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Antioxidant Green Factories: Toward Sustainable Production of
Vitamin E in Plant In Vitro Cultures
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ABSTRACT: Vitamin E is a dietary supplement synthesized only by photosynthetic organisms and, hence, is an essential vitamin
for human well-being. Because of the ever-increasing demand for natural vitamin E and limitations in existing synthesis modes,
attempts to improve its yield using plant in vitro cultures have gained traction in recent years. With inflating industrial production
costs, integrative approaches to conventional bioprocess optimization is the need of the hour for multifold vitamin E productivity
enhancement. In this review, we briefly discuss the structure, isomers, and important metabolic routes of biosynthesis for vitamin E
in plants. We then emphasize its vital role in human health and its industrial applications and highlight the market demand and
supply. We illustrate the advantages of in vitro plant cell/tissue culture cultivation as an alternative to current commercial production
platforms for natural vitamin E. We touch upon the conventional vitamin E metabolic pathway engineering strategies, such as single/
multigene overexpression and chloroplast engineering. We highlight the recent progress in plant systems biology to rationally
identify metabolic bottlenecks and knockout targets in the vitamin E biosynthetic pathway. We then discuss bioprocess optimization
strategies for sustainable vitamin E production, including media/process optimization, precursor/elicitor addition, and scale-up to
bioreactors. We culminate the review with a short discussion on kinetic modeling to predict vitamin E production in plant cell
cultures and suggestions on sustainable green extraction methods of vitamin E for reduced environmental impact. This review will be
of interest to a wider research fraternity, including those from industry and academia working in the field of plant cell biology, plant
biotechnology, and bioprocess engineering for phytochemical enhancement.

1. INTRODUCTION functions in humans, and is a vital element for survival.” It is

The year 2022 marks the centennial year of research in vitamin not synthesized in the human body and, hence, is an essential
E. In 1922, Evans and Bishop first identified an unknown supplement satisfied by plant sources only through diet.
molecule as an essential factor for rat reproduction.’ It was
later named vitamin E because its discovery succeeded that of
vitamin D. In nature, vitamin E was found to occur as a group
of eight isomeric molecules, tocopherols, and tocotrienols,
collectively called tocochromanols, and exclusively synthesized
by photosynthetic organisms, such as plants and algae.
Following the report of vitamin E as a crucial element in rat
reproduction, it was established that the molecule has
antioxidant activity in vitro, plays critical physiological

Deficiency in vitamin E, though rare, results in ataxia, a loss in
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motor control, and a case of nonalcoholic fatty liver disease.”
Though vitamin E occurs as a mixture of tocochromanols in
plants, a-tocopherol is reported to exhibit the highest
biological activity because of preferential retention and
distribution in the human ’body.4 Thus, it can be stated that
the term “vitamin E” corresponds to only a-tocopherol and not
all the tocochromanols,” in contrast to most existing literature.
Any reference to vitamin E corresponds to the naturally
occurring RRR - a-tocopherol and its synthetic forms,” as
addressed henceforth in this review.

Apart from being an essential dietary supplement, there are
several physiological studies on the role of vitamin E in treating
cancer, cardiovascular, and ocular diseases.®”® However, these
have not been strongly supported by clinical trials.” Vitamin E
has been reported to have a positive effect when taken as a
supplement by specific populations, such as patients on
hemodialysis or diabetic individuals (along with haptoglobin
genotype 2-2) with cardiovascular diseases’ and aged people
with respiratory diseases.” With the growing demand for
natural cosmetic formulations, it is also one of the key
ingredients in skin creams and hair formulations.'® Further-
more, it is used as an additive in animal feeds because of its
nutritive value.'' With the growing need to combat lifestyle
diseases and the inclination toward natural products, the
market size of vitamin E is now on the rise.

It is currently extracted from whole plants or chemically
synthesized to meet this rising demand. Extraction from whole
plants may be disadvantageous because of its occurrence as
different isomers in different parts of the plant, which vary with
seasonal changes at different geographical locations. Since the
primary sources are food crops, repeated extraction may lead
to competition for food. Furthermore, chemical synthesis of
the molecule yields a racemic mixture instead of the bioactive
RRR - a-tocopherol.'> Other strategies, including production
from plant cell cultures, algae, and geneticallz modified
bacterial cultures, have been reviewed previously.*~"

This review aims to highlight the advantages of vitamin E
production using plant cell and tissue cultures, with emphasis
on rational strategies that can be employed to enhance
productivity and overcome the limitations in current
commercial production. This approach can pave the way for
its sustainable commercial production using plant cultures that
cater to the booming market.

2. TOCOCHROMANOLS

2.1. Structure, Classification and Properties. Toco-
chromanols collectively refer to a group of amphipathic organic
compounds characterized by a chromanol ring (polar head-
group) and isoprenyl (C16) side chain (lipophilic tail).
Depending on the saturation in their C16 side chain, they
are further classified as tocopherols (saturated) and toco-
trienols (unsaturated). Within these two classes, different
structural isomers exist, namely the a-, -, y- and 5-tocopherols
and tocotrienols, which differ in the methylation pattern of
their aromatic head (Figure 1).

Among the eight isomeric forms, the human hepatic a-
tocopherol transfer protein (a-TTP) selectively binds to a-
tocopherol.'® The unbounded isomeric forms are catabolized
by cytochrome P450 and oxidized by omega-hydroxylase.”
Thus, because of the preferential retention of a-tocopherol in
the human body, it is the most bioactive molecule among its
isomeric counterparts. Also, the naturally occurring RRR form
of a-tocopherol is the most bioactive compared with the
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Figure 1. Structure of tocopherols and tocotrienols. The tocopherols
and tocotrienols vary in the degree of unsaturation in their isoprenyl
side chain.

synthetic derivative, which is a racemic mixture.'” Vitamin E
molecules are soluble in alcohol and sensitive to heat and light.
a-Tocopherol has an absorption maximum of 292 nm when
soluble in ethanol.'?

2.2. Biosynthesis in Plants. Photosynthetic organisms
ubiquitously synthesize vitamin E. In plants, the biosynthesis of
tocochromanols takes place in the plastids. The polar
headgroup is formed via the aromatic amino acid metabolism
(cytosolic shikimate pathway), and the hydrophobic tail is
synthesized via the plastidic methylerythritol phosphate
(MEP) pathway (Figure 2). Since the MEP pathway
contributes to the plastidic isoprenoid precursor pool, vitamin
E biosynthesis is also interconnected with other metabolic
pathways such as the biosynthesis of chlorophylls, phylloqui-
nones, carotenoids, gibberellins, and plastoquinones. The first
committed step in the biosynthesis is the formation of
homogentisic acid (HGA) thereby contributing to the
headgroup, from p-hydroxyphenylpyruvate (HPP), which is
catalyzed by the enzyme p-hydroxyphenylpyruvate dioxygenase
(HPPD). The subcellular localization of this step has been
much debated since some plant HPPDs, such as in carrot,
Arabidopsis, and soybean, lack a chloroplast transit peptide, and
Western blot shows cytosolic localization.'® Subsequent steps
take place in the plastid. Prenylation of HGA with phytyl
diphosphate (PDP) by homogentisate phytyl transferase
(HPT/VTE2) or with geranylgeranyl diphosphate (GGDP)
by homogentisate geranylgeranyl transferase (HGGT) results
in the formation of 2-methyl-6-phytylbenzoquinol (MPBQ)
and 2-methyl-6-geranylgeranylbenzoquinol (MGGBQ), which
are the precursors of tocopherols and tocotrienols, respectively.
A second methyl group is added to MPBQ by a methyl
transferase enzyme VTE3 to form 2,3-dimethyl-S-phytyl-1,4-

https://doi.org/10.1021/acsomega.2c05819
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benzoquinone (DMPBQ). Tocopherol cyclase (TC/VTE1)
then converts MPBQ and DMPBQ to form §- and y-
tocopherols. In the final conversion step, y-tocopherol
methyltransferase (y-TMT/VTE4) methylates the sixth carbon
in the chromanol ring of §- and y-tocopherols to form - and
a-tocopherols, respectively.

2.3. Role of Vitamin E in Plants. Vitamin E occur in the
chloroplast envelope of plants and are stored in the stroma.
Their primary role is to quench reactive oxygen species in
response to stress (induced by salinity, drought, temperature,
light, infection by pathogens, and presence of heavy metals).
They help prevent lipid peroxidation by scavenging the lipid

peroxy radicals in the thylakoid membranes of the chloroplast
by donating a proton from its polar head."” This protection
from lipid peroxidation is crucial for maintaining photo-
synthetic membrane integrity.”’ They also aid in stress
tolerance, along with other antioxidants, such as ascorbate
and glutathione. Tocopherols are lipid-soluble, whereas
ascorbate and glutathione are water-soluble antioxidants, and
this antioxidant triad scavenges the oxygen radicals in a
#1723 Ascorbate and glutathione regener-
ate tocopherols from their a-cromanoxy radical form, in
addition to glutathione regenerating ascorbate by acting as the
electron donor to reduce dehydroascorbate, the oxidized form

coordinated manner.
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Table 1. Role of Vitamin E in Plants, Human Health, and Its Applications

role in plants

o quenches reactive oxygen species in response to
stress

® prevents liRid peroxidation in thylakoid
membrane '’

o photoprotective function by scavenging singlet

role in human health
e protects against AVED™?’

o effective in nondiabetic patients for NASH and
NAFLD™*’

o cell signaling”’

applications

e antioxidant stabilizer and antimicrobial agent in
prosthetic materials*

o drug delivery vector for bioavailability drugs*’

o solubilizing agent for excipients in solid dosages

oxygen
® prevents oxidation of polyunsaturated fatty acids
in nonphotosynthetic sites

27

o gene regulation

. . 20
® acts as a signaling molecule

e activation of protein kinase C’

o regulates platelet aggregation®

of pharmaceuticals

o antioxidant and antimicrobial agent in food
preservation and packaging”

® used in clinical and cosmetic dermatology for its
photoprotective function*®

e nutritional feed additives for cattle and
poultry

e anti-inflammatory (low-degree inflammation)*’

® breakdown of lipids and, hence, effective in reducing

obesity”

e cytoprotective function—degradation of harmful

7

xenobiotics

. . . . . 7,9
e beneficial role in preventing cardiovascular diseases,
ocular pathologies,” and cancer™”

“AVED, ataxia with vitamin E deficiency; NASH, nonalcoholic steatohepatitis; NAFLD, nonalcoholic fatty liver disease.

of ascorbate. This regeneration of tocopherols allows a single
molecule to participate in multiple scavenging reactions.

Further, tocopherols modulate reactive oxygen species
accumulation by scavenging singlet oxygen (photoprotective
function) produced by excess energy captured by photosyn-
thesis during stress conditions, which could cause oxidation of
carbohydrates, proteins, and lipids in the cells.”* Consequently,
they get converted to tocopherol quinone, a potential
antioxidant in vitro,'"” and activate the cyclic electron flow
around photosystem II. In addition, tocopherols prevent
oxidation of polyunsaturated fatty acids in nonphotosynthetic
sites, such as seeds. Tocopherol also prevents acidification of
the thylakoid lumen by inhibiting the unrestricted accumu-
lation of protons in the thylakoid membrane and regulates
phyto-hormonal levels in plants, thereby acting as a cell
signaling molecule.”

2.4, Role of Vitamin E in Human Health. Humans do
not synthesize vitamin E, an essential supplement in the diet.
According to the National Institutes of Health, Office of
Dietary Supplements, United States, the recommended dietary
allowance is 15 mg of natural RRR- a-tocopherol for all adults
and 19 mg of natural RRR - a-tocopherol for lactating mothers.
Deficiency in vitamin E is very rare but can occur in premature
babies with less birth weight.”> It can also occur in adults who
have fat malabsorption disorder and can occur because of
genetic inheritance.”® This deficiency leads to ataxia with
vitamin E deficiency (AVED), a neurodegenerative disease that
impairs movement coordination. Secondary deficiency com-
plications include liver failure and digestive tract diseases.
Vitamin E is therapeutically effective in patients with
nondiabetic nonalcoholic steatohepatitis (NASH) and non-
alcoholic fatty liver disease (NAFLD).”” a-Tocopherol is also
found to accumulate in the nonhepatic tissues in the body,
such as the mitochondrial and endoplasmic reticulum
membranes in the heart and lungs, which are more prone to
free radical production.”®

In a regular diet, vitamin E is an antioxidant in the body in
some instances, but it also has independent cell signaling and
gene regulatory functions. It has been subjected to further
research regarding whether its beneficial health-promoting
activities in the body are due to antioxidant activity or other

3589

physiological molecular mechanisms.”” It is known to act as an
anti-inflammatory agent,29 and enhanced immune responses
were reported after a supplemental daily intake of 200 mg in
the elderly.”® It is also reported that vitamin E regulates gene
expression in mast cells and monocytes, thereby positively
impacting the immune system.2

Furthermore, vitamin E plays a key role in gene regulation in
brain cells, and its deficiency can lead to a dysfunctional central
nervous system. Studies have proven a positive impact on
cognitive impairment diseases, such as Alzheimer’s disease,
Parkinson’s disease,”” and epilepsy.’’ Other dysfunctions, such
as male®” and female infertility;** osteoporosis;®* and lifestyle
diseases, such as diabetes mellitus,>> have had a promising
positive impact from vitamin E supplementation in some
clinical trials. There has also been evidence from physiological
studies that it plays a beneficial role in preventing cancer.”*® In
fact, studies have showcased that a Mediterranean diet has high
proportions of vitamin E and C, which leads to lower
incidences of cancer.”” Nevertheless, there are also reports of
contrasting results showing no significant effect on the
treatment of cancer, thereby implying the necessity of further
research.”*®

2.5. Diverse Applications of Vitamin E. The global
annual production of vitamin E for numerous industrial
applications is around 70 kilotonnes.”” In the biomedical
industry, it is used as an antioxidant stabilizer and antimicrobial
agent in prosthetic materials and employed for accelerated
wound healing and tissue regeneration because of its cell
proliferative potential.”” Furthermore, it has been used widely
as a drug delivery vector for bioavailability drugs, such as
paclitaxel,” and is also being used as a solubilizing agent for
excipients in solid dosages of pharmaceuticals.'

In the food industry, vitamin E is an antioxidant and
antimicrobial agent in food preservation and packaging for the
prolonged shelf life of canned foods.”” Because of its capability
to prevent lipid oxidation, which may lead to a reduction in
organoleptic properties and food quality, it is included in food
as an additive. It is widely used in skin and hair care
formulations because of its photoprotective functions.*
Besides human welfare applications, vitamin E is provided as
nutritional feed additives for cattle and poultry because it has

https://doi.org/10.1021/acsomega.2c05819
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Table 2. Examples of Commercially Produced Vitamin E

market name method of production application company/country
novotol vegetable-oil-sourced natural vitamin E food supplements; snack bars and beverages; and cosmetics, ADM, USA
such as sunscreens and lip balms
vitamin E synthetic production of dl-a-tocopherol dietary supplement BASF, Germany

dl-a-tocopherol synthetic production

vitapherole E org  mixed tocopherols rich in RRR a-tocopherol

extracted from sunflower oil

d-a-tocopherol
powder S0

Naturall-e

mixed tocopherols obtained from natural plant
extraction

natural extraction from sunflower and soy plants

dietary supplements, infant nutrition, and cosmetics

fortification of food supplements and soft drinks
food fortification and nutrient supplement tablets

antioxidant and dietary supplement

Zhejiang NHU, China
Vitae Naturals, Spain

Mitsubishi Chemical
Corporation, Japan

Matrix Life Science, India

been shown to enhance the visual appeal and flavor of meat.**
The role of vitamin E in plants, human health, and other
diverse applications has been summarized in Table 1.

3. SOURCES, MARKET DEMAND, AND LIMITATIONS
IN CURRENT METHODS OF PRODUCTION

Though vitamin E deficiency is rare, consumption of the
recommended amount is crucial for general well-being. With
changes in the modern diet, there has been a decline in the
consumption of healthy foods.*>*® It is observed that the levels
of vitamin E in healthy human blood have reduced drastically
because of lifestyle changes. Hence, there has been a rise in
market demand for vitamin E as a supplement. Steps have also
been taken to fortify food crops to meet the daily demands of
humans.'” Furthermore, there has been an increase in the need
for vitamin E production to cater to the demands of the
cosmetic, biomedical, food, and animal feed industry. There
has also been a rise in animal meat consumption, which has
expanded its requirement as a food additive.

Currently, vitamin E supplements in the markets fall into
three categories and suffer from the following limitations.

1. Synthetic vitamin E or dl-a-tocopherol or all-rac-a-
tocopherol is sold chiefly in its acetate ester (a-tocopherol
acetate) form to increase its stability. It is produced by the
condensation of isophytol, a C20 alcohol, and trimethylhy-
droquinone and is a racemic mixture of eight stereoisomers.
Though the cost of the product is less, as it is produced from
the raw materials of fossil fuel origin, raw material costs are
approximately 70% of the production costs, and hence,
manufacturers are on the lookout for cheaper sources of raw
materials. Also, the natural d-a-tocopherol is 1.36 times more
active than this all-rac-a-tocopherol form because of the
stereoselectivity and specific chiral recognition of the enzymes
and receptors in the body only with the RRR -form, and the
isoforms cannot interconvert within the human body.”**’

2. Bsters of natural vitamin E (in the form of a-tocopherol)
-these are also termed semisynthetic because they are
synthesized by methylation of plant oil derived from highly
fractionated f- and y-tocopherols. The vegetable oil
deodorized distillate (VODD) left out of the vegetable oil
refining process, such as from soybean and sunflower, is used
to produce these semisynthetic forms. Limited vegetable oil
availability and variation of tocopherol concentration with
geographical location are leading to a significant supply and
demand imbalance for natural vitamin E produced from
VODD.*

3. Mixed tocopherols used in supplements are less
fractionated forms derived from plant oils. They suffer from
the same limitations discussed above, including less activity of
the mixed tocopherols than the RRR-a-form and limited raw
material availability.

3590

Direct extraction from whole plants/plant oils can be a
solution for the production of vitamin E (natural a-
tocopherol). According to the United States Department of
Agriculture Food Composition databases, oilseeds such as
wheat germ, hazelnut, sunflower, safflower, almonds, and
peanuts are rich in a-tocopherol. However, extraction from
such plant sources yields a mixture of tocopherols in varying
concentrations, and there is a demand for pure a-tocopherol
sources. Tocopherols also vary in their isoforms and levels
between and within plant species. For example, green leafy
regions of plants are rich in a-tocopherol, but total tocopherol
content is low. Conversely, seeds have a high abundance of
tocopherols but are rich in y-tocopherol, though a-tocopherol
is high in sunflower seeds.'” Thus, the occurrence varies with
plant species and also tends to be in low amounts. The
concentration of each isoform may vary with geographical
location, climatic conditions, quality of soil, environment,
susceptibility to pathogen attack, crop year, and genetic factors
like genotype.

A research report by Valuates Reports,” published in
January 2022, estimates the global vitamin E market size is
close to USD 670 million in 2022. The report predicted that
the market will witness over 4.7% compound annual growth
rate and a market size of USD 882.2 million by 2028. The Asia
Pacific region is expected to witness a steady rise in the market.
The top companies holding major shares in the global vitamin
E market include DSM (Cargill), BASF, NHU, Nenter and
Co., Inc and Zhejiang Medicine Company. Some key vitamin
E commercial products and their production methods are
summarized in Table 2. The major challenge in this growing
industry is the demand for consistent natural vitamin E supply.

4. STRATEGIES FOR MULTIFOLD ENHANCEMENT OF
VITAMIN E CONTENT IN PLANT CULTURES

With the growing market demand, sustainable production
methods of vitamin E are the need of the hour. Challenges in
chemical synthesis have been overcome by successfully
producing precursor molecules, such as isophytol, through
fermentation of genetically engineered Saccharomyces cerevisiae
and using them to synthesize vitamin E and reach an annual
output of 30 000 tonnes.”” However, because of the nature of
synthesis, racemic mixture of a-tocopherol is produced.
Biotechnological methods of vitamin E production have been
reviewed earlier,'* where a-tocopherol production from plant
and algal cell cultures has been compared. Though the existing
lab-scale studies showcase lower a-tocopherol yield in plant
cultures than algal cultures, there is immense potential to
improve and overcome current challenges faced by the
“natural” vitamin E market using in vitro plant cell cultivation
via rational metabolic engineering and process optimization.

https://doi.org/10.1021/acsomega.2c05819
ACS Omega 2023, 8, 3586—3605
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Figure 3. Advantages of plant cell cultures over whole-plant, mammalian, and microbial-based production platforms (figure icons created using

BioRender.com).

Plant cell cultures are increasingly used for continuous,
uniform, and large-scale production of commercial biologics,
such as therapeutic enzymes; nontherapeutic proteins,
including growth factors; industrial enzymes; biopolymers;
and secondary metabolites with many industrial applica-
tions.”' > Plant in vitro cultures retain genetic information
from their parent source and exhibit similar product profiles in
culture. Bioreactor cultivation of plant cell/tissue cultures can
be adopted to produce phytochemicals because they can be
grown at a large scale throughout the year, independent of
geography and climate, and under controlled conditions in less
space and time. Unlike natural plants, controlled conditions in
bioreactors enable consistency and stability in the quality and
quantity of product profiles from plant cells. In vitro cultures
also ensure pathogen-free cultivation and shorter production
cycles than whole plants. Plant cells can, furthermore, be
subjected to genetic engineering to synthesize complex
bioactive proteins, such as antibodies and enzymes, with
post-translational modifications, which is not possible with
prokaryotic production platforms (Figure 3).

However, plant cell cultivations can suffer from limitations,
like low product yield, under in vitro conditions; lower growth
rates; and scale-up limitations compared with microbial
processes.’® Therefore, bioprocess optimization and metabolic
engineering strategies (with control over the biosynthetic
route) are generally applied in plant cell cultures for improved
productivity of biomass and the desired metabolite. An
integrative approach could be beneficial to achieve multifold
enhancement. The strategies discussed in Section 4.1 can be
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used for the development of a-tocopherol-enhanced metabol-
ically engineered/chloroplast-transformed plants/cell lines.
These engineered whole plants/cell lines can be used as an
explant for generating in vitro cultures or parent culture for cell
suspension initiation, respectively. This ensures elevated
concentrations of a-tocopherol in the starting material before
the application of bioprocess strategies, as discussed in Section
4.2, for multifold productivity enhancement.

4.1. Stable and High-Yielding Cell Line Development
by Metabolic Pathway Engineering. 4.1.1. Overexpression
and Deletion of Single/Multiple Genes. The ever-increasing
demand for natural vitamin E has led to increased efforts in
developing whole plants (major crops) and plant cells (in vitro)
with higher vitamin E content via crop breeding and genetic
engineering.'”*”*® In the past decade, plant metabolic
engineering has witnessed a paradigm shift in the context of
enhancing important plant-derived metabolite yields, including
vitamin E.>”~"' Metabolic engineering is “the direct improve-
ment of production, formation, or cellular properties through
the modification of specific biochemical reactions or the
introduction of new ones using recombinant DNA technol-
ogy”.”” It requires a systems-wide understanding of plant
metabolism. This has been aided by the advances in low-cost,
high-throughput genome sequencing technologies that have
enabled the rapid sequencing of plant genomes in recent
years’” and the development of integrated -omics approaches
to comparatively annotate, analyze, and study the metabolic
phenotype in acute detail.
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Table 3. Overexpression Strategies Reported for Successful Enhancement of a-Tocopherol Content in Plants

overexpressed
enzyme(s)
HPPD (PDS1)

. a
species (source of transgene)

Arabidopsis leaves (At)*
Arabidopsis leaves (Mi)®
tomato leaves (Mi)**
tomato fruits (Mi)**
potato leaves (At)*
potato tubers (At)*
lettuce leaves (Ls)™*
Brassica napus (Sy)®®
tomato leaves (Md)*
tomato fruits (Md)*®
potato tubers (At)®
tobacco leaves (At)%’
Arabidopsis seeds (At)*®
tomato mature leaves (Sy)g9
soybean (At)”

lettuce leaves (At)”!
tobacco leaves (At)*’
soybean (At)”
Arabidopsis seed (At)”
Arabidopsis seeds (At)*®

soybean seed (Pf)”
)94

HPT (VTE2)

MPBQ (VTE3)
TC (VTEIL)

7 TMT (VTE4)

soybean seed (Bn
Brassica juncea seeds (At)”
lettuce leaves (At)”

Perilla frutescens leaves (At)®”
Perilla frutescens seeds (PH*®
tobacco seeds (At)™
tobacco leaves (At+At
soybean (At+At)”°
Arabidopsis seeds (At+At)*®
tobacco leaves (At+At)”’

VTE2+VTE1
VTE3+VTE4
VTE2+VTE4
VTE1+VTE4
VTE2+VTE1+VTE4

)87

tomato mature leaves (Sy+Sy
+At)¥

fold increase in a-tocopherol compared with wild type [final content (units) or activity in a-tocopherol

equivalents (a-TE)]”
1.44 [18 pmol mg™" (FW)]
2.58 [31 ug g™ (FW)]
2.67 [11.5 pg g (FW)]
5.0 [10.3 ug ¢! (FW)]
2.12 [15.68 ug ¢! (FW)]
3.66 [1030.7 ng ¢! (FW)]
4.0 [25.6 ug g (FW)]
1.5 [252 mg kg ™" oil)
3.6 (36.83 ug/g FW)
1.7 (4.57 pg/g FW)
2.0 [578.6 ng ¢! (FW)]
5.4 [12.09 pg g™* (FW)]
1.33 (5.2 mg a-TE 100 g™" tissue)
2.5 [500 ng mg™" (DW)]
2.5 [75 ng mg™" (seed)]
224 (4.7 ug g~' (FW)]
4.0 [8.96 ug g~ (FW)]
8.0 [240 ng mg™* (seed)]
93.4 [342 ng mg™" (seed)]
9.1 (35.6 mg a-TE 100 g™' tissue)
10.4 (450.1 pmol mg™" tissue)
11.1 [340 pug g~' (DW)]
6.6 [367 ng mg™* (seed)]
3.1 [0.37 mg g~ (DW)]
1.8 (87.8 ug g™* tissue)
22.5 [1.31 mg ¢! (seed)]
9.6 [120 pug g™' (FW)]
7.1 [15.90 pg g™* (FW)]
9.1 [273 ng mg™" (seed)]
12.0 (47.4 mg a-TE 100 g™ tissue)
12 [14.8 pug ¢! (FW)]
4.0 [900 ng mg™" (DW)]

“At, Arabidopsis thaliana; Mi, Mangifera indica; Ls, Lactus sativa; Sy, Synechocystis; Pf, Perilla frutescens; Bn, Brassica napus. bFW, fresh weight; DW,

dry weight.

The successful introduction of genes in plants for conven-
tional metabolic engineering requires target recombinant
transgenes under the control of suitable constitutive/tissue-
specific/inducible promoters, such as CaMV 355/2A11/APase,
along with any required organelle targeting (plastid,
endoplasmic reticulum) and polyadenylation signals. Appro-
priate vectors, such as pCAMBIA/pRI with multiple cloning
sites, are required for transgene integration, in addition to
removable/integrated selectable markers and reporters, includ-
ing antibiotics hygromycin and kanamycin and fluorescent
protein tags, such as green and red fluorescent protein, for
transformant selection. Furthermore, suitable transformation
systems for gene delivery and expression in plant cells, such as
Agrobacterium-mediated, particle bombardment, and biolistic
methods, are necessary. Agrobacterium-mediated transforma-
tion is one of the most commonly used methods for plant
transformation”*~’ because it is highly effective for the stable
integration of the trans%ene into the plant genome with low
transgene copy number.”*

In the context of vitamin E metabolic engineering to elevate
a-tocopherol content, earlier attempts were directed toward
increasing the total tocochromanols content by increasing the
flux upstream of the tocopherol biosynthetic pathway (from
HGA formation until they branch into various tocopherols),
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which overexpressed the biosynthetic enzymes in the pathway
to convert other forms of tocopherols into a-tocopherol and
downregulated competing pathways that redirect flux away
from tocopherol biosynthesis, such as deletion of homoge-
ntisate dioxygenase, that metabolizes homgentisic acid to
central metabolic intermediates.””

As can be seen from Table 3, the most commonly used
strategy is the overexpression of the enzymes involved in the
first and final conversion steps, HPPD (PDS1) and y-
tocopherol methyltransferase (VTE4), respectively, which
results in an increased content of @-tocopherol in the majority
of the target species. Also, multiple genes (in the vitamin E
biosynthetic pathway) overexpression strategy led to relatively
enhanced a-tocopherol content compared with single gene
overexpression studies that suggested existing bottlenecks in
multiple steps of the pathway.

However, the traditional metabolic engineering approaches
do not always yield straightforward results across all plant
species. For instance, co-overexpression of At-HPPD and
MPBQ MT resulted in a 3-fold enhancement in y-tocopherol
with other tocochromanols in undetectable levels in maize
kernels, which suggests that y-TMT step is rate-controlling’® in
that species. Thus, the traditional approach to the engineering
of plant metabolism is more time-consuming and restricted to

https://doi.org/10.1021/acsomega.2c05819
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intuitive candidates in the core pathways related to the
product.

In addition to nuclear transformation, because of its
advantages of biosafety, the potential to express high levels
of protein, a lower scope for epigenetic variation, and
instability in the transgene, chloroplast DNA transformation
is on the rise. Several studies have exploited this technology for
vitamin E enhancement. Tocopheryl methyltransferase was
overexpressed in tobacco and lettuce to increase vitamin E
content by plastid transformation.”” This caused an increase in
the total tocopherol with a major percentage elevation of a-
tocopherol. In another similar study, in high saline conditions
and exposure to metal stress, the overexpression of tocopheryl
methyltransferase resulted in a 2.4 -fold, and 2-fold higher a-
tocopherol content compared with wild-type respectively.”* In
addition to single gene overexpression, the multigene
engineering of Homogentisate phytyltransferase, tocopheryl
cyclase, and tocopheryl methyltransferase in tobacco and
tomato plants was successfully performed by synthetic operon
development.*® This multigene overexpression resulted in a
10-fold increase in the total tocochromanol content.

4.1.2. Computational-Model-Guided Engineering of Vita-
min E Metabolism. Conventional metabolic engineering
requires knowledge of the basic biochemical pathways of
interest, with most engineering attempts focusing only on
overexpression and/or downregulation of closely related
reactions to the target metabolic pathway. However, systems
metabolic engineering for strain improvement enables the
prediction of known and novel perturbation targets that are
sometimes not directly connected to the pathway of interest.

Reconstruction of genome-scale metabolic models
(GSMMs) that can mimic different metabolic states of an
organism facilitate exploration of metabolic capabilities in silico,
thereby aiding in the selection of suitable experimental
strategies, thus saving time and cost over the traditional hit
and trial approach in experimentation. GSMMs comprise a
comprehensive list of all possible reactions within a cell
identified using the genome annotation of the organism aided
by prior knowledge on biochemical pathways and comparative
analysis with closely related organisms across different
databases.”” The commonly used databases for data collation
for genome-scale metabolic network reconstruction include
genome databases CMR,'*° PlantGDB,'”" Gramene,'**
SEED,'® GenBank,'** and BioCyc;105 biochemical databases
KEGG,106 BRENDA,107 UniParc,108 TransportDB,109 and
MetaCyc;'* organism—sgeciﬁc databases like AraCyc,''”
HumanCyc,""" EcoCyc;''* etc. The collated reaction informa-
tion is represented with details on stoichiometry, directionality
(reversibility), catalyzing enzymes with corresponding genes
coding for them (collectively abbreviated as GPRs for genes—
protein—reaction information), and regulatory information, if
available. Several tools and software packages, such as Model
SEED,'"* Pathway Tools,"'* and Path2Models,'"* among
others, facilitate this iterative and otherwise labor and time-
intensive reconstruction process in an automated/semiauto-
mated manner. Most draft reconstructions require extensive
manual curation before further simulation to check for
accuracy of the annotation, compartmentation, mass/charge
balances, missing links, dead-end metabolites (that are only
produced or consumed), and blocked reactions.''® Several
software packages, such as the COBRA toolbox,''” CellNetA-
nalyzer,'"® OptFlux open-source software platform,""” and
RAVEN toolbox,'*° to name only a few, are available for the
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analysis of the reconstructed metabolic networks. The GSMM:s
are usually exchanged in the SBML'*" and packages extending
SBML-FBC,'”” MFAML,'*’ and BioPAX'** formats. In
particular, the SBML format is widely used with the COBRA
toolbox. Manually curated and automated draft genome-scale
models of various species can be found in BioModels,'*
Model SEED'" (with further analysis in the associated
KBase'?®), and BiGG Models."”” In addition, the integration
of data from transcriptomics, proteomics, metabolomics, and
fluxomics studies using advanced computational and statistical
methods in recent times has improved the predictive power of
the metabolic model reconstructions.'*”

For systems analysis of large metabolic networks, such as in
plants, constraint-based approaches are powerful techniques.
The approach exploits the fact that biological systems survive
and grow under certain restrictions or constraints, such as
diffusion rates of molecules inside a cell, that affect nutrient
uptake and enzyme concentrations, packing of DNA, and other
macromolecules inside the cell and environmental conditions,
such as pH, temperature, osmolarity, and self-imposed
regulation of biological processes, including transcription,
translation, and enzyme activity. One of the most popular
constraint-based techniques is flux balance analysis (FBA),
which is widely used in predicting an organism’s growth or
production of a target metabolite by calculating the allowable
flux distribution or rate of metabolite flow through a metabolic
network'*”"*% under given constraints.

In plant metabolic model reconstruction, the power of
prediction is further complicated by tissue-specific reactions,
diurnal cycles, temporal storage of metabolites, lack of
experimental data for compartmentation, exchange or trans-
port of metabolites between compartments and tissues using
intracellular transporters, presence of parallel metabolic
pathways, and the highly interconnected and complex
secondary metabolism.'”" Recent advances in plant systems
biology have helped understand the metabolic capabilities at
multiple levels of organization, such as single cells,"”*~"**
tissues,">~"*” and whole plants."*® Genome-scale metabolic
reconstructions are now available for Arabidopsis;'>>'3%135:139
industrially relevant crops, such as rice,"*7'*? tomato,'**
maize;'** a2 C4GEM model applicable for C4 plants maize,
sorghum, and sugar cane;'** and the C4 plant Setaria italica,">®
with multiomics data integrated into the reconstructed model.
The PlantSEED interface in the ModelSEED database also
enables automated annotation and reconstruction of plant
primary metabolism with the draft reconstructions of many
plant species publicly available.'”® A list of some of the plant
metabolic reconstructions and their applications is summarized
in the Supporting Information Table 1.

Genome-scale model reconstructions have also been used
for predicting targets for vitamin E enhancement. A subcellular
compartmentalized tissue-specific model of Arabidopsis thali-
ana was developed'* through the integration of omics data,
which can be utilized for predicting the feasibility of metabolic
engineering strategies. The authors applied computational
methods to predict the increase of vitamin E levels up to 366%
with knockout studies of 71 enzymes. The same model was
adapted to simulate the metabolism of sunflower in another
study.'*® A constraint-based approach called flux-scanning-
based enforced objective flux (FSEOF)"*” was used to identify
and rank the enzyme targets, which can be overexpressed to
enhance vitamin E. The best strategy to overexpress p-
hydroxyphenylpyruvate dioxygenase was experimentally vali-
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dated by initiating sunflower suspension cultures with the
metabolically engineered cell line. Bioprocess optimization
strategies were applied to the culture leading to a 10-fold
increase in the a-tocopherol productivity compared with the
untransformed cell lines. Thus, the application of rational
computational strategies gives the leverage to choose optimum
targets for overexpression, and further application of
bioprocess strategies, as discussed in Section 4.2, can result
in multifold enhancement of vitamin E.

4.2. Bioprocess Optimization for Yield and Produc-
tivity Enhancement. 4.2.1. Explant Type, Media, And
Culture Condition Optimization. Initially, the choice of the
plant and the type of explant for callus induction is vital in
order to optimize in vitro production of vitamin E. The
importance of suitability of the plant tissue for manipulation in
vitro has been reviewed earlier."> Sunflower cell cultures have
been majorly used for in vitro a-tocopherol production since it
comprises almost 91% of total tocochromanols in the plant.
Callus/suspension cultures induced from safflower are also
commonly studied for the same application. The potential of
using in vitro callus generated from soybeans has also recently
been showcased.'** Though authors of the study obtained a
higher percentage of tocopherols in the callus than the seed,
the callus line was predominated by y-tocopherol. An analysis
of callus generated from tocopherol-rich leaf regions showed a
better percentage concentration of a-tocopherol. This high-
lights the importance of the choice of explant type for better
tocopherol yields in vitro.

Plant growth basal medium and growth regulators, such as
various auxins and cytokinins, including naphthalene acetic
acid, 6-benzylaminopurine, indole acetic acid, kinetin, 2,4-
dichlorophenoxy acetic acid, and thidiazuron, affect growth
and secondary metabolite production in plant cells."*’ Their
different combinations and concentrations have varying effects
on the secondary metabolite production in plant cell
suspension cultures.'*”'*° Hence, the right medium conditions
are needed for optimum a-tocopherol productivity. Besides
nutrients and growth regulators, parameters, such as
illumination, pH, agitation, and temperature, influence growth
and product titers.

Media and culture conditions were optimized for improved
a-tocopherol in safflower (Carthamus tinctorius) callus
cultures.”>" The authors employed a revised tobacco medium
supplemented with indole-3-butyric acid, kinetin, and
casamino acid (RT-B2K medium), which enhanced the
tocopherol content. Furthermore, a combination of inositol
with casamino acid was investigated to be the most effective for
the growth of safflower callus and a-tocopherol compared with
inositol added alone. This shows that a systematic study of the
interaction of medium components is crucial for obtaining
optimum levels of vitamin E in plant cell cultures. In the same
RT-B2K medium, the rate-limiting factors influencing a-
tocopherol productivity in safflower cell cultures were studied
with a cultivation period of 35 days.*” It was observed that
specific productivity of a-tocopherol increased linearly with
dissolved oxygen concentration up to 9 ppm, but a minimum
threshold is required for the production of a-tocopherol. The
study also demonstrated that the release of conditioning
factors (molecules that are released from the cells alongside its
growth) from the safflower cell during the growth phase
enhances a-tocopherol productivity. This was further con-
firmed by the maintenance of cell suspension in a specific
conditioned media along with the spent media in which cells
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were cultured. The growth and a-tocopherol productivity
increased linearly with an increase in concentration of the
conditioned media, and a lack of these factors resulted in slow
growth and decreased productivity.

As an extension of the previous study,”” factors influencing
a-tocopherol productivity in safflower cell suspension cultures
were studied with an engineering outlook.”” A controlled
dissolved oxygen concentration at 8 mg of O, L™ was
maintained in combination with the addition of a conditioning
factor (supernatant of culture withdrawn at an interval of 3 or
S days that is readded into the reactor). The controlled
maintenance of the dissolved oxygen concentration elevated
oxidative stress in the cells and was shown to be a stimulating
factor for a-tocopherol productivity and a specific production
rate. Repeated batch operation was another strategy used in
the same study where 10% v/v inoculum was transferred to a
fresh medium, which ensured high dissolved oxygen
concentration and sufficient conditioning factor for enhanced
a-tocopherol. It was reported that a large dilution rate and
small inoculum size hinders tocopherol productivity. This
mode of operation (with the addition of conditioning factors)
and the optimum dissolved oxygen resulted in 9 mg per 100 g
of dry cell a-tocopherol yield, which was significantly higher
than in safflower seeds.

Another interesting observation was that the a-tocopherol
titer was high in green callus.'>® A fresh green callus line
developed in the RT-B2K medium under light conditions of
7000 Ix and 16/8 light—dark cycle produced 3.3 times more a-
tocopherol than in dark conditions. Similarly, a-tocopherol was
hypothesized to be more abundant in photosynthetic tissues
and lower in nongreen callus.">* This hypothesis was
investigated by cultivating sunflower cell suspension cultures
in photomixotrophic conditions. It was observed that there is a
direct relation between tocopherol synthesis and photosyn-
thesis, and hence, there was an elevation in tocopherol levels
(up to 4-fold) when the culture was grown in continuous white
fluorescent light with reduced sucrose (3 g L™") concentration.
Sucrose, a primary carbon source in plant cell culture media,
depresses photosynthetic rate.'>> Hence, light exposure in
reduced sucrose was found to positively influence tocopherol
productivity by altering the cell’s photosynthetic capability.
Though culturing cells in a photoautotrophic condition by
supplying carbon dioxide as the sole carbon source can be a
strategy, the chloroplasts are more localized when the culture is
grown in photomixotrophic conditions. It was also observed
that there were elevated levels of geranylgeranyl pyrophosphate
synthase, a crucial enzyme for tocopherol synthesis. The
tocopherol biosynthesis machinery is localized in the
chloroplasts of photosynthetic tissues, and hence, there could
be a direct relevance to light and tocopherol levels.

In another study, where a cell suspension of sunflower was
grown in photomixotrophic conditions (light + sucrose, along
with growth hormones, naphthalene, acetic acid, and 6-
benzylaminopurine), there was a significant rise (230%) in
the levels of a-tocopherol production in comparison with
heterotrophic conditions (without light).156 This strengthens
the evidence that a-tocopherol production relies on light
conditions in addition to the medium nutrients supplied.
Photomixotrophic cultures grew slowly but synthesized more
chlorophyll and a higher concentration of a-tocopherol than
heterotrophic cultures. This positive correlation between
chlorophyll content and a-tocopherol was also observed in
other published reports.'”*"'>”
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Furthermore, it was demonstrated that the a-tocopherol
production in hairy root cultures of sunflower increased up to
2-fold in the presence of 16/8 light/dark conditions compared
with completely dark conditions.'*® This result points out that
the effect of light on tocopherol is also relevant in hairy root
cultures where greening due to the presence of chlorophyll is
not observed.

In contrast, a-tocopherol concentration was found to be
higher in Rosa damascene callus cultures in dark conditions
compared with cultures exposed to light when supplemented
with methyl jasmonate as elicitor and phenyl alanine as
precursor in independent experiments.">”

It was also observed that culture age plays a major role in
tocopherol synthesis. Prolonged subculture intervals were
shown to affect the a-tocopherol production positively.'**'*”
The authors point out that this could be due to stress-induced
a-tocopherol enhancement. Older cultures were found to
produce more a-tocopherol with prolonged exposure to light
than their younger counterparts.

4.2.2. Addition of Precursors. Precursor feeding involves
the supplementation of the biosynthetic pathway intermedi-
ates, which can relieve the bottlenecks restricting the desired
metabolite production.'®”'¢!

Studying the effect of precursors on a-tocopherol
production in safflower, Furuya et al. demonstrated that the
addition of phytol enhanced a-tocopherol production.
However, when phytol was added in combination with
homogentisic acid, there was no significant effect on a-
tocopherol.'”’ The potential of L-phenylalanine, p- and L-
tyrosine, p-coumaric acid, p-hydroxyphenylpyruvic acid, and
homogentisic acid as precursors of the aromatic ring and
geranylgeraniol, phytol, and isophytol as precursors of the side
chain was evaluated in safflower.'>® The precursors of the
aromatic chain were not effective in achieving an increase in
the tocopherol levels, but phytol as a precursor of the side
chain resulted in an effective increase up to S times that of the
control, which is similar to previous observation.”*! In
sunflower cell cultures, the addition of homogentisic acid
enhanced a-tocopherol production by 30%, whereas there was
no enhancement in a-tocopherol with phytol as the sole
precursor.””” This was similar to the results of another
precursor study of sunflower cell cultures'®” but contrasting
to the previously discussed precursor addition in saf-
flower."*"">® Thus, the precursor addition is species specific
despite the common vitamin E biosynthesis pathway.

4.2.3. Addition of Elicitors. Elicitors are compounds that
induce secondary metabolite production in plant cells. They
can be classified as abiotic (temperature, ultraviolet radiation,
osmotic pressure, heavy metals, antibiotics, endogenous plant
signaling molecules such as jasmonic acid) or biotic
(autoclaved fungal extracts and fungal-derived polysaccharides,
such as chitins or glucans) depending on their origin. Several
defense-related gene expressions are regulated directly or
indirectly by elicitors, thereby enhancing the production and
accumulation of secondary metabolites upon exogenous
addition to culture medium.'**'%*

The addition of the elicitor, methyl jasmonate, to the callus
cultures of Amaranthus caudatus increased the a-tocopherol
levels by 5-fold with respect to the control cultures.'®
Similarly, the effect of addition of jasmonic acid in varying
concentrations during the stationary phase of sunflower and
Arabidopsis cultures was observed on a-tocopherol produc-
tion.'®® Using 5 M of jasmonic acid with a treatment time of
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72 h was found to have the best effect on sunflower and
Arabidopsis cell cultures. It has been reported that methyl
jasmonate could promote tyrosine aminotransferase activity in
A. caudatus, a key enzyme in a-tocopherol biosynthesis, and
jasmonic acid can upregulate a-tocopherol biosynthesis by
enhancing gene expression of p-hydroxyphenylpyruvate
dioxygenase and homogentisate phytyltransferase in sunflower
and Arabidopsis cell cultures.

A study investigated the effect of stress due to oxygen levels
on a-tocopherol in cultures of Arabidopsis thaliana."®” When
cultures were grown in a shake flask in static condition for 24
h, elevation of a-tocopherol of up to 62% was observed due to
the anoxic stress experienced by the cells. To have control over
the oxygen supply, the cell suspension of A. thaliana was
cultivated in a stirred tank bioreactor. The cells were subjected
to an anoxic shock by sparging the vessel with nitrogen. There
was a 14% increase in a-tocopherol, which shows that the
reactive oxygen species producing pathways are activated in
conditions of anoxia, and hence to combat the stress, the cells
produce a-tocopherol in higher amounts without having any
significant effect on the cell viability. Addition of methyl
jasmonate as an elicitor also found to have an effect in the
improvement in a-tocopherol levels. In the callus cultures of
Rosa damascene, methyl jasmonate at a concentration of 5 yM
was able to enhance a-tocopherol up to 4-fold."”

Cyclodextrins, a common excipient in medicines, was used
as an elicitor in suspension cultures of carrots,'®® safflower, and
mung bean'® for enhanced a-tocopherol. Specifically, in
carrot cell suspension cultures, it was reported that cyclo-
dextrin was also effective in promoting the extracellular
accumulation of tocopherol, which could help reduce the
downstream processing cost and effort significantly.

It is well known that nanoparticles are effective agents in
elicitation of in vitro cultures for improved production of
secondary metabolites. A study of the effect of nanoparticles in
the enhancement of a-tocopherol in Argania spinosa
demonstrated that titanium dioxide and silicon dioxide had
up to 4.5-fold and 4.7-fold increase in production,
respectively.'”® Safflower cultures have showed an increase in
a-tocopherol as a response to salinigy stress by the addition of
abiotic elicitor sodium chloride.'”" The addition of this
cheaper elicitor (sodium chloride) was found to be effective
in sunflower'®> and cucumber'’” suspension cultures for a-
tocopherol enhancement, as well.

When sunflower cell suspension cultures were exposed to
hypoxia, there was an increase in the a-tocopherol levels
compared to untreated cultures." In contrast, it was found that
increased dissolved oxygen concentration has a positive
influence on the a-tocopherol production up to 9 ppm
safflower cell suspension culture cultivated in a bubble column
reactor.”” This could mean that both hypoxia and hyperoxia
cause a surge in reactive oxygen species levels, causing an
increase in a-tocopherol production.

Cadmium chloride, generally toxic to plants, was added in
grape cell suspension cultures to study its effect on a-
tocopherol.'”® In contrast to the use of oil seed crops as a
starting material, this study focused on a-tocopherol
production from grape cultures. It was observed that a-
tocopherol concentration enhanced by 1.7-fold (up to 1.45 ug
g”' DW) at 1.0 mM concentration of cadmium chloride.
However, when the concentration of the elicitor was increased
to 1.5 mM, a dip in the a-tocopherol yield was observed, which
could be due to the negative effect of the elicitor on biomass
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growth. Also, cadmium effectively increased the a-tocopherol
levels in safflower callus cultures acting as an elicitor.'”*
Exposure to ultraviolet radiation has also shown an effective
increase in a-tocopherol concentrations in in vitro cultures.
High tocopherol concentrations were observed when grape
callus cultures were subjected to ultraviolet-C radiation for 10
min.'”?

In another study, sunflower hairy root cultures were treated
with an increased concentration of reactive red dye, which is
one of the significant components in textile wastewater.'>® It
was reported that the a-tocopherol levels improved to a
maximum of 49.3 ug ¢~' DW. The dye from the wastewater
stream triggered the release of reactive oxygen species, and the
antioxidant a-tocopherol levels elevated to combat the stress.

Thus, it is essential that the starting material and type of
explant used, the growth hormone and its concentration, the
sucrose content and light intensity, and the addition of a
suitable precursor and elicitor play a crucial role in enhancing
the a-tocopherol productivity in cell cultures. The various
bioprocess strategies employed and their effect on the in vitro
cultures are highlighted in Table 4.

5. BIOREACTOR CULTIVATION OF PLANT CELL
CULTURES FOR LARGE-SCALE PRODUCTION OF
VITAMIN E

For the large-scale production of vitamin E from plant cultures,
it is important to gauge productivity in bioreactor cultivations.
The cultivation of plant cells in bioreactors has always not been
straightforward, and there are limited success stories of
bioreactor cultivation for plant cell cultures compared with
microbial and mammalian cell cultivations. The challenges in
the scale-up of plant cell cultures in bioreactors are due to their
specific morphology, which results in aggregation, an increase
in viscosity, non-Newtonian behavior, mixing, and oxygen
transfer issues, all of which may affect culture growth and
productivity."”” The choice of a suitable bioreactor for a
particular plant species is critical for the successful scale-up of
plant cell cultures from shake flask to industrial bioreactors.'”®
A systematic approach to understanding the nature of the plant
cell cultures and consequent bioprocess optimization and
scale-up would be a need of the hour.

Sunflower cultures grown in a shake flask were observed to
form cell aggregates with increasing cultivation time, thereby
leading to the heterogeneity of the culture.'”” Another study
reported a significant reduction in mean growth rates of highly
aggregated sunflower cell suspension cultures ranging from
0.42 d™' in a shake flask to 0.16 d™' in a 3 L stirred tank
bioreactor.® It is key, here, to note that although a large
aggregate size of plant cells is undesirable for bioprocessing, it
may correspond to increased secondary metabolite levels.'®’
Thus, the design of bioreactors that consider the heterogeneity
and inherent nature of cell aggregation is essential.

Plant cells are generally sensitive to shear. Some cultures can
grow in an air-lift reactor with a reduced shear environment,
whereas some are successfully scaled up in a conventional
stirred tank bioreactor. The design of a bioreactor and
optimization of operating parameters with knowledge of the
shear threshold of the plant is necessary. The shear sensitivity
of safflower cell cultures was studied using computational fluid
dynamic approaches to quantify the shear threshold of the
culture in both the shake flask and stirred tank bioreac-
tor."*>'®> This approach proved to be less time-consuming,
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economical, and very useful in optimizing the bioreactor design
because shear rates are challenging to measure in experiments.

The mixing time for the cultivation of plant cells is the time
taken to achieve a significant homogeneity in nutrient and
oxygen mass transfer to all the aggregated cells in the
suspension. Some reports claim that wave bioreactors and
orbital shaking bioreactors provide better mixing at low shear
rates and are more suitable for plant cell cultures.'**'*> With
the advent of bag bioreactors, the use of disposable reactors is
on the rise, and they are known for their ease in scale-up for
plant cell suspension cultures. Bag bioreactors are known to
have less flotation, reduced foam formation, and low power
input.'"”” Though there have been studies of mixing time with
water in different culture vessels, it is crucial to account for the
rheology of plant cell cultures. Sodium carboxymethyl cellulose
solution was used to mimic sunflower cell cultures (up to shear
rates of 10 s™'), and the mixing times in a shake flask, wave-
mixed ba_% bioreactor, and orbitally mixed bag bioreactor were
studied.'”” It was observed that the wave bag bioreactors
showed low diagonal mixing and high mixing times, even with
increasing agitation rates. However, mixing was not limited in
shake flasks and orbital shaking bioreactors for increasing plant
cell densities up to 8 g L™".

In the context of the mass transfer requirement of plant cell
cultures, the maximum specific oxygen demand of sunflower
cell cultures was determined to be 2 mmol L™' h™' by
noninvasive real-time monitoring of oxygen concentrations in
the shake flask.'”” This corresponds to a minimum volumetric
mass transfer coefficient requirement of 8 h™". This was well
met for plant cell densities up to 8 g L™" cultivated in shake
flasks, orbital shaking, and wave-mixed reactors by controlling
the a%itation rate, as studied in the previously discussed
work."”” However, both the wave-mixed and orbital shaking
reactors showed oxygen limitations at very high viscosities of
plant cell cultures. Upon analysis of the kinetics of the plant
cells, it was revealed that the cells have low oxygen demands
upon reaching the stationary phase. This shows that the
prevailing oxygen limitation is insignificant for the plant cell
growth. Hence, an integrative study of the culture kinetics with
rheology, mass transfer, and mixing time is, thus, essential.

In another study, a sunflower cell suspension culture was
grown in a S L stirred tank bioreactor with a silicon tube with
fine holes to improve aeration and two Rushton impellers.'*®
This modification enhanced growth and a-tocopherol
productivity by reducing the flotation of cells and increasing
oxygen stress due to improved aeration, respectively.

Thus, it is important to develop an optimum bioreactor
design that is species specific for commercial scale a-
tocopherol production.

6. KINETIC MODELING FOR PREDICTION OF VITAMIN
E PRODUCTION

Understanding the complex behavior of plant metabolism can
open new avenues for optimization and enhancement
strategies. Generally, a model is developed with inputs from
experimental data from a real system with sufficient
simplifications to establish theoretical forecasts. Further, a
comparison is made with experiments and appropriate
revisions of the model or the theory as applicable.

In bioprocess, models can be structured or unstructured.
Structured models describe each cell as distinguished compart-
ments, whereas unstructured models consider the cell as a
black box. Similarly, models can be segregated where every cell

https://doi.org/10.1021/acsomega.2c05819
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Table 4. continued

enhancement in tocopherol levels

tocopherol)®
5-fold (11 ug g~ DW)

(yield/titer/productivity of a-

control with which yield enhancement was compared

strategy employed

culture type

species

culture without addition of elicitor

72 h treatment of methyl jasmonate (100 yM)

elicitor addition

165

callus

Amaranthus

caudatus

culture without addition of elicitor

66% (9 ug g~' FW)

72 h treatment of jasmonic acid (S uM)

elicitor addition

166

cell
suspension

Arabidopsis

cell
suspension

culture without exposure to elicitation

62% (12 pug g~' FW)

anoxic stress in shake flask without mixing for 24 h

exposure to

elicitation

167

cell
suspension

4 h anoxic stress in stirred tank reactor by nitrogen sparging 14% (8 ug g~' FW) culture without exposure to elicitation

exposure to

elicitation

21 day treatment of cyclodextrin (10—70 mM)

elicitor addition

cell
suspension

Dacus carota

up to a maximum of 172 ug g~'
Dw

culture without exposure to elicitation

50% (4 pug g~' protein)

72 h treatment of sodium chloride (150 mM)

elicitor addition

I
©

1

cell

suspension

Cucumis

sativus
“FW, fresh weight; DW, dry weight.
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is a unique entity in a population, unlike unsegregated models,
which do not differentiate single cells. Mathematical modelin%
of plant in vitro cultures has been extensively reviewed.'®
However, modeling for vitamin E production, in particular, has
not been well studied.

In a two-decade-old study, = a structured mathematical
model was developed to predict the growth of safflower cell
suspension and the production kinetics of a-tocopherol in the
cultures. The model focused on the compartmentalization and
dependence of a-tocopherol formation on respiratory inter-
mediates. This model was able to show that inoculum size was
directly proportional to a-tocopherol levels in the culture. The
authors also determined that casamino acids played a key role
in a-tocopherol productivity, which is in line with experimental
observations.'*"”'*® Thus, there is a promising scope for
developing mathematical models that can help understand and
predict the kinetic behavior of the cell culture and the
production of vitamin E under different conditions in silico.

188

7. DOWNSTREAM PROCESSING OF VITAMIN E FROM
PLANT CULTURES

Followed by large-scale production of plant cell cultures, it is
important to develop sustainable extraction methods for
vitamin E from plant cultures. Because of the controlled
growth of in vitro cultures, downstream processing is easier
than with whole plant extraction because the product is
pathogen- and adulterant-free. Popular methods, including
solvent extraction by saponification with stabilization b

pyrogallol, have been used in multiple studies.'**'*7/!¢%!¢717!
For sustainable and efficient extraction of heat-labile o-
tocopherol, supercritical fluid extraction (SFE) is a strategy
with bright prospects.”” SFE optimization has been done
previously for p-carotene recovery from broccoli byprod-
ucts.'® A significant amount of a-tocopherol was recovered
from the byproduct, though the concentration was less, which
revealed the importance of optimization of SFE for a-
tocopherol in plant in vitro cultures. There have also been
studies where SFE using carbon dioxide was used to extract
sunflower oil from seeds with a high percentage of tocopherols.
A recent publication has reviewed the advantages of SFE of
tocopherols compared with traditional methods, which is a
promising read."”® The prospects of using the SFE-based
extraction of metabolites from plant cultures are yet to be
explored but could prove to be an eflicient method.

8. CONCLUSIONS

Among the many prospective avenues available to meet the
demands of the natural vitamin E market, in vitro production
using plant cell cultures is an attractive option. Strategies to
divert fluxes toward maximum a-tocopherol productivity can
be identified using omics-based systems modeling workflows
and applied through the metabolic engineering of nuclear and
chloroplast genome in vitro plant cultures. The rationally
engineered cell lines can be integrated with bioprocess
optimization strategies to enable multifold enhancement of
the widely popular nutraceutical vitamin E. As the next step,
sustainable production of the high-yielding transgenic plant
cell/hairy root strains can be scaled up to the industrial level
with the knowledge of the engineering characteristics of the
cultures. Furthermore, the green technologies for efficient
solvent extraction can bring down the environmental impact
on the overall production process of vitamin E, thereby making

https://doi.org/10.1021/acsomega.2c05819
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it sustainable. Moreover, this systematic framework can also be
applied to enhance the production of other diverse high-value,
low-volume phytochemicals in plant cell cultures to facilitate
the transition from bench to industry.
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Bl ABBREVIATIONS

MEDP, methylerythritol phosphate

HGA, homogentisic acid

HPP, p-hydroxyphenylpyruvate

HPPD, p-hydroxyphenylpyruvate dioxygenase
PDP, phytyl diphosphate

HPT/VTE2, homogentisate phytyl transferase
GGDP, geranylgeranyl diphosphate

HGGT, homogentisate geranylgeranyl transferase
MPBQ, 2-methyl-6-phytylbenzoquinol

MGGBQ, 2-methyl-6-geranylgeranylbenzoquinol
DMPBQ, 2,3-dimethyl-S-phytyl-1,4-benzoquinone
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DMGGBQ, 2,3-dimethyl-5-geranylgeranyl-1,4-benzoqui-
none

TC/VTEL], tocopherol cyclase

7-TMT /VTE4, y-tocopherol methyltransferase
AVED, ataxia with vitamin E deficiency
NASH, nonalcoholic steatohepatitis

NAFLD, nonalcoholic fatty liver disease
VODD, vegetable oil deodorized distillate
GSMM, genome-scale metabolic models

FBA, flux balance analysis

FVA, flux variability analysis

FW, fresh weight

DW, dry weight

SFE, supercritical fluid extraction
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