (PMI) and phosphoman-
nose mutase (PMM), respectively (Maruta et al. 2010).
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Fig. 2 Pictorial representation of four different pathways for L-ascorbate biosynthesis in plants. These are the L-galactose or Smirnoff-wheeler
(SW) pathway, L-gulose pathway, D-glucuronic pathway/ MIOX pathway and D-galacturonic pathway

Further, GDP-D mannose pyrophosphorylase, a reversible
enzyme, relocates guanosine monophosphate from GTP to
D-mannose 1-phosphate and forms GDP-D-mannose. It
was first identified by silencing map-based vitamin c defi-
cient 1 (vtcl) mutant (Ar2g39770) (Conklin and Barth
2004). GDP-D-mannose is acted upon by GDP-D-man-
nose-3', 5'-epimerase (GME) that catalyzes double
epimerization. The first epimerization of 5’GDP-mannose
by GME can produce GDP-L-gulose (Wolucka and Van
Montagu 2003). GME shows feedback response because it
is inhibited by the ascorbate, GDP, GDP-gulose and GDP-
fucose. The first committed step of the SW pathway is the
conversion of GDP-L-galactose to L-galactose-1-P and
GDP by utilizing inorganic phosphate. This step is cat-
alyzed by the GDP-I-galactose-phosphorylase (GGP)
(Dowdle et al. 2007; Bulley and Laing 2016).

Further, the galactose-1-phosphate is transformed into
L-galactose and L-galatono-1,4-lactone via galactose-1-
phosphate phosphatase (GPP) and L-galactose dehydro-
genase (L-GalDH), respectively, where L-galatono-1,4-
lactone is irreversibly oxidized by the L-galactono-1,
4-lactone dehydrogenase (L-GalLDH) to form ascorbate
(Bulley and Laing 2016). All the enzymes of SW pathways
are located in the cytosol, except L-GalLDH, which
remains in the inner membrane of mitochondria.
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Alternative AsA biosynthesis pathway in plants
via L-gulose

In support of the D-mannose/L-galactose (D-Man/L-Gal)
pathway, other alternative pathways are moving via
D-glucuronic acid, L-gulose, and D-galacturonic acid. In
the D-Man/L-Gal pathway, epimerization through GDP-D-
mannose-3',5 -epimerase (GME) leads to the formation of
two discrete products i.e., GDP-L-galactose (GDP-L-Gal)
and GDP-L-gulose (GDP-L-Gul). GDP-L-Gul is a rare
sugar found in bacteria and algae but not a structural
component of plants. This GDP-L-Gul is channelled
directly in the ascorbate pathway through L-gulono-1,4-
lactone.

D-glucuronic or MIOX pathway

In plants, AsA biosynthesis proceeds via GDP-Man, GDP-
L-Gal, L-gal-1-phosphate, L-Gal, and L-GalL (Wheeler
et al. 1998). Although the AsA biosynthetic pathway pro-
posed by Smirnoff and Wheeler (2000) is most prominent,
there are pieces of evidence that signify the existence of
other pathways that drive plants to synthesize AsA. Addi-
tional proof of the complex network of AsA biosynthesis is
to use myo-inositol (MI) as an ascorbate substrate. To
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investigate the role of MI, the fourth homologs of myo-
inositol oxygenase (MIOX4) was constitutively overex-
pressed in Arabidopsis and showed a 2 to 3 fold increased
ascorbate level as compared to control (Lorence et al.
2004). It was further supported by the overexpression of
purple acid phosphatase (AtPAP) that increased the foliar
AsA content in Arabidopsis (Zhang et al. 2008). The
AtPAP role is predicted as a phytase that reacts on myo-
inositol hexakisphosphate and produces MI and free
phosphate. It is also assumed that MI is an AsA precursor
(Zhang et al. 2008). Another study revealed that reduction
in inositol- (1,4,5) trisphosphate led to the accumulation of
AsA due to upregulation of MIOX pathway genes
(Alimohammadi et al. 2012). The other study has shown
the contradictory observation and revealed that MIOX
controls the level of MI but did not influence the AsA
concentration in Arabidopsis plants (Endres and Tenhaken
2009). This study is also supported by radiolabelling of *H-
MI in Arabidopsis which revealed no role of the MI
pathway in AsA synthesis (Ivanov Kavkova et al. 2019). A
recent study on tomatoes showed that MIOX4 overex-
pression in tomatoes increases the AsA accumulation. It
was further validated by the feeding method, which showed
the involvement of the MIOX pathway in AsA biosynthesis
(Munir et al. 2020). Hence, the rate-limiting genes of the
MIOX pathway need to be explored further for their role in
the AsA enhancement of crop plants.

Recycling pathway

In both plants and animals, the oxidized stable form of AsA
is known as DHA. Oxidation of AsA converted to radicle
monodehydroascorbate (MDHA) is spontaneously turned
into DHA. MDHA and DHA can convert into AsA by the
monodehydroascorbate reductase (MDHAR) and DHAR,
respectively (Foyer and Halliwell 1976).

Importance of AsA in human health

AsA has a variety of functions in human health and
development. It prevents protein, DNA, and lipids from
oxidative damage by scavenging free radicals and acts as
an antioxidant in humans (Smirnoff 2018a). For instance,
500 to 750 uM concentration of AsA helps to protect
against oxidative damage to the eyes from solar radiation
and also inhibits melanogenesis (Panich et al. 2011;
Umapathy et al. 2013). AsA also plays role in the treatment
of several skin-related diseases such as atopic dermatitis
(AD), malignant melanoma, porphyria cutanea tarda
(PCT), herpes zoster, and postherpetic neuralgia. AD is a
chronic relapsing inflammation of the skin related to
allergies. The lesions are characterized by erythematous
papules with itching or scaling and are reported to affect

15-30% of the children population (Kim et al. 2013;
Tollefson et al. 2014). It leads to structural and functional
damage to the skin barrier. AsA helps in the differentiation
and production of interstitial material and reduces chronic
inflammation (Uchida et al. 2001). Another disease
malignant melanoma derived from melanocytes is a kind of
skin tumor that occurs in the skin and mucous membrane
transfer (Yussif et al. 2017). AsA affects the function and
quantity of melanocytes, thereby reducing the synthesis of
melanocytes. The anti-melanogenesis effect of AsA is due
to its role as a reducing agent in various oxidation stages of
melanin formation (Yussif et al. 2017). Furthermore, AsA
is also reported to reduce the melanogenesis of melanoma
cells by stimulating the production of a-melanocyte-stim-
ulating hormone (-MSH) (Stojkovic-Filipovic and Kittler
2014). AsA also helps in diminishing genetic diseases such
as PCT, which is characterized by extreme photosensitivity
that causes blistering on skin lesions. It is developed by the
deficiency of enzyme uroporphyrinogen decarboxylase
(UROD) which leads to excess production of uroporphyrin
and heptacarboxylporphyrin by hepatic cells. Deficiency of
AsA in plasma cells is one of the most prevalent reasons
for the development of PCT. AsA inhibit catalytic oxida-
tion of CYP1LA2, which is known to help in the produc-
tion of uroporphyrin and heptacarboxylporphyrin. Besides
maintaining skin health, AsA is also reported to involve in
the treatment of cancer diseases. Further, the intravenous
administration of ascorbate is reported to be a supportive
intervention to increase the plasma concentration that also
reduce the inflammation of chemotherapy during cancer
treatment (Shenoy et al. 2018a). The role and mode of
action of AsA in management of various diseases are
mentioned in Table 1.

Coronavirus disease (COVID-19) is a pathogenic viral
infection that first emerged in Wuhan city of China in
December 2019 (Mittal et al. 2020). The most common
symptoms of SARS-CoV2 are fever, dry cough, and
tiredness, while the serious symptoms include shortness of
breathing, chest pain and loss of speech or movement
(Mittal et al. 2020). Most of the patients does not show
severe symptoms however, nearly 5% of the patient
showed serious lung injury, multiple organ failure and
sepsis in the patient due to the infection (Marik et al. 2017).
Severe infection of SARS-CoV2 leads to sepsis which is
caused by cytokine storms in the body after the severe
immune reaction. Various studies suggested that the AsA is
effective in the treatment of sepsis (Syed et al. 2014; Marik
et al. 2017; Marik 2018) Sepsis condition developed in
acutely ill patients that causes a very low or unde-
tectable amount of AsA in the serum (Marik 2018). A low
amount of AsA in blood was observed due to a higher rate
of oxidation, low level of absorption and elevated loss
during urination (Marik 2018). Sepsis also induces the
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Table 1 Role of AsA and their mode of actions in various diseases

S.  Concentration AsA role in  Mode of actions of AsA on diseases References
No of AsA disease
1 41-66 pmol/L  Cardiac Prevents the low-density lipoproteins (LDL-proteins) from oxidative He et al. (2007);
disease changes, prevention of ischemia/reperfusion and myocardial injury Kukongviriyapan et al. (2014);

ameliorated the toxicity of the heavy metals

Morelli et al. (2020)
Harrison (2012)

Bai et al. (2015)
Drisko et al. (2018)

Shenoy et al. (2018b)

Bos (2019)

da Costa Daniele et al. (2020)

Magri et al. (2020)

2 200 to Alzheimer’s  Reduced the depletion of dopamine and serotonin metabolites in
400 mg/kg disease cortex and striatum
3 150 mg/day Prostate Inhibit the angiogenesis and increase the cytotoxicity in naive human
cancer prostate cancer cell lines
4 75gto 125 g Pancreatic Increased the Bax/Bcl-2 expression, ROS production, DNA
cancer fragmentation and cytotoxicity of cells
5 100 pg/ml Cervical Increased the susceptibility of cisplatin and doxorubicin drug on
cancer HeLa cells and increase the level of apoptotic protein, catalase,
superoxide dismutase and endoplasmic reticulum induced p-elF2/
eif2-a ratio
6 50, 100 and Breast Induced the autophagosome by regulation of mammalian target of
200 pM cancer rapamycin (mTOR), Beclinl and autophagy-related genes,
accumulation of p62 protein, increased endoplasmic reticulum
stress via IRE-JNK-CHOP signalling pathways
7 0.5 mM, Parkinson Decreases the level of a-synuclein-Cu2 + and accumulation of Lewy
2.5 mM, and disease bodies
5 mM
8 100 mg/kg to  Colon Increases the cytotoxic effects of CD8 T cells, check the tumour
4 g/kg cancer growth by immune checkpoint therapy

process of glomerular hyperfiltration that causes the
reduced absorption of AsA (Armour et al. 2001). It had
been reported that administration of 100 mg/kg of AsA on
the CLP model of sepsis reduces the elevation of lipid
peroxidase, aminotransferase and histamine (Kim and Lee
2004; Marik 2018). Administration of AsA during sepsis
also decreases the level of nuclear factor kappa B (NF-kB)
and high mobility group box 1 (HMGB1). HMGBI is an
important factor for late pro-inflammatory cytokine (Car-
camo et al. 2002). AsA increases the function of leuko-
cytes, production of lysosomal enzymes, phagocytosis
expression of antibody response as well as interferon pro-
duction (Fig. 3). These activities of AsA made it a potent
candidate for therapeutic use in COVID-19 treatment
(Platto et al. 2020). The rationale to use AsA during
COVID-19 treatment is to minimize oxidative stress which
mainly occurs due to severe infection, sepsis and various
disease states. Acute respiratory distress syndrome (ARDS)
and sepsis are reported during severe COVID-19 infection,
hence a high dose of AsA helps in upgrading inflammation
and vascular injuries in patients. The current status of
different phases of clinical trials is summarized in Table 2.

The outcome of the running clinical trial studies of AsA
usage in COVID-19 patients may take a long time, hence
the administration of AsA can be used as a booster for
natural immunity. This approach could be helpful in the
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fast recovery of COVID-19 patients. Further, the direct
consumption of plant products enriched with AsA can be
one of the possible ways for the COVID-19 clinical man-
agement program, especially for persons who have low
immunity.

Bioaccessibility of AsA after digestion

Antioxidant compounds such as AsA possess a highly
complex behavior after their consumption. When they
travel through the digestive tract, they may undergo many
changes that could hamper their distribution, absorption,
metabolism, and hence bioaccessibility. AsA is considered
an effective antioxidant that protects the cellular compo-
nents from the damage caused by free radicles. Unlike
many low molecular weight compounds, AsA mounts a
characteristic behavior during digestion. AsA is mainly
released during gastric digestion, which could be assigned
to a range of factors in the tract like enzymes, pH, and
temperature in the gastrointestinal tract (Sollano-Mendieta
et al. 2021). The pharmacokinetics of AsA is mainly reg-
ulated by a family of saturable sodium-dependent vitamin
C transporters (SVCTs) (Tsukaguchi et al. 1999). SVCTs
are usually involved in co-transporting the ascorbate and
sodium ions across the membranes resulting in the for-
mation of a concentration gradient (Wilson 2005). The
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Fig. 3 During the severe
COVID-19 infection, patients
experienced cytokine storm [IL-
6, IL-7, IL-10, Tumor necrosis
factor (TNF o), C Reactive
Protein (CRP), granulocyte-
colony stimulating factor
(GCSF), interferon gamma-
induced protein-10 (CXCL10)]
and ROS production. A high
levels of cytokines storms and
ROS production led to
inflammation that eventually
turn into ARDS and sepsis.
These responses induce
coagulation and vessel
constrictions that cause multi- ng‘f
organ failure. AsA scavenges o
the free radicles and prevents
mitochondria from oxidative
stress. It also inhibits the
activation of NF-kB thus
reducing the pro-inflammatory
mediator. Thus, AsA diminishes
ROS and cytokines levels and
reduces the severity of the
disease
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subtypes of these transporters and tissue-specific expres-
sion patterns of them lead to a sectionalized distribution of
AsA in different organs with a wide range of concentra-
tions. Homeostasis of AsA is affected by various factors,
including environment, genetic polymorphism, lifestyle,
and diseases. AsA is usually present in the range of
0.2 mM in the heart and muscle, while up to 10 mM in the
adrenal gland and brain (Lindblad et al. 2013; Michels
et al. 2013). The pharmacology of AsA is also influenced
by metabolism. It enters into a recycling process where
ascorbate is oxidized into ascorbyl radicals and subse-
quently experiences dismutation to form ascorbate and
dehydroascorbic acid, and finally reduced back to ascor-
bate. However, this recycling process is failed among
smokers and during disease, necessitating a higher intake
of AsA to achieve homeostasis (Lykkesfeldt and Tveden-
Nyborg 2019).

Strategies to increase AsA in plants

Biofortification of AsA in plants has many positive effects
like it is reported to increase the postharvest shelf-life of
fruits, provide resistance against various pathogens and
high amount of AsA also improves human health. Various
approaches have been used for the biofortification of AsA
which are discussed below.

Manipulation of the SW pathway

The SW pathway is reported as one of the predominant
pathways for the biosynthesis of AsA in different plants.
Previously, transgenic approaches have been used for the
biofortification of AsA in various plants. Different genes of
the SW pathway have been overexpressed in plants to see
their role in increasing AsA content (Locato et al. 2013;
Macknight et al. 2017). It is manifested that overexpression
of the GGP gene can act as a potential candidate to
increase the AsA content in plants (Macknight et al. 2017).
It was also reported that GMP and GGP could synergisti-
cally control the biosynthesis of AsA (Macknight et al.
2017; Paciolla et al. 2019). In Arabidopsis, overexpression
of individual genes such as PMI, GMP, GME and GPP did
not show a positive effect on the enhancement of AsA.
While overexpression of the GGP alone in Arabidopsis
showed 2.5-fold high ascorbate content as compared to
control plants (Yoshimura et al. 2014). Overexpression of
Arabidopsis derived GGP in rice has shown 2.5-fold high
AsA (Al et al. 2019). A kiwi (Actinidia chinensis) derived
gene coding for GGP (AcGGP) overexpressed in tomato,
potato and strawberry showed 6-fold, 3-fold and 2-fold
enhanced AsA, respectively (Bulley et al. 2012). However,
overexpression of GGP in tomatoes has led to some mor-
phological fruit alterations, such as fewer numbers of seed
formation (Bulley et al. 2012; Macknight et al. 2017).
When Acerola (a well-known crop with a high content of
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Table 2 Worldwide various ongoing Covid-19 clinical trials with ascorbic acid (adapted and modified from https://clinicaltrials.gov/api/gui)

S.  Experiment Id Study Objective  Status of ~ Drugs and dietary Amount of drugs Probable Location

No experiment supplements given/day outcome

1 NCT04401150 Effect of AsA on Phase 3 AsA Intravenously ( 50 mg) Reduction in Research Center
pneumonia at every 6 h the mortality of the CHUS,
caused by rate and PCR Sherbrook,
COVID-19 levels Quebec, Canada

2 NCT04558424 Effect of AsA on Phase 1 Zinc gluconate and Orally, AsA (1gm) Reduce the time Bangabandhu
symptoms AsA along with Zinc of symptoms Sheikh Mujib
(cough, fever, (220 mg) Medical
Headache, loss University
of taste and Dhaka,
smell, Nausea, Bangladesh

Vomiting and

diarrhoea)
reduction time
frame

3 NCTO04395768 Effect of drug Phase 2 Hydroxychloroquine, Intravenous, AsA (28  Reduction in National Institute
combination on azithromycin, zinc gm), the mortality of Integrative
the severity of citrate, AsA, Hydroxychloroquine rate, hospital Medicine,
COVID-19 vitamin D3, vitamin (200 mg), stay and Australia
disease B12 Azithromycin requirement

4 NCTO04344184 Effect of AsA on Phase 2
severity and
hypoxemia

5 NCT04279197 Effect of these
drugs on
pulmonary
fibrosis after
COVID-19
infection

Phase 2

Placebo, AsA

AsA, placebo,

(250 mg), Zinc
Citrate (30 mg),
Vitamin D3 (5,000
iu), Vitamin B12

for ventilation

(Methylcobalamin)
(500 mcg)
Intravenous, AsA Reduction in Hunter Holmes
(50 mg/kg) severity and McGuire VA
hypoxemic Medical Center
condition in and Virginia
patients Commonwealth
University,
Richmond,
Richmond,
Virginia, United
States
Fuzheng huayu tablet, Fuzheng Huayu Tablet Faster Shuguang
(4.8 g2), AsA improvement Hospital
(600 mg) in pulmonary Shanghai,
fibrosis Shanghai, China

AsA) derived GGP gene was expressed under the control
of leaf specific promoter in rice it showed a 2.5-fold high
content of AsA in the foliar tissue of transgenic rice,
without any significant changes in morphology and also
confront multi-stress tolerance (Ali et al. 2019). Interest-
ingly, it was also seen that genome editing of an upstream
open reading frame (uORF) that is a negative regulator of
GGP2, increased the AsA content by 150% in lettuce and
provided the tolerance against oxidative stress (Zhang et al.
2018). Transient expression of Triticum aestivum derived
GGP (TaGGP) in tobacco increased the ascorbate level
upto 5-fold in leaf tissue and revealed the important rate-
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limiting role of GGP in ascorbate biosynthesis in plants
(Broad et al. 2019). A recent study on rice showed that
overexpression of rice GGP (OsGGP) increases the AsA
5-fold in foliar leaves than in wild type and its expression
also increases the bioavailability of iron (Broad et al.
2020). Three GGP paralogs are reported in the apple and
the study showed that the GGP1 allele plays an important
role in the regulation of AsA in apples (Mellidou et al.
2012). This study gave a clue that a single-nucleotide
polymorphism in GGP allele could be a potent candidate
for breeding to improve AsA levels in fruit crops (Paciolla
et al. 2019). The multigenic approach can be an excellent
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alternative strategy to obtain a high level of AsA in crops.
The co-expression of kiwi derived GME and GGP in
Arabidopsis revealed 7-fold enhanced content of AsA
(Bulley et al. 2009). In Arabidopsis, overexpression of
GGP alone has increased 2.9-fold of AsA, while co-ex-
pression of GGP-GPP and GGP-GLDH elevated AsA up
to 4.1-fold (Zhou et al. 2012). Overexpression of Acerola
derived GGP, GMP and GME in tomato protoplasts caused
a 4-fold higher accumulation of AsA than the wild type
(Suekawa et al. 2019). Stable transformation and pyra-
miding of GME, GMP, GGP and GPP in tomatoes showed
the elevated amount of AsA in leaves (2-fold) and fruits
(0.4-fold) (Li et al. 2019). Furthermore, these lines showed
better AsA transport capability along with fruit shape and
size (Li et al. 2019).

Investigation of other AsA biosynthetic pathway genes

The overexpression of genes derived from the other alter-
native pathways has also demonstrated an affirmative
effect on AsA biofortification in crops. Transgenic lines of
potato overexpression of rat derived GulLO had shown
more AsA accumulation and better abiotic stress tolerance
(Hemavathi et al. 2010). Overexpression of Arabidopsis
GulLO (AtGulLO) in tobacco increases the 3-fold AsA than
control plants (Maruta et al. 2010). Moreover, in Ara-
bidopsis, overexpression of the same AtGulLO gene leads
to increased vitamin C along with better growth and
improved biomass of shoots and roots with tolerance to
abiotic stress (Lisko et al. 2013).

Exciting results were attained by manipulating the
galacturonate pathway. Overexpression of strawberry
(Fragaria ananasa) derived GalUR (FaGalUR) in potato
has enhanced 2-fold higher vitamin C than wild type
(Hemavathi et al. 2010). It also provides the plant with a
higher tolerance for abiotic stress. Another study in
tomatoes suggested that pectin methylesterase, polygalac-
turonase, and UDP-D-glucuronic-acid-4-epimerase are
components of the D-galacturonate pathway. Inhibition of
pectin methylesterase reduced the AsA content (Rigano
et al. 2018).

Agronomic practices to enhance the AsA content

Agronomic approaches are being used to enhance the AsA
content in various crops. Irrigation, fertilizers, and salinity
level substantially influence the AsA content in plants (Lee
and Kader 2000). Irrigation is an important factor for the
proper growth and development of plants. Studies showed
that the AsA content of plants could be increased by less
frequent irrigation (Lee and Kader 2000). Hot pepper
(Capsicum annuum cv. Battle) showed a 23% higher AsA
content in less irrigated crops than in the high irrigated

conditions (Ahmed et al. 2014). A similar type of result
was also noticed in leek (Allium porrum), where less fre-
quent irrigation increases the AsA content along with
dietary fiber, and other micronutrients (Lee and Kader
2000). Another aspect of increasing the AsA content in
crops is by irrigation of plants with moderate saline water.
Increasing the salinity level from 3 to 6 dS/m in hydro-
ponics induces the AsA level along with a-tocopherol and
dry matters in tomato fruits. In Italy, saline irrigation has
been performed to enhance the flavor of tomatoes and other
vegetables (Locato et al. 2013). Similarly, optimum use of
fertilizers is essential for the better growth and develop-
ment of plants. However, the excessive use of nitrogen has
lowered the sugars, fibers, and AsA contents in citrus and
cucumber fruits (Zhang et al. 2016; Liao et al. 2019).
Therefore, the content of AsA can be increased in plants by
less frequent irrigation and providing low nitrogen. AsA
content can also be increased by the application of methyl
jasmonate and gibberellic acid. Methyl jasmonate is
involved in stress signaling pathways and its treatment
augments the AsA content 2-fold (Locato et al. 2013;
Léchaudel et al. 2018). Gibberellic acid is a primary hor-
mone and has a significant role in plant growth and
development. It was reported that the treatment of
pineapple and strawberries fruits with 50 and 75 mg/L
gibberellic acid, respectively increases the AsA content up
to 10.5% in comparison to control fruits (Léchaudel et al.
2018; Taghavi et al. 2019).

The selection of appropriate genotype of plant species
could also impact the higher accumulation of AsA. The
genotypic study showed that varieties of the same crop
showed different levels of AsA (Magwaza et al. 2017).
Such variability of AsA was reported in the citrus fruits,
potato, and maize crops (Locato et al. 2013; Magwaza et al.
2017). For instance, commercial citrus fruit cultivars such
as mandarin (Citrus unshiu Marc.) and orange (Citrus
sinensis Osb.) showed significant differences in AsA con-
tent. Different cultivars of mandarins contain 18.2 to
31.6 mg/100 g AsA, while oranges have deviated AsA
content from 18.2 to 22.2 mg/100 g (Magwaza et al. 2017).
Several experiments regarding AsA content in potato tuber
(Solanum tuberosum) have been thoroughly studied. Potato
is the highest grown tuber worldwide and an important
food source in several developing and developed countries.
A study conducted by the North American potato breeding
program on 75 genotypes has revealed that contrasting
genotypes produce different amounts of AsA in response to
the same environmental conditions (Locato et al. 2013). A
similar type of study was conducted in Italy by considering
20 varieties of potato and noted variations in AsA levels.
Hence, these studies showed that the selection of AsA
enriched variety could be considered a good agriculture
practice.
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Effect of processing and storage
on the bioavailability of AsA

