Tropical
Plants

REVIEW

https://doi.org/10.48130/tp-0024-0042
Tropical Plants 2024, 3: e042

A comprehensive review on plant ascorbic acid
Chong Wang'%, Pedro Garcia-Caparros®, Zhidong Li'** and Fei Chen'?"

' National Key Laboratory for Tropical Crop Breeding, College of breeding and multiplication (Sanya Institute of Breeding and Multiplication), Hainan University,

Sanya 572025, China

2 College of Tropical Agriculture and Forestry, Hainan University, Danzhou 571737, China
3 Agronomy Department of Superior School Engineering, University of Almeria, 04120 Almeria, Spain

# Authors contributed equally: Chong Wang, Pedro Garcia-Caparros, Zhidong Li

* Corresponding author, E-mail: feichen@hainanu.edu.cn

Abstract

This review delves into the multifaceted roles of ascorbic acid (AsA) in plants and the underlying regulatory mechanisms. The critical roles of AsA

in plant physiology are discussed, including its involvement in plant hormone synthesis, the regulation of plant growth and development, and its
pivotal role in the response to environmental stress. The review also evaluates various methods for detecting ascorbic acid (AsA), providing an

analysis of their respective advantages and disadvantages. The uneven distribution of AsA across various tissues and organs is summarized. This

uneven distribution is closely related to the multifunctionality of AsA, its diverse metabolic pathways, and the specific physiological demands of

different plant parts. Additionally, this review explores the evolutionary origins of AsA in plants and the development of its complex biosynthetic

pathways. It offers a comprehensive description of the Smirnoff-Wheeler pathway, as well as other alternative biosynthetic pathways,

demonstrating the metabolic flexibility of plants. This review concludes by examining strategies for enhancing AsA content and improving stress

resistance in crops through genetic engineering and multi-omics approaches, underscoring their potential for agricultural applications.
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Introduction

Ascorbic acid (AsA), commonly known as vitamin C, is a vital
molecule integral to a wide array of biological processes across
various life forms. In plants, AsA assumes multifaceted roles,
ranging as a primary antioxidant and serving as a key compo-
nent in multiple biosynthetic pathways. Its importance is not
confined to plant biology alone; in humans, AsA is essential for
the prevention of scurvy, the enhancement of immune func-
tion, and its potent antioxidant activity. This review seeks to
offer an exhaustive examination of the biosynthesis, functions,
and regulatory mechanisms of AsA in plants, while also explor-
ing its potential applications in both agriculture and human
nutrition.

Importance of AsA in plants

AsA is indispensable for plant growth and development,
primarily due to its role as a key antioxidant. It protects cellular
components from oxidative damage by scavenging Reactive
Oxygen Species (ROS), which are generated as by-products of
metabolic activities and environmental stresses!'. This antioxi-
dant function is particularly crucial under abiotic stress condi-
tions, such as drought, salinity, and extreme temperatures?,
during which ROS production can exceed the scavenging
capacity of the plant, resulting in oxidative stress and subse-
quent cellular damagel?!.

In photosynthesis, AsA plays a crucial role in the xanthophyll
cycle, a protective mechanism that prevents the photoinhibi-
tion of the photosynthetic apparatus. Additionally, AsA is
involved in the biosynthesis of essential molecules such as
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ethylene, gibberellins, and anthocyanins, which regulate vari-
ous physiological processes including growth regulation, fruit
ripening, and stress responsesl®. Moreover, AsA is indispens-
able for the proper functioning of enzymes responsible for
synthesizing collagen-like proteins in the plant cell wall®,
thereby influencing cell expansion and plant morphogenesis.

AsA in human health

The significance of AsA extends beyond its role in plants to
its critical importance in human health, where it functions as an
essential dietary nutrient. AsA serves as a vital cofactor in enzy-
matic reactions necessary for collagen synthesis, a process
fundamental to maintaining the structural integrity of skin,
blood vessels, and connective tissues!”). Additionally, as an
antioxidant, AsA neutralizes free radicals, thereby mitigating
oxidative stress and reducing the risk of chronic diseases such
as cardiovascular disease, cancer, and neurodegenerative disor-
ders. Furthermore, its immune-boosting properties enhance
the function of various immune cells, thereby contributing to
increased resistance against infections. Given its critical impor-
tance, enhancing the AsA content in edible plants through
genetic and agronomic interventions presents significant
potential for improving public healthl®!,

Chemical properties and basic biological
functions

Chemically, AsA is a six-carbon lactone that exists in two
interconvertible forms: the reduced form (ascorbate) and the
oxidized form (dehydroascorbate)®. Ascorbate acts as a donor
of electrons in several biochemical reactions, including hydro-
xylation and amidation processes essential for the synthesis of
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collagen and neurotransmitters. This electron-donating ability
also underlies its potent antioxidant properties, enabling it to
regenerate other antioxidants like vitamin E, thereby support-
ing the overall antioxidant defense system. In plant cells, AsA
contributes to the detoxification of ROS by participating in the
ascorbate-glutathione cyclel'%, a critical pathway for maintain-
ing cellular redox homeostasis. Additionally, AsA enhances the
absorption of non-heme iron in humans, enhancing the
bioavailability of this essential nutrient and helping to prevent
iron deficiency anemia.

Origin and early evolution of plant AsA

The evolution of AsA in plants is a compelling narrative that
underscores the adaptive significance of this essential
molecule. The origins of AsA biosynthesis can be traced back to
ancient photosynthetic organisms, such as green algael'",
where the biosynthesis pathway of AsA likely emerged as a
crucial defense mechanism against reactive oxygen species
(ROS) generated during photosynthesis. As plants colonized
terrestrial environments, the selective pressures imposed by
fluctuating light, temperature, and water availability further
refined and diversified the ascorbate biosynthesis pathways!'2.
Genetic studies reveal that key enzymes in the ascorbate
biosynthesis pathway, including GDP-mannose pyrophospho-
rylase (GMP) and L-galactono-1,4-lactone dehydrogenase
(GalLDH), have been highly conserved across plant species,
underscoring their fundamental role in plant physiology!'3l. The
origins of the key enzymes in the biosynthesis of AsA were
studied and it was found that these key genes are conserved
across land plants (Fig. 1). However, the regulatory mecha-
nisms controlling these pathways exhibit significant evolution-
ary variation, reflecting adaptations to specific ecological
niches. This evolutionary perspective not only highlights the
indispensable role of AsA in plant survival and adaptation but
also provides valuable insights into the complex interplay
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between metabolic pathways and environmental challenges
throughout the evolutionary history of plants.

Measurement and analysis

In vitro detection

The detection of AsA in plants commonly employs several
advanced analytical techniques. High-Performance Liquid
Chromatography (HPLC) is highly regarded for its precision and
sensitivity, enabling the simultaneous quantification of both
total AsA (TAA) and reduced AsA (RA)'4. This method involves
complex sample preparation and the use of specialized equip-
ment, making it particularly suitable for detailed and rigorous
analytical studies. Fluorometric assays, which measure fluores-
cence intensity resulting from reactions with specific dyes, also
offer high sensitivity and are well-suited for high-throughput
screening, though they require strict control of reaction condi-
tions to ensure accuracy. Electrochemical detection harnesses
the inherent electrochemical activity of AsA, providing rapid
and highly sensitive quantifications through current signals
generated during oxidation-reduction reactions. This method is
versatile, being applicable in both laboratory and field applica-
tions. In contrast, spectrophotometric assays, which rely on
absorbance measurements to quantify AsA offer a more
straightforward and cost-effective approach. However, they are
comparatively less sensitive and more prone to interference
from other components present in the samples!'sl,

Future methods for AsA detection are anticipated to priori-
tize advancements in sensitivity, speed, high-throughput capa-
bility, and portabilityl'®). The incorporation of nanosensor tech-
nology, utilizing advanced materials such as graphene or gold
nanoparticles, is expected to significantly enhance detection
sensitivity and speed, yielding faster and more precise results.
The development of portable devices, including handheld
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The origin and early evolution of ASA gene in green plant kingdom. (a) Tree of green plants. (b) The copy number of ASA genes.
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electrochemical detectors and portable fluorescence analyzers,
will enable on-site testing and facilitate large-scale monitoring.
Moreover, microfluidic technology, which automates sample
processing and detection within compact chip-based systems,
is projected to improve efficiency, minimize reagent consump-
tion, and enable rapid analysis!'7l. Furthermore, integrated
multi-component detection systems are expected to allow
simultaneous measurement of various antioxidants, providing
a more comprehensive evaluation of a plant's antioxidant
capacity and overall health.

In vivo detection

Detecting AsA in live plants is technically feasible but
presents several significant challenges. Traditional methods
have primarily focused on analyzing extracted samples, yet
recent technological advancements are paving the way for in
vivo detection!'8l. The foremost challenges include developing
non-invasive measurement techniques to prevent damage to
plant tissues, ensuring high sensitivity and selectivity to accu-
rately quantify AsA levels amidst the complex plant tissue
matrix, and providing real-time monitoring capabilities to
capture dynamic fluctuations in AsA concentrations. Moreover,
environmental factors such as light, temperature, and humidity
can significantly interfere with AsA measurements, highlight-
ing the need for robust detection systems that perform reliably
under varying conditions. Addressing these challenges may
involve the utilization of optical methods, such as fluorescence
and Raman spectroscopy, which provides non-invasive and
highly sensitivity detection!'9). These techniques can incorpo-
rate fluorescent dyes that specifically react with AsA, produc-
ing measurable signals that can be detected and quantified
through optical probes. Nanotechnology offers promising
avenues for AsA detection with nanoparticles such as gold or
quantum dots being used to construct highly sensitive sensors
capable of selectively binding to AsA molecules. Additionally,
electrochemical sensors, particularly those in miniaturized
versions designed for use in live plants have the potential to
provide real-time monitoring by detecting electrochemical
signals generated from AsA oxidation-reduction reactions.
Furthermore, the integration of microfluidics with portable
detection devices, including handheld fluorescence and elec-
trochemical detectors, facilitates rapid, on-site testing and
supports large-scale monitoring efforts. Although these
approaches require multidisciplinary collaboration and innova-
tion, they offer substantial potential for advancing our under-
standing of plant physiology and enhancing agricultural prac-
tices through real-time, in vivo AsA monitoring[2%,

AsA distribution and its mechanisms in plants

In plants, the distribution of AsA is characterized by signifi-
cant heterogeneity, exhibiting distinct preferences across vari-
ous tissues and organs. This uneven distribution is closely
related to the multifunctionality of AsA, its metabolic pathways,
and the specific physiological demands of different plant parts.

Characteristics of AsA distribution in plants

AsA is predominantly concentrated in photosynthetic
organs, such as leaves, as well as in meristematic tissues, root
tips, fruits, and embryos. AsA is involved in root, shoot, leaf, and
fruit development in woody plants. In particular, AsA partici-
pates in photosystem protection and acts in leaves, enabling
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the continuation of photosynthesis. Additionally, AsA contri-
butes to seed viability and the reproduction of trees?'l, Gener-
ally, higher concentrations are found in photosynthetic and
metabolically active tissues, while xylem and mature cells
contain relatively lower levels. This preferential distribution
reflects the diverse physiological roles that AsA plays in
plantsi22,

Role of AsA in photosynthesis

Leaves, serving as the primary photosynthetic organs of
plants, typically have the highest concentrations of AsA. AsA
functions as a vital antioxidant in photosynthesis, effectively
scavenging reactive oxygen species (ROS) generated during
this process, thereby protecting chloroplasts and other
organelles from oxidative damagel?3l. Additionally, AsA is
involved in the detoxification of hydrogen peroxide (H,0,)
within the photosynthetic electron transport chain, helping to
maintain the cellular redox balancel?4,

Function of AsA in meristematic tissues and
growth points

Meristematic tissues and growth points exhibit higher
concentrations of AsA due to their rapid cell division, active
growth, and high metabolic demand(?3., In these regions, AsA
not only serves as an antioxidant but also participates in cell
wall synthesis and modification. For instance, it acts as a crucial
cofactor in the synthesis and regeneration of peroxisomal
enzymes, thereby facilitating several metabolic processes. In
addition, AsA plays a key role in the modification of extracellu-
lar matrix proteins such as collagen(?®., AsA plays a crucial role
in the transition of cells from the S to G1 phase of the cell cycle
and in the cross-linking cell wall components, both of which are
vital for cell growth(27], Studies have shown that transgenic rice
plants with silenced cytosolic ascorbate peroxidase (Apx) genes
exhibited significant developmental changes, resulting in a
semi-dwarf phenotypel8l, Similarly, wheat Apx mutants
demonstrated reduced photosynthetic activity??l. Both studies
indicated that compensatory antioxidant mechanisms were
activated in mutants with ascorbate production deficiencies.
However, the deficiency of AsA to DHA exchanges contributed
to growth abnormalities.

Accumulation of AsA in fruits and seeds

Fruits and seeds often contain high levels of AsA, especially
during growth and maturation. Fruits contain significant
amounts of AsA, particularly during their expansion and ripen-
ing phases. Ascorbate in the apoplasm triggers ROS produc-
tion, which in turn promotes fruit ripening®?l. Research has
shown that large mandarin fruits have high AsA levels indicat-
ing the crucial role of this antioxidant in fruit development and
quality®'l. One study reported that APX plays a crucial role in
the enhanced ROS removal in coffee fruits grown at high alti-
tudes. Additionally, increased ascorbate oxidase (AO) activity
during fruit development contributes to fruit expansion(32], AsA
in these organs not only provides antioxidant protection but
also plays a vital role in embryo development and seed germi-
nation. High concentrations of AsA can protect the embryo
from environmental stresses (such as drought and high tem-
perature), thereby promoting normal embryonic development.

Dynamic nature of AsA distribution
The distribution of AsA within a plant is not static; it adjusts
dynamically with changes in plant growth, environmental
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conditions, and metabolic demands[33l. For example, under
stress conditions such as variations in light intensity, tempera-
ture, or pathogen attack, both the distribution and concentra-
tion of AsA can change significantly to cope with environmen-
tal pressures and meet the plant's metabolic needs. AsA is a
non-enzymatic antioxidant compound that reduces oxidative
stress in plants by scavenging ROS (reactive oxygen species).
Therefore, AsA can serve as a plant growth regulator for wheat
in saline environments, enhancing the capacity of plants to
cope under stressful conditionsB4.

Regulatory mechanisms of AsA distribution

The distribution and concentration of AsA in plants are regu-
lated by multiple factors, including gene expression, enzyme
activity in metabolic pathways, transport mechanisms, and
environmental stimulil3]. Plants use a series of precise mecha-
nisms to control the synthesis, degradation, and regeneration
of AsA, thereby maintaining appropriate levels in different
tissues and organs. For instance, the L-galactono-1,4-lactone
pathway, which is responsible for AsA biosynthesis, exhibits
uneven activity across tissues, with higher activity in certain
organs such as leaves and fruits, leading to the accumulation of
AsA in these regions(3,

AsA distribution in plants is uneven, showing clear tissue and
organ specificity. This distribution pattern is intricately linked to
the diverse physiological roles of AsA, ranging from antioxi-
dant defense to cell division and growth regulation. Through
precise metabolic regulation and transport mechanisms, plants
ensure the accumulation of AsA in critical regions to meet the
specific demands of different tissues and organs. This selective
distribution not only reflects the plant's adaptability to its en-
vironment but also represents a vital component of the
complex metabolic network within plants.

Plant ascorbic acid: a review

Biosynthesis of AsA

The biosynthesis of AsA in plants is a complex process involv-
ing multiple enzymatic steps (Fig. 2). Among the various bio-
synthetic routes, the L-galactose pathway, commonly referred
to as the Smirnoff-Wheeler pathway, is the most thoroughly
characterized route for ascorbate synthesis in higher plants.
This pathway illustrates the intricate biochemical transforma-
tions required to convert glucose into AsA, highlighting the
central role of carbohydrate metabolism in AsA production37],

The L-galactose pathway (Smirnoff-Wheeler
pathway)

The L-galactose pathway initiates with the phosphorylation
of glucose-6-phosphate, a key metabolite involved in both
glycolysis and the pentose phosphate pathway8l. Glucose-6-
phosphate undergoes a series of enzymatic reactions, being
first converted to L-galactose-1-phosphate via the intermedi-
ate L-galactose-6-phosphate through a series of reactions
catalyzed by enzymes such as phosphoglucomutase and phos-
phomannose isomerase. Subsequently, L-galactose-1-phos-
phate is reduced to L-galactose, a reaction mediated by the
enzyme L-galactose dehydrogenase (L-GalDH)B9L. This reduc-
tion step is crucial, as it channels metabolites toward ascorbate
synthesis rather than diverting to competing pathways.

The subsequent conversion of L-galactose to L-galactono-
1,4-lactone is catalyzed by L-galactono-1,4-lactone dehydroge-
nase (GLDH), an enzyme localized in the mitochondrial“?l. GLDH
catalyzes the oxidation of L-galactono-1,4-lactone to ascorbate,
with cytochrome c serving as an electron acceptor. This reac-
tion represents the final and rate-limiting stage in the ascor-
bate biosynthetic pathway, making its regulation critical for
controlling the overall production of AsA within the plant(*'],
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Fig.2 Multiple biosynthetic pathways of AsA in plants.
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Alternative pathways

While the L-galactose pathway is predominant in most
plants, alternative biosynthetic routes have been identified,
particularly in lower plants and certain algae. One alternative
pathway is the L-mannose pathway, which involves the conver-
sion of GDP-mannose into L-galactono-1,4-lactone through
intermediate compounds such as GDP-L-galactose and L-
gulose?], This pathway underscores the evolutionary diversity
in ascorbate biosynthesis, illustrating how different plant
species have adapted their metabolic processes to reflect adap-
tations to different ecological niches and physiological
demands.

The myo-inositol pathway, identified in certain plants,
converts myo-inositol to ascorbate through a series of oxida-
tive reactions(*3l. This pathway illustrates the metabolic flexibil-
ity of plants, enabling them to adjust AsA biosynthesis in
response to environmental and developmental signals. Such
diversity in biosynthetic routes not only highlights the adapt-
ability of plant metabolism but also provides multiple targets
for genetic manipulation aimed at increasing AsA content in
cropst#4,

Evolutionary perspectives

The evolution of diverse biosynthetic pathways for AsA in
plants reflects the adaptive strategies developed to address
varying environmental pressures. Comparative genomic and
phylogenetic studies reveal that the L-galactose pathway is
highly conserved among higher plants, whereas alternative
pathways exhibit greater variability across different plant
lineages“®l. This evolutionary perspective offers valuable
insights into the functional significance of ascorbate in plant
physiology and its critical role in adapting to terrestrial environ-
mentstol,

In conclusion, a thorough understanding of the complex
biosynthetic pathways and regulatory mechanisms of AsA in
plants offer valuable opportunities for improving crop nutri-
tional quality and stress tolerance through targeted genetic
and metabolic engineering approaches!*’). By deepening our
comprehension of these processes, we can more effectively
leverage the potential of AsA to tackle global challenges in
agriculture and human health.

Functions of AsA in plants

AsA is a multifaceted molecule that plays a pivotal role in
plant physiology, influencing a myriad of biochemical and
cellular processes. Beyond its well-established antioxidant
properties, AsA is crucial in photosynthesis, growth regulation,
and stress response mechanisms!“8l. The diverse functionalities
of AsA underscore its importance in maintaining plant health
and enhancing productivity[46,

Antioxidant defense mechanism

One of the primary roles of AsA in plants is its function as a
potent antioxidant. Plants face continuous exposure to a wide
range of environmental stressors, including ultraviolet (UV)
radiation, extreme temperatures, drought, and pathogen
attacks, all of which can result in the overproduction of reac-
tive oxygen species (ROS)“9l. ROS, including superoxide anion,
hydrogen peroxide, and hydroxyl radicals, can inflict substan-
tial damage to cellular components such as lipids, proteins, and
nucleic acids, leading to oxidative stress. AsA alleviates
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oxidative stress by directly scavenging these ROS[O. AsA
donates electrons to neutralize reactive oxygen species (ROS),
thereby converting these harmful molecules into less detrimen-
tal substances. The oxidized form of AsA, known dehydroascor-
bate, can be recycled back to its reduced form via the ascor-
bate-glutathione cycle, thereby sustaining antioxidant defense
mechanismsP'l, This recycling process is mediated by the
enzyme dehydroascorbate reductasel5Z, which uses gluta-
thione as a substrate to regenerate ascorbate, thereby main-
taining cellular redox homeostasis.

In addition to its direct ROS-scavenging activity, AsA also
functions synergistically with other antioxidants. It plays a
pivotal role in regenerating the oxidized forms of antioxidants,
such as tocopherol (vitamin E), thereby extending their protec-
tive effects>3]. This collaborative action among antioxidants is
essential for preserving the integrity and functionality of cellu-
lar membranes and organelles under stress conditions.

Role in photosynthesis

AsA is integral to the process of photosynthesis, the primary
mechanism by which plants convert light energy into chemical
energy. Within chloroplasts, where photosynthesis occurs, the
generation of ROS is an unavoidable consequence of the high-
energy electron transfers involved in the light reactions®4. In
this context, AsA serves a protective role by scavenging ROS,
thereby mitigating photoinhibition and preventing photodam-
age to the photosynthetic apparatus.

Moreover, AsA is involved in the regulation of the xantho-
phyll cycle, a mechanism that dissipates excess light energy as
heat to protect the photosynthetic machinery. Under high light
intensity, AsA facilitates the conversion of violaxanthin to zeax-
anthin, a process that helps dissipate the excess energy and
mitigating the formation of ROS3, This photoprotective mech-
anism is essential for maintaining the efficiency of photosyn-
thesis, particularly under fluctuating light conditions.

AsA also influences the function of several key enzymes
involved in the Calvin cycle, the series of biochemical reactions
that fix carbon dioxide into organic compounds®¢l. For
instance, AsA stabilizes ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCO), the principal enzyme responsible for
carbon fixationl®’). By enhancing the activity and stability of
such enzymes, AsA contributes to the overall efficiency of
photosynthetic carbon assimilation.

Growth regulation and development

AsA serves as a crucial regulator of plant growth and deve-
lopment, significantly influencing cell division, expansion, and
differentiation, processes that are fundamental to plant
morphogenesist®8l. One of the primary mechanisms by which
AsA affects growth is through its involvement in the biosyn-
thesis of plant hormones, such as ethylene and gibberellins,
which are essential regulators of different developmental
processes>9,

In cell division, AsA is essential for the synthesis of hydro-
xyproline-rich glycoproteins, which are crucial components of
the plant cell wall necessary for its extensibility and stability[l.,
As cells divide and expand, the structural integrity and flexibi-
lity of the cell wall must be maintained, and AsA contributes to
this process by modulating the activity of prolyl hydroxylase.
This enzyme is responsible for the hydroxylation of proline
residues in cell wall proteins, thereby ensuring proper cell wall
function and stability("l,
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Furthermore, AsA acts as a cofactor for enzymes involved in
the synthesis of collagen-like proteins within the cell wall
matrix, which are essential for maintaining cell wall structure
during periods of rapid cell expansionl62, This function is partic-
ularly critical in the developing tissues, such as young leaves,
root tips, and meristems, where rapid cell division and growth
are occurring.

Besides its structural roles, AsA is implicated in the regula-
tion of gene expression related to growth and development. It
influences the transcription of genes encoding various growth
regulators and enzymes, thereby influencing developmental
pathways®l, For instance, AsA modulates the expression of
genes involved in the synthesis of abscisic acid (ABA), a
hormone crucial for regulating seed dormancy, germination,
and stress responses.

Stress responses and signal transduction

AsA is central to a plant's ability to respond to and tolerate a
range of different biotic and abiotic stresses. Its role encom-
passes more than just antioxidant defense, extending to the
modulation of stress signal transduction pathways[®4. Under
stress conditions, such as pathogen attacks or environmental
challenges, plants activate complex signaling networks that
coordinate and regulate defensive responses©l,

In addition, AsA plays a crucial role as a cofactor in the oxida-
tion of tyrosine, an essential amino acid involved in protein
synthesis and the production of various biomolecules(®l, The
oxidation of tyrosine is a critical step in the biosynthesis of
several important compounds, including neurotransmitters
such as dopamine, norepinephrine, and epinephrine, as well as
pigments like melanin. The enzyme tyrosine hydroxylase
catalyzes the initial step in this pathway, converting tyrosine to
L-DOPA (L-dihydroxyphenylalanine), a precursor to dopamine.
AsA acts as a reducing agent in this process, maintaining the
enzyme's active site in a reduced state, which is essential for the
catalytic activity of tyrosine hydroxylasel®7!.

In plants, AsA acts as a cofactor in the oxidation of tyrosine
and extends its role to other enzymes involved in the hydroxy-
lation of various substrates, thereby contributing to the synthe-
sis of plant hormones, defense compounds, and structural
componentsl68l, By facilitating these enzymatic reactions, AsA is
involved in regulating growth, development, and stress
responses. Additionally, its antioxidant properties protect plant
cells from oxidative damage that can occur during these
metabolic processes?l. Overall, the function of AsA as a cofac-
tor in tyrosine oxidation and other biochemical pathways
underscores its indispensable role in both plant and animal
physiology, highlighting its evolutionary conservation and
significance across diverse biological kingdoms. Furthermore,
AsA plays a critical role in the synthesis and signaling of several
phytohormones, including salicylic acid (SA) and jasmonic acid
(JA), which are essential for plant defense mechanisms!’9l. For
example, during pathogen attacks, AsA modulates the accumu-
lation of salicylic acid (SA), a hormone that triggers systemic
acquired resistance (SAR), thereby starting a comprehensive
immune response. Additionally, AsA influences the jasmonic
acid (JA) signaling pathway, which is essential for defense
against herbivorous insects and necrotrophic pathogens’'l,

Moreover, AsA plays a significant role in the regulation of
redox-sensitive signaling pathways. It modulates the redox
state of cellular components, thereby influencing the activity of
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redox-sensitive  transcription  factors and  signaling
molecules’2, This redox regulation is critical for the activation
of defense genes and for coordinating the metabolic adjust-
ments required for stress tolerancel’3].

AsA also contributes to the detoxification of harmful
compounds generated during stress responses. It is involved in
the synthesis of secondary metabolites such as flavonoids and
anthocyanins, which possess antioxidant properties and bolster
the plant’s defense mechanismsl’4, These metabolites can
scavenge ROS, chelate metal ions, and inhibit the growth of
pathogens, thereby enhancing the plant’s capacity to with-
stand stressl7s,

Reproductive development

Reproductive development in plants, encompassing flower-
ing, fruit set, and seed development, represents a critical phase
in which AsA plays a pivotal rolel’®. These stages involve
complex metabolic and physiological processes that demand
tight regulatory mechanisms to ensure proper coordination
and successful reproduction.

AsA contributes to the synthesis of pollen and ovules,
thereby ensuring successful fertilization and subsequent seed
formation. It is also integral to the development of floral organs
and the maintenance of pollen viability26l. During fruit devel-
opment, AsA accumulates in high concentrations, where it
serves to protect developing tissues from oxidative damage
and supports the synthesis of essential metabolic compounds.

Additionally, AsA is implicated in the regulation of seed
dormancy and germination, with its levels fluctuating during
seed maturation and germination, indicating its active involve-
ment in these processes. By modulating the activity of key
enzymes and influencing the synthesis of hormones such as
gibberellins and ABA, AsA plays a critical role in the transition
from dormancy to active growth. This regulatory function of
AsA is essential for ensuring successful seedling establishment
and subsequent plant development!’7l.

Regulatory mechanisms of AsA biosynthesis

The regulatory mechanisms of AsA in plants is a tightly regu-
lated process, designed to maintain optimal levels of ascorbate
to meet the physiological and metabolic demands of the
plantl’8l, This regulation occurs at multiple levels, including
gene expression, enzyme activity, and feedback inhibition,
ensuring precise control over AsA production. A thorough
understanding of these regulatory mechanisms is crucial for
the manipulation of ascorbate levels in plants, with potential
applications in enhancing stress tolerance and improving nutri-
tional quality9l,

Genetic regulation

Over 90 years ago, researchers first discovered that poly-
ploidization, such as tetraploidy, can lead to increased accumu-
lation of metabolic products in plants, including vitamin CI80,
Polyploid plants have been observed to exhibit higher antioxi-
dant capacity and elevated vitamin C content, a phenomenon
that may be attributed to increased gene dosage and
enhanced metabolic enzyme activity resulting from poly-
ploidization. Although the specific molecular mechanisms
underlying this phenomenon have not been extensively docu-
mented, this finding provides a valuable foundation for exploit-
ing polyploidization in crop improvement strategies.
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Transcriptional regulation

The regulation of AsA biosynthesis at the transcriptional level
involves the coordinated expression of genes encoding
enzymes within the biosynthetic pathway®'l. Several transcrip-
tion factors have been identified that modulate the expression
of these genes in response to developmental cues and environ-
mental stresses, thereby ensuring that AsA levels are appropri-
ately adjusted to meet the physiological needs of the plant.

One key regulator of AsA is the transcription factor SOG1
(SUPPRESSOR OF GAMMA RESPONSE 1), which plays a crucial
role in the plant’s response to DNA damage and oxidative
stress. SOG1 has been shown to influence the expression of
genes involved in the ascorbate biosynthesis pathway, thereby
linking the oxidative stress response to increased ascorbate
production®2. In addition, the transcription factor ANAC078
(NAC DOMAIN CONTAINING PROTEIN 78) has been involved in
the regulation of ascorbate biosynthesis during abiotic stress,
such as salt and drought stress. ANAC078 directly binds to the
promoters of ascorbate biosynthesis genes, enhancing their
expression under these stress conditions!3,

Moreover, the circadian clock, which orchestrates numerous
physiological processes in plants, plays a pivotal role in the
regulation of AsA biosynthesis. The circadian rhythms modu-
late the expression of key genes involved in this pathway,
including those genes encoding enzymes like GDP-mannose
pyrophosphorylase and L-galactono-1,4-lactone dehydroge-
nase. This modulation ensures that ascorbate levels align with
the plant’s metabolic demands throughout the day®4.,

Post-transcriptional regulation

In addition to transcriptional regulation, post-transcriptional
mechanisms are crucial in regulating AsA biosynthesis(®]. These
mechanisms encompass mRNA stability, translation efficiency,
and protein modification.

MicroRNAs (miRNAs), which are small non-coding RNAs,
regulate gene expression post-transcriptionally by binding to
target miRNAs, thereby inhibiting their translation or promot-
ing their degradation®®l. Notably, several miRNAs have been
identified that target mRNAs encoding enzymes involved in
ascorbate biosynthesis, modulating their levels in response to
developmental signals and stress conditions. For instance,
miR398 targets the mRNA of copper/zinc superoxide dismu-
tase (SOD), an enzyme that plays an indirect role in maintain-
ing redox balance and AsA homeostasis!87:88],

Protein modifications such as phosphorylation and ubiquiti-
nation, play a significant role in regulating the activity and
stability of enzymes involved in the ascorbate biosynthesis(89,
For example, the phosphorylation of L-galactono-1,4-lactone
dehydrogenase has been shown to enhance its enzymatic
activity, thereby promoting increased ascorbate production.
On the contrary, ubiquitination followed by the degradation of
key biosynthetic enzymes acts as a regulatory mechanism to
downregulate ascorbate synthesis when cellular levels are suffi-
cient!o0],

Feedback regulation

Ascorbate levels are tightly regulated by feedback mecha-
nisms to prevent overproduction and maintain homeostasis at
the cellular level. Elevated ascorbate concentrations can inhibit
the activity of enzymes involved in its biosynthetic pathway
through feedback inhibition®l, For example, L-galactono-1,4-
lactone dehydrogenase, the terminal enzyme in the
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biosynthetic pathway, is subjected to feedback inhibition by
ascorbate. This regulatory mechanism ensures that ascorbate
synthesis is attenuated when its levels are sufficient, thereby
preventing unnecessary energy expenditure and metabolic
imbalancel®l.

Additionally, ascorbate can modulate the expression of its
biosynthetic genes through feedback regulation. Elevated
ascorbate levels have been shown to downregulate the tran-
scription of genes encoding key biosynthetic enzymes, conse-
quently reducing their synthesis and activity®3l. This style of
feedback regulation is essential for maintaining optimal ascor-
bate concentrations, and adapting to varying cellular and envi-
ronmental conditions.

Environmental and developmental regulation

Environmental factors such as light, temperature, and nutri-
ent availability play a significant role in regulating the biosyn-
thesis of AsA in plants. Light is a particularly critical factor, as it
directly influences the photosynthetic process and the produc-
tion of ROSP4. High light intensity increases the demand for
ascorbate, which is essential for scavenging excess ROS gener-
ated during photosynthesis. Consequently, the expression of
ascorbate biosynthesis genes is upregulated under high light
conditions, leading to elevated ascorbate levels.

Temperature also impacts ascorbate biosynthesis, with both
low and high temperatures inducing oxidative stress and
consequently increasing the demand for ascorbate. For
instance, cold stress induces the upregulation of ascorbate
biosynthesis genes to bolster the plant’s antioxidant defenses
and mitigate cold-induced oxidative damagel®l,

Nutrient availability also significantly influences ascorbate
levels. Specifically, deficiencies in elements such as nitrogen,
phosphorus, and iron can modulate ascorbate levels. Nitrogen
deficiency has been observed to increase ascorbate levels in
leaves, potentially serving as a protective mechanism against
nutrient stress6l. In addition, iron, a crucial cofactor for several
enzymes in the ascorbate biosynthesis pathway, is essential for
maintaining optimal ascorbate levels. Iron deficiency can
disrupt ascorbate synthesis, highlighting the necessity of suffi-
cient nutrient supply for effective ascorbate homeostasis.

Developmental stages significantly impact ascorbate biosyn-
thesis, with different tissues displaying variable ascorbate
concentrations throughout plant growth. Young, actively grow-
ing tissues, such as leaves, shoot tips, and developing fruits,
typically have higher ascorbate concentrations compared to
mature tissues®’l. This variation is indicative of the higher
metabolic activity and heightened need for antioxidant protec-
tion in developing tissues.

Hormonal regulation

Plant hormones, or phytohormones, are integral in modulat-
ing ascorbate biosynthesis in response to both developmental
cues and environmental stimuli. Notably, ABA, SA, and JA are
central to these regulatory mechanisms!%8,

ABA, a key regulator of stress responses, has been shown to
upregulate the expression of ascorbate biosynthesis genes
under abiotic stress conditions such as drought and salinity. By
enhancing ABA signaling, plants can bolster their antioxidant
capacity, thereby better managing increased oxidative stress
linked to these challenging conditions!®?.

SA plays a crucial role in regulating defense responses
against pathogens and also modulates ascorbate biosynthesis.
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During a pathogen attack, SA signaling can upregulate the
expression of ascorbate biosynthesis genes, leading to
increased ascorbate levels. This elevation in ascorbate concen-
tration helps to mitigate oxidative damage and supports the
plant’s defense mechanisms!'00,

Jasmonic acid (JA) is a hormone critical for stress responses
such as those produced by herbivory and wounding and also
regulates ascorbate biosynthesis. JA signaling can upregulate
the expression of ascorbate biosynthesis genes, thereby
increasing ascorbate levels. This modulation enhances the
plant's capacity to counteract oxidative stress induced by
wounding and herbivore damagel'°l,

Genetic engineering and breeding for AsA

Genetic engineering and breeding strategies aimed at
enhancing AsA content in plants have been driven by the dual
objectives of improving plant stress tolerance and increasing
the nutritional value of crops!'92, These approaches have capi-
talized on our understanding of ascorbate biosynthesis path-
ways, regulatory mechanisms, and natural genetic variation,
leading to significant advancements in crop improvement!'03l,
Genetic engineering has been employed to increase AsA accu-
mulation in potatoes by introducing genes associated with the
L-galactose pathway, the initial pathway for ASA biosynthesis in
plantsl'4. For instance, the overexpression of the GLOase
gene, which encodes an enzyme responsible for converting L-
gulono-1,4-lactone to L-ascorbic acid, has been demonstrated
in transgenic potato plants. This overexpression leads to
increased levels of AsA in the tubers, thereby enhancing the
plants tolerance to various abiotic stresses.

Genetic engineering approaches

Genetic engineering has emerged as a potent tool for manip-
ulating ascorbate biosynthesis in plants. Several strategies have
been employed, including the overexpression of rate-limiting
enzymes, the manipulation of multiple genes involved in the
biosynthetic pathway, the enhancement of ascorbate recycling
processes, RNA interference (RNAI) to suppress negative regula-
tors, and the application of CRISPR/Cas9 technology for precise
genome editing['%%, For instance, the introduction of exoge-
nous novel genes has been used to engineer alternative
biosynthetic pathways, as demonstrated in transgenic tobacco
and lettuce plants expressing a rat cDNA encoding L-gulono-y -
lactone oxidasel'06],

Overexpression of biosynthetic genes

One of the main strategies in genetic engineering for
enhancing ascorbate biosynthesis involves the overexpression
of genes encoding key enzymes within the biosynthetic path-
wayl'%7], For example, overexpressing the gene encoding L-
galactono-1,4-lactone dehydrogenase (GLDH), the terminal
enzyme in the ascorbate biosynthesis pathway has been shown
to significantly increase ascorbate levels in various plant
species, including Arabidopsis (Table 1), tomato, and potato.
This enzyme catalyzes the final step in ascorbate biosynthesis,
converting L-galactono-1,4-lactone to ascorbate, and its over-
expression promotes a greater flux through the pathway!'08l,
With the rapid development in plant genomics!'%%, the identifi-
cation of the biosynthetic genes relying on homology deep
learning is of special interest to researchers.

Similarly, the overexpression of GDP-mannose pyrophos-
phorylase (GMP), which is involved in the early stages of the
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Table 1. AsA-related genes in model plant Arabidopsis.

Arabidopsis

Abbreviation genes

Enzyme / protein name

AT3G03060
AT5G169300
AT2G18330
AT4G36580
AT5G21100
AT5G21105
AT4G39830
AT1G07890
AT3G09640
AT4G35000
AT4G35970
AT4G32320
AT4G09010
AT4G08390
AT1G77490
AT2G41090
At1971230
AT1G19570
AT1G19550
AT1G75270
AT5G16710
AT3G02870
AT4G33670
AT3G47930
AT1G59950
AT1G59960
AT2G37760
AT2G37770
AT2G37790
AT5G62420
AT5G01670
AT3G53880
AT4G26850
AT5G55120
AT1G74910
AT2G39770
AT3G55590
AT4G30570
AT2G46740
AT2G46750
AT2G46760
AT5G11540
AT1G32300
AT5G56490
AT5G56470
AT5G28840
AT5G03630
AT3G09940
AT3G52880
AT3G27820
AT1G63940
AT1G14520
AT2G19800
AT4G26260
AT5G56640
AT4G24620
AT5G42740
AT1G67070
AT3G02570
AT2G45790
AT2G40860

Aldonolactonase Alase

|-Ascorbate oxidase AO

Ascorbate peroxidase APX

CML10
CSN5B
DHAR

Calmodulin-like protein
Cop9-signalosome 5b
Dehydroascorbate reductase

GalPP
GalDH
GalLDH
GalUR

|-Galactose-1-phosphate phosphatase
Galactose dehydrogenase
Galactono-1,4-lactone dehydrogenase
Galacturonosyltransferase

GDP-l-galactose phosphorylase GGalPP

GDP-mannose pyrophosphorylase GMPase

|-Gulono-y-lactone oxidase GLOase

GDP-mannose-3',5"-epimerase GME
Monodehydroascorbate reductase MDAR

Myo-inositol oxygenase MIOX
Phosphoglucose isomerase PGI
Phosphomannose isomerase PMI

PMM
V1C3

Phosphomannomutase
Protein kinase/protein phosphatase
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ascorbate biosynthesis pathway, has proven to be effective.
Transgenic plants overexpressing GMP exhibit higher ascor-
bate levels and enhanced tolerance to oxidative stress!''ol
These studies highlight the effectiveness of targeting key
enzymes within the biosynthetic pathway to boost ascorbate
production.

RNA interference (RNAIi) and gene silencing

RNA interference (RNAi) technology has been effectively
employed to downregulate or silence genes that negatively
affect ascorbate biosynthesisl'"l. For instance, the silencing of
the gene encoding ascorbate oxidase- an enzyme responsible
for the degradation of ascorbate- can result in elevated ascor-
bate levels. The reduction in ascorbate oxidase activity allows
plants to maintain higher ascorbate concentrations, thereby
enhancing their antioxidant capacity and improving stress
tolerance.

Furthermore, RNAi has been employed to suppress the
expression of VTC2, which encodes GDP-L-galactose phospho-
rylase, a key regulatory enzyme in the ascorbate biosynthesis
pathway. Silencing VTC2 leads to the accumulation of its
substrate, GDP-L-galactose, which can subsequently be redi-
rected towards enhanced ascorbate synthesis via alternative
pathways!2,

Tropical
Plants

CRISPR/Cas9 genome editing

The advent of CRISPR/Cas9 genome editing has revolution-
ized genetic engineering by enabling precise modifications to
target genes. This technology has been applied to edit genes
linked to ascorbate biosynthesis and regulation!’'3]. For exam-
ple, CRISPR/Cas9 has been used to knock out genes encoding
ascorbate oxidase or other negative regulators, leading to
increased ascorbate accumulation.

CRISPR/Cas9 technology can also be employed to insert
beneficial alleles of ascorbate biosynthesis genes from other
species or natural variants into crop plants!''4l, This approach
enables the incorporation of traits that enhance ascorbate
production without generating transgenic plants, which is
particularly advantageous in regions with stringent regulations
on genetically modified organisms (GMOs).

Breeding strategies

In addition to genetic engineering, both traditional and
modern breeding techniques have been employed to enhance
ascorbate content in crops!''5l. These techniques encompass
Conventional Breeding, Marker-Assisted Selection (MAS),
Genomic Selection, and Induced Mutagenesis. These methods
can select and cross-breeding plants with naturally high ascor-
bate levels (Fig. 3), as well as introducing new genetic variation
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through mutagenesis, genomic selection, and big data analy-
ses using artificial intelligencel''6117], These approaches collec-
tively contribute to the development of genetically improved
varieties of fruits and vegetables enriched with AsA content!''8],

Conventional breeding

Conventional plant breeding leverages the inherent genetic
diversity within plant populations. Through the systematic
screening of germplasm collections, breeders can identify vari-
eties exhibiting naturally elevated ascorbate levelsl'22, These
high-ascorbate genotypes can subsequently be crossed with
commercial cultivars, facilitating the integration of desirable
traits such as increased yield and enhanced disease resistance,
alongside augmented ascorbate content.

For example, in tomato breeding programs, wild relatives
characterized by high ascorbate levels have been crossed with
cultivated varieties to generate hybrids with enhanced ascor-
bate content. By employing successive generations of selec-
tion and backcrossing, breeders can stabilize these traits and
ultimately develop new cultivars with improved nutritional
qualityl123],

Marker-assisted selection (MAS)

Marker-assisted selection (MAS) is an advanced breeding
technique that utilizes molecular markers linked to desirable
traits, such as elevated ascorbate content, to accelerate the
breeding process. By identifying and selecting plants carrying
specific genetic markers linked to increased ascorbate levels,
breeders can more efficiently develop high-ascorbate
cultivars!24,

MAS has been successfully applied in crops such as maize,
where quantitative trait loci (QTLs) associated with ascorbate
content have been reported. By using these markers, breeders
can select plants possessing favorable QTLs and combine them
through cross-breeding, thereby enhancing ascorbate levels in
the resulting progeny!'23],

Genomic selection

Genomic selection is a cutting-edge breeding technique that
uses genome-wide markers to predict the genetic value of indi-
vidual plants for complex traits, such as ascorbate content!'26],
By developing prediction models that integrate genomic data
with phenotypic information, breeders can identify the most
promising candidates for breeding, thereby reducing the
reliance on extensive field trials.

In crops such as rice and wheat, genomic selection has
demonstrated to be effective in enhancing ascorbate
content!'?7], By integrating genomic selection with conven-
tional breeding programs, breeders can accelerate the develop-
ment of high-ascorbate varieties, thereby reducing the time
and resources necessary for cultivar development.

Induced mutagenesis

Induced mutagenesis entails exposing plants to physical or
chemical mutagens to induce genetic diversity. This technique
can produce novel alleles of ascorbate biosynthesis genes,
potentially leading to increased ascorbate synthesis. Such
mutagenesis has been employed to develop high-ascorbate
mutants in crops like barley and soybean(28l,

By screening mutagenized populations for plants with
elevated ascorbate levels, breeders can identify and select
appropriate mutations. These mutants can subsequently be
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incorporated into breeding programs to introduce high-ascor-
bate traits into commercial cultivars.

Case studies and applications

The application of genetic engineering and traditional breed-
ing techniques has yielded remarkable success in enhancing
the ascorbate content in several crops!'?9, These advance-
ments are crucial not only for enhancing the nutritional quality
of food but also for increasing crop resilience to environmental
stresses. The following case studies provide detailed examples
that demonstrate the potential of these strategies in practical
agricultural contexts!'30,

Transgenic tomatoes

Transgenic tomatoes overexpressing the gene encoding
GLDH have demonstrated a significant increase in ascorbate
content. These transgenic lines exhibit enhanced tolerance to
oxidative stress, improved fruit quality, and extended shelf
lifel'31], The elevated ascorbate levels also enhance the nutri-
tional value of these tomatoes, rendering them a significant
addition to the human diet!'32],

Previous studies have demonstrated that the suppression of
the ascorbate oxidase (AO) gene in tomato plants by RNA inter-
ference results in a significant decrease in AO enzyme activity,
which in turn leads to enhanced AsA accumulation in the fruit.
This alteration in AsA metabolism suggests that the targeting
of the AO gene could be a viable strategy for improving the
antioxidant content and stress tolerance in tomato plants!'33l,

High-ascorbate maize

Marker-assisted selection (MAS) has been utilized in maize
breeding to develop varieties with elevated ascorbate levels.
Through the identification of QTLs associated with ascorbate
content, breeders have been able to select and propagate
plants that carry favorable genetic markers. As a result, maize
lines with significantly enhanced ascorbate levels have been
produced(’34, These high-ascorbate maize varieties not only
offer superior nutritional benefits but also exhibit enhanced
stress tolerance, making them particularly well-suited for culti-
vation in regions prone to environmental stresses.

CRISPR/Cas9-edited rice

Recent advancements in genome editing have enabled
significant progress in enhancing the resilience and nutritional
quality of crops. Using CRISPR/Cas9 technology, researchers
successfully edited the gene encoding ascorbate oxidase in
rice, resulting in increased ascorbate accumulation. The geneti-
cally modified rice plants show enhanced growth and
improved stress tolerance, particularly under water scarcity!'33.
This study demonstrates the potential of CRISPR/Cas 9 medi-
ated gene editing to create rice varieties with improved
resilience and nutritional profiles, thereby offering promising
solutions for agricultural sustainability and food security.

In conclusion, genetic engineering and breeding strategies
represent potent approaches for enhancing ascorbate content
in plants. By harnessing insights into biosynthesis pathways,
regulatory mechanisms, and natural genetic variation, substan-
tial progress has been achieved in the development of high-
ascorbate crops!'3¢l. These advancements not only elevate the
nutritional value of crops but also bolster their resilience to
environmental stresses, thereby supporting sustainable agricul-
ture and contributing to global food security.
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Applications of multi-omics and systems
biology in AsA research

The integration of multi-omics approaches and systems biol-
ogy has significantly advanced the study of AsA in plants, offer-
ing comprehensive insights into its biosynthesis, regulation,
and functional rolesl'37), These cutting-edge methodologies
enable researchers to discern complex biological networks and
interactions across multiple levels, encompassing genomics,
transcriptomics, proteomics, metabolomics, and beyond!38139],
This section delves into the applications of multi-omics and
systems biology in AsA research, highlighting key findings and
discussing prospects for this evolving field.

Genomics and transcriptomics

Genomic and transcriptomic analyses have been fundamen-
tal in identifying genes and regulatory elements involved in
AsA biosynthesis and metabolism!'4%], Genomics and transcrip-
tomics related to ascorbate involve the investigation of the
genetic basis and gene expression patterns associated with
ascorbate metabolism in plants. This field explores how the
manipulation of genes can lead to increased AsA content,
thereby enhancing both human nutrition and plant tolerance
to abiotic stresses!'4'l. The advent of high-throughput sequenc-
ing technologies, particularly RNA-Seq, has greatly enhanced
the discovery of novel genes and provided detailed insights
into their expression patterns across various conditions. These
advancements have deepened our understanding of the
genetic and molecular mechanisms underlying AsA biosynthe-
sis, paving the way for targeted genetic interventions.

Gene identification and functional annotation

Genomic studies have been instrumental in identifying key
genes involved in the Smirnoff-Wheeler pathway as well as
alternative biosynthetic routes for AsA. Notably, researchers
have identified and characterized genes encoding crucial
enzymes such as GDP-mannose 3',5'-epimerase (GME), L-galac-
tose dehydrogenase (GalDH), and L-galactono-1,4-lactone
dehydrogenase (GLDH) through genome-wide association
studies (GWAS) and functional genomics approaches!'42.,

Transcriptomic profiling and expression analysis

Transcriptomic profiling using RNA-Seq has provided
detailed insights into the gene expression dynamics associated
with ascorbate biosynthesis and regulation. For instance,
research has demonstrated that the expression of GLDH and
GME genes are upregulated in response to light and stress
conditions, highlighting their role in plant adaptive
responsest’#3l. Moreover, differential expression analysis has
identified candidate regulatory genes, including transcription
factors and microRNAs, which modulate ascorbate biosynthe-
sis pathways.

Proteomics

Proteomic approaches have been instrumental in the identi-
fication and quantification of proteins involved in ascorbate
metabolism, offering valuable insights into the post-transla-
tional regulation of key enzymes!'#4, This field enhances our
understanding of the complex molecular mechanisms underly-
ing ascorbate synthesis, distribution, and function across vari-
ous organisms, as well as the role of proteins in mediating
these biological functions. Proteomics offers a valuable
approach for further investigation into ascorbate-related pro-
cesses, providing insights into how specific proteins contribute
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to ascorbate metabolism and its associated physiological
effects. Mass spectrometry-based proteomics, in particular, has
proven to be highly effective in characterizing protein-protein
interactions and uncovering potential regulatory networks in
the ascorbate metabolism.

Protein identification and quantification

Proteomic analyses have elucidated a wide array of enzymes
and transporters integral to ascorbate biosynthesis, recycling,
and transport, thereby advancing the understanding of ascor-
bate metabolism. Among the enzymes identified, ascorbate
peroxidase (APX) and monodehydroascorbate reductase
(MDHAR) are particularly noteworthy due to their pivotal roles
in the ascorbate-glutathione cycle, a critical pathway for main-
taining cellular redox balance and protecting against oxidative
stress. Furthermore, the application of quantitative proteomics
revealed significant variability in the abundance of these
proteins under varying environmental conditions, such as
drought and high light intensity. These findings offer valuable
insights into the regulatory mechanisms modulating ascorbate
metabolism in plants, highlighting how these organisms are
able to adapt to these external stresses, thereby enhancing
their survival and resilience in fluctuating environments!'43],

Post-translational modifications

Post-translational modifications of proteins involved in
ascorbate metabolism can modify the accumulation and stabi-
lity of AsA in plants. Post-translational modifications (PTMs)
including phosphorylation, ubiquitination, and acetylation, are
critical in regulating the activity and stability of enzymes. For
instance, phosphorylation and ubiquitination are recognized as
regulatory mechanisms that modulate the activity and degra-
dation of enzymes such as ascorbate oxidase, which plays a key
role in the catabolism of ascorbate. Proteomic analyses have
identified PTMs on key ascorbate-related enzymes, thereby
uncovering regulatory mechanisms that operate under stress
conditions!'#9l, For example, phosphorylation of APX has been
shown to enhance its activity, thereby contributing to
increased ROS detoxification during stress conditions.

Metabolomics

Metabolomic approaches provide detailed profiles of meta-
bolites involved in ascorbate biosynthesis and degradation.
Techniques such as gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography-mass spectrometry (LC-
MS) have been employed to quantify ascorbate and its related
metabolites, offering valuable insights into metabolic fluxes
and the regulation of these pathways['47:148l, This approach
allows researchers to delve deeper into the complex biochemi-
cal networks that sustain plant life. By integrating metabolomic
data with other omics approaches, such as genomics and
proteomics, a holistic view of how metabolic pathways are
interconnected and regulated can be obtained. This systems-
level understanding is crucial for identifying key metabolic
nodes and regulatory mechanisms that control the synthesis
and degradation of vital compounds like ascorbate.

Metabolite profiling

Metabolomic studies have quantified ascorbate levels and
intermediates of the Smirnoff-Wheeler pathway across various
plant tissues and environmental conditions. These investiga-
tions have demonstrated significant variability in ascorbate
content, which fluctuates with tissue type, developmental
stage, and stress conditions, thereby emphasizing the dynamic
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nature of its metabolism['49, Additionally, metabolite profiling
has identified potential biomarkers associated with elevated
ascorbate content, which can be used in breeding programs to
develop crops with enhanced ascorbate levels.

Flux analysis

Metabolic flux analysis (MFA) has provided quantitative
insights into the flow of carbon through ascorbate biosyn-
thetic pathways!'5%, By integrating isotope labeling with mass
spectrometry, researchers have discerned the contributions of
different pathways to the ascorbate pool and revealed how
metabolic fluxes are regulated under different conditions. Addi-
tionally, MFA has been employed to investigate the effects of
genetic modifications on AsA biosynthesis, thereby informing
strategies for the development of high-ascorbate crops!’>'l.

Integrative omics and systems biology
approaches

Integrative omics approaches combine data from genomics,
transcriptomics, proteomics, and metabolomics to construct
comprehensive models of ascorbate metabolism and its regula-
tion. This has contributed to a more integrated understanding
of plant metabolism, enabling researchers to examine the intri-
cate layers of biological information, from gene expression to
protein function and metabolite dynamics, in a more inte-
grated and systematic manner. This integrated perspective is
crucial for unraveling the multifaceted regulation of vital
processes such as ascorbate metabolism. In addition, systems
biology approaches further enhance this understanding by
employing computational models to predict the behavior of
metabolic networks and identify key regulatory nodesl'52,
Insights gained from integrative omics and systems biology
approaches can guide efforts to genetically manipulate organ-
isms, to enhance the production of bioactive phytochemicals
like AsA.

Network construction and analysis

Integrative omics studies have developed detailed metabolic
and regulatory networks of ascorbate biosynthesis and recy-
cling. By incorporating data on gene expression, protein-
protein interactions, and metabolite levels, these networks pro-
vide a comprehensive overview of ascorbate metabolism!'53],
Network analysis has identified key regulatory nodes and hub
genes that are central to the regulation of ascorbate levels,
thereby identifying potential targets for genetic manipulation.

Computational modeling

Computational models have been created to simulate ascor-
bate biosynthesis and predict the effects of genetic and envi-
ronmental perturbations. These models integrate multi-omics
data to offer insights into the dynamic regulation of ascorbate
metabolism. For example, constraint-based modeling and
kinetic modeling have been used to examine the effect of gene
overexpression and knockout on ascorbate production,
thereby informing metabolic engineering strategies!'>4.

Case studies and practical applications

The convergence of multi-omics technologies has signifi-
cantly advanced the field of plant science, enabling more
comprehensive and nuanced insights into complex biological
processes. For instance, the application of transcriptome
sequencing has shed light on the genetic underpinnings of AsA
biosynthesis and recycling pathways. The identification of key
enzymes and their corresponding genes has been crucial in
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elucidating the metabolic pathways underlying AsA produc-
tion. Furthermore, investigations into metabolite dynamics
have revealed the complex relationships between gene expres-
sion, protein functionality, and metabolite concentrations
within plant systems. This comprehensive approach is crucial
for enhancing crop resilience and nutritional quality by identi-
fying potential targets for genetic manipulation and breeding
strategies('%, The integration of multi-omics and systems biol-
ogy in AsA research has yielded numerous successful case stud-
ies, illustrating the practical benefits of these advanced
approaches in enhancing plant traits and optimizing metabolic
pathways.

Enhancing AsA content in crops

Multi-omics approaches have been employed to enhance
ascorbate content in crops such as tomatoes, rice, and maize.
By integrating genomic, transcriptomic, proteomic, and
metabolomic data, researchers have identified key genes and
regulatory mechanisms that can be targeted to increase ascor-
bate levels!'5¢], For example, the overexpression of GLDH and
the application of marker-assisted selection have facilitated the
development of high-ascorbate varieties of tomato and rice.

Improving stress tolerance

Systems biology approaches have been used to discern the
role of ascorbate in stress tolerance and to develop crops with
enhanced resilience to environmental stresses. Integrative
omics studies have elucidated key regulatory networks that
control ascorbate-mediated stress responses, thereby inform-
ing the development of stress-tolerant crop varieties!'>”\. For
example, the manipulation of transcription factors and signal-
ing pathways involved in ascorbate biosynthesis has led to
improved drought and salt tolerance in various crops.

Future prospects

The integration of multi-omics and systems biology
approaches is indeed driving significant breakthroughs in plant
science. For example, the study of AsA biosynthesis and its
regulatory mechanisms can be greatly enhanced by combining
transcriptome, proteome, and metabolome data. This holistic
approach enables researchers to identify and understand the
complex interactions among genes, proteins, and metabolites
involved in the production and function of AsA. The discovery
of the translational feedback mechanism that regulates AsA
levels in plants is a prime example of how such integrative
research can yield novel insights into plant biology!'58l. Further-
more, this knowledge can be leveraged to develop crops with
improved nutritional profiles and enhanced stress tolerance,
which is crucial for addressing challenges in agriculture and
food security. The ongoing advancement of multi-omics tech-
nologies and systems biology approaches offers substantial
promise for AsA research.

Elucidating complex regulatory networks

Multi-omics approaches will be crucial in understanding how
environmental factors influence ascorbate metabolism and for
developing crops capable of thriving under variable climatic
conditions. Enhanced integration of multi-omics data will facili-
tate a more profound understanding of the intricate regulatory
networks that govern ascorbate metabolism!>9,

A promising area of research is the investigation of induced
resistance (IR) and its potential relationship to AsA metabolism.
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IR is a plant defense mechanism triggered by various stimuli,
including pathogen infection, insect herbivory, wounding,
beneficial microbes, or exogenous application of natural or
synthetic compounds. This defense response can either directly
activate plant defenses or prime them for more rapid and
robust responses to subsequent pathogen challenges. While IR
has been shown to enhance disease resistance and stress toler-
ance, it may also affect plant growth and development, high-
lighting the importance of monitoring potential fitness costs
associated with this defense strategy.

Developing precision breeding strategies

Future research directions should be focused on refining
biotechnological methodologies to enhance AsA content while
minimizing any negative impacts on plant performance. This
effort requires a more profound understanding of the key regu-
latory factors and pathways involved in AsA synthesis, as well
as the feedback mechanisms that maintain homeostasis within
the plantl'60). Furthermore, research is needed to identify the
potential advantages of synthetic nutrients, which can offer
high bioavailability and be produced through controlled che-
mical reactions or bacterial fermentation!®'], These studies will
be critical for developing effective strategies to bolster AsA
levels while ensuring human nutrition and overall plant health
and productivity. The application of CRISPR/Cas9 and other
gene-editing technologies, using the information provided by
multi-omics data, will enable the precise manipulation of ascor-
bate biosynthesis pathways. For example, the QTLs vitc10.1
and vitc8.1 have been proposed for tomato nutrient
improvement('62l CRISPR-Cas9 editing in tomato has been
already implemented!['%31 as well as in various plants!'64,

In conclusion, the application of multi-omics and systems
biology approaches has significantly advanced our understand-
ing of AsA metabolism and regulation. These approaches have
enabled the identification of key genes, pathways, and regula-
tory mechanisms, leading to practical applications in crop
improvement and stress tolerancel'®5l. The ongoing integra-
tion of multi-omics data, coupled with the development of
sophisticated computational models, is expected to further
enhance our capability to manipulate ascorbate levels in plants.
This will contribute to improved crop resilience and nutritional
quality, fostering advancements in agricultural sustainability
and food security.
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