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Editorial on the Research Topic
Sustaining protein nutrition through plant-based foods: A
paradigm shift

Proteins are one of the vital building blocks of life. The entire protein complement
of an organism and its building block amino acids are derived from food. Plants
provide a good source of proteins for human and animal diets. The emerging global
trend for a vegan diet has put the spotlight on the scientific dimensions of plants as a
source of sustainable proteins. The Research Topic “Sustaining Protein Nutrition through
Plant-Based Foods: A Paradigm Shift” provides a comprehensive Research Topic of
original research and reviews covering the multifaceted dimensions of the role of plant
proteins in human nutrition and health.

What are the different sources of plant proteins and how do they affect human
health? The question is comprehensively explored by Langyan, Yadava, et al. who
discuss functional properties and various health issues linked with plant-based proteins.
Interestingly, plants could be source analogs of meat, milk, and egg. Cost-effective
extraction and processing technologies, exploration of different food wastes as an
alternative source of plant proteins, their environmental impact, and studying their
effect on nutrition are important goals. Translational research for upscaling emerging
technologies for improving plant proteins’ bioavailability, digestibility, and organoleptic
properties is expected to open new dimensions of the utilization of plant proteins.

Intake of a nutritious diet, including adequate intake of protein, is also necessary
to fight pandemics, like COVID-19 (Mortaz et al.). How specific dietary profiles might
help to augment public health strategies and reduce the rate and severity of COVID-19
is an open question. Supplementation of amino acid arginine significantly increases
T cell function as well as enhances their numbers compared with control subjects.,
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Similarly, a deficiency of amino acid methionine significantly
decreases serum levels of IgG, IgA, and IgM antibodies and the
relative percentage of CD3", CD37/CD8% and CD3%/CD4™T
lymphocytes in the serum. Poor intake of sulfur-containing
amino acids, like methionine and cysteine, significantly reduces
the hydroxyl radical scavenging activity of superoxide dismutase
(SOD) and glutathione peroxidase (GSH-Px), making the host
susceptible to viral infection. The production of interleukin (IL)-
1, IL-6, and tumor necrosis factor (TNF) «a is also dependent on
the adequate availability and metabolism of sulfur-containing
amino acids. These aspects of proteins, human nutrition, and
disease progression need to be explored further, and plant-based
foods and nutraceuticals as a source of these critical amino acids
need to be researched and developed in the future.

Apart from their roles during the pandemic period, the
geographical aspect of the protein story is also highlighted here.
How locally available and adaptable plant species can transform
the protein story of a particular population, was originally
researched by Atuna et al.. They assessed the nutrient value
and desirability of eight improved soybean varieties, for use in
soymilk, tofu, and as an ingredient to enhance staple foods in
the African nation of Ghana. The soybean varieties evaluated
were generally desirable for soymilk and tofu production. For
every kilogram of soybean used to produce either soymilk or
tofu, 3.17-3.97 kg of fresh okara—a pulp byproduct of soymilk
and tofu—was also produced. Recipe refinements using okara
with cassava may help fill the protein gap among the vulnerable
populations of the West African Sub-region, particularly in
Ghana by improving the protein quality of ready-to-eat foods.

Like soybean, maize, especially quality protein maize
(QPM) is considered a significant leap toward improvement
in the nutritional status of rural masses in African and
other developing countries. This maize contains a higher
concentration of essential amino acids, particularly lysine and
tryptophan, in its kernel endosperm. Kaur et al. have optimized
protein quality assay in normal and QPM kernels effectively
and helped in reducing the defatting time by 24 h and protein
estimation by 3h as compared to the already established
protocol. This is expected to provide a further boost in the
development and commercialization of QPM. Wheat is another
cereal that is also a good source of protein and has received
considerable attention, especially due to its bread and bakery-
making quality (Goel et al.). In this line, Allai et al. have reported
a novel process to make a pregelatinized cereal bar, containing
whole wheat flour, whole barley flour, and whole corn flour,
blended with Indian horse chestnut flour. Khalili et al. conducted
a meta-analysis, cataloging studies aiming at the application of
different types of nuts and their positive effects in improving
glycemia, dyslipidemia, inflammation, and oxidative stress.

The importance of legumes as protein-rich food can never
be underestimated. Apart from the leading legume crops, there
is a need to rediscover the potential of multifaceted orphan
legumes as a sustainable source possessing high nutritional
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values (Ramya et al.). Viana and English have demonstrated that
dehulling and germination are potential processing methods
that may be used to improve the physiochemical characteristics
of salt-extracted protein concentrates from yellow eye beans
(Phaseolus vulgaris L.), a rich source of dietary protein.