Vitamins are an essential part of a diet, and their deficiency
can lead to hypovitaminosis or avitaminosis in many cases.
Other than their bioavailability in vegetables and fruits, the
processing of these sources is also a critical factor that
could affect the stability of these biomolecules and hence
the bioaccessibility. It necessitates monitoring and main-
taining the conditions during the processing and storage of
vegetables and fruits (Giannakourou and Taoukis 2021). In
contrast to other vitamins, AsA is less stable and easily
degraded during processing. It is relatively labile and prone
to different means of degradation during processing lead-
ing to nutritional loss. Due to its fluctuating behavior, it is
used to indicate nutrient quality deterioration during pro-
cessing and post-processing handling and storage (Gian-
nakourou and Taoukis 2021). Generally, the processing of
foods involves their exposure to aeration, high tempera-
tures, oxygen, and light which might result in modification
of composition in processed vegetables and fruits associ-
ated with some adverse effects (Gamboa-Santos et al.
2013). During processing, these factors and conditions
stimulate the oxidation of L-ascorbic acid to L-dehy-
droascorbic acid, later being very unstable (Cruz et al.
2008). Subsequently, due to the hydrolysis and lactone
ring-opening, L-dehydroascorbic acid gets converted into
an inactive form of vitamin called 2, 3-diketogulonic acid
(Leong and Oey 2012). AsA is associated with low-tem-
perature stability and oxidizes very quickly. Hence, the
processing at elevated temperatures could cause the dete-
rioration of AsA in the processed material compared to the
fresh one. Depending upon the temperature range, duration,
and oxygen exposure during processing, this deterioration
can vary from 20-90%. The extent of retention and sta-
bility of AsA is found to be associated with the retention
level of other vitamins; therefore, it is very crucial to pore
over various food processing parameters and the extent to
which it is pernicious for the quality of the final product
(Uddin et al. 2002; Marfil et al. 2008; Albahrani and
Greaves 2016). Conventional food processing methods like
steaming, cooking, boiling, and microwaves also lead to
differential degradation of AsA in food where the maxi-
mum loss of AsA was observed under microwaves, and the
least was in steaming. The boiling of foodstuffs also
resulted in a 27-69% loss of AsA in potatoes, carrots,
pepper, cabbage, eggplant, and cauliflower (Tincheva
2019). Therefore, it is required to consider the type of raw
material and an attentive adjustment of various processing
parameters before processing to avert the excessive losses
of AsA.

Different studies showed the application of several non-
thermal food processing techniques for enhancing their
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nutritional values and storage. Further, the development of
novel bioprocessing techniques will not only subsidize
safer but health-promoting and nutritious food leading to
the high bioavailability of various biomolecules, including
AsA (Mieszczakowska-Frac et al. 2021). Freezing tech-
nology has proven to be the best method for preserving
AsA in vegetables and fruits. Quick freezing of fresh
material after harvesting help in the retention of AsA. The
pasteurization and pressing of material during processing
resulted in a considerable loss of AsA in strawberry juices
(Klopotek et al. 2005). To eliminate this loss, a new
method called high-temperature short time (HTST) has
been proposed, where the aseptic conditions are used for
placing the aseptic package under high temperature for a
short span of time. However, using the HTST method
might lead to some unwanted changes in the aroma and
color of the product (Koutchma et al. 2016). Another
technique for fruitful processing of food material is freeze-
drying, which could be used as an alternative to convective
drying under hot air (Ali et al. 2016). Processing of dif-
ferent foodstuffs like cranberries, sour cherries, strawber-
ries, and blueberries through freeze-drying has resulted in
high AsA retention compared to other conventional meth-
ods (Nemzer et al. 2018).

Conclusions

Ascorbic acid (vitamin C) plays a prime role in human
health and physiology, and its deficiency can lead to many
diseases. It is also essential for several enzyme activities.
Vitamin C ameliorates the immune response against vari-
ous diseases and several reports suggested that it could be a
good candidate for reducing the negative effect of several
diseases such as skin disorders, cancer and COVID-19.
Recommended dietary allowance (RDA) for AsA is 75 to
90 mg/day but major cereals and food crops contain a very
low amount of AsA. Therefore, the enhancement of AsA in
these crops by biofortification and good agronomical
practices could be considered aspromising approaches.
While considering the fact that AsA is extremely sensitive
to storage conditions and its limited bioavailability and
bioaccessibility after digestion led the foundation to
enhance AsA in crop plants. In addition, AsA is also
essential for plant growth and development due to its
involvement in signaling and hormone synthesis. AsA
helps plants to cope with various biotic and abiotic stresses
and also plays role in defense response against different
pathogens in plants.
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