In the arena of valorization of agricultural waste for human
protein, the use of leftover oilseed cakes could be a game
changer (Singh et al.). Oilseed cakes exhibit higher angiotensin-
converting enzyme (ACE) inhibitory activity and antioxidant
activity compared to other protein isolates and thus could
be a source of health-promoting products. The Food and
Agriculture Organization of the United Nations (FAO) cautions
that protein could be a limiting macronutrient in the human
diet in the future, therefore, there is a need to intensify efforts
for developing different kinds of methods and processes to
extract protein from oilseed cakes. The development of faster
analysis methods for protein quantification in oilseed crops,
including the one reported here (Langyan, Bhardwaj et al.), can
further provide necessary tools for scientific research on oilseed
feedstocks for edible proteins. Castor meal is a by-product of
oil extraction from the castor plant and is generally considered
toxic for humans. However, Amoah et al. show, for the first
time, the positive effects of castor meal on the growth, feed
utilization, immune response, digestive enzyme activities, and
intestinal health of a fish known by the name of hybrid grouper,
which has potential as a fishery medicine. The use of oilseed
cake proteins in human food and health products is very limited
at present, which requires further research on the utilization of
these enormously rich protein sources in the diet.

The story of plant proteins remains incomplete, without
addressing the basic agronomy of crops that are targeted as a
source of proteins. Agronomic interventions, like intercropping
and field management in specific agro-ecologies, are essential in
making these crops high yielding, profitable, and economically
sustainable for farmers on one hand and getting cost-
competitive protein feedstock for the food technology industry
on the other hand (Wang et al.).

In conclusion, this Research Topic on plant-based foods
for sustaining protein nutrition incorporates a wide canvass of
original research, reviews, and meta-analysis covering multiple,
if not all, aspects of current progress in this area. It is hoped
that researchers will appreciate the vast diversity of the nature
of the problem and feel motivated to take up new dimensions
of research that will make plants a central player in protein
nutrition. It would be a great contribution to fighting protein
malnutrition and meeting Sustainable Development Goals.
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Background: During late 2019 a viral disease due to a novel coronavirus was reported
in Wuhan, China, which rapidly developed into an exploding pandemic and poses a
severe threat to human health all over the world. Until now (May 2021), there are
insufficient treatment options for the management of this global disease and shortage
of vaccines. Important aspects that help to defeat coronavirus infection seems to be
having a healthy, strong, and resilient immune system. Nutrition and metabolic disorders,
such as obesity and diabetes play a crucial role on the community health situation in
general and especially during this new pandemic. There seems to be an enormous
impact of lifestyle, metabolic disorders, and immune status on coronavirus disease 2019
(COVID-19) severity and recovery. For this reason, it is important to consider the impact
of lifestyle and the consumption of well-defined healthy diets during the pandemic.

Aims: In this review, we summarise recent findings on the effect of nutrition on COVID-19
susceptibility and disease severity and treatment. Understanding how specific dietary
features might help to improve the public health strategies to reduce the rate and severity
of COVID-19.

Keywords: COVID-19, SARS-CoV-2, probiotics, nutrition, proteins

INTRODUCTION

The recent outbreak of coronavirus disease 2019 (COVID-19), caused by a new zoonotic severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1), is a great threat to public health all
over the world (2). As of May 20th 2021, variants of the coronavirus SARS-CoV-2 have infected
more than 165 million people globally and resulted in 3.42 million deaths (3). Beyond prevalence
and mortality, the restrictions and lockdown measures that are needed to control the COVID-19
pandemic evolved in a global economic and social crisis, severely affecting the people’s well-being,
mental health and social support (4). The direct consequences of COVID-19 on an individual
represents a spectrum of clinical severity with some patients being asymptomatic or having only
mild upper respiratory tract symptoms whilst some subjects have severe pneumonia characterised
by fever, cough, dyspnoea, bilateral pulmonary infiltrates and acute respiratory injury requiring
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Nutrition and COVID-19

ventilation (5-8). Approximately 20% of patients develop severe
respiratory illness with an overall mortality of 2.3% (3). The
impact of SARS-CoV-2 infection is not limited to the respiratory
system, but it affects the kidney, gut, eyes, heart, and brain
among other organs. Together, the effect on these target organs
may have profound and prolonged consequences on COVID-
19 severity, and on recovery (5-8). The body’s mental and
physical status and fitness are important factors in keeping one’s
immune system balanced and resilient and thereby able to mount
a proper response against SARS-CoV-2 (9, 10). Obesity and
type 2 diabetes are therefore examples of key risk factors for
COVID-19 (11). Obesity is associated with dysfunctional adipose
tissue, metabolic dysfunction, multi organ damage, endocrine
disruption, impaired immune function, and low grade (sub)
chronic inflammation (12). Moreover, obesity along with low
physical activity and fitness, is the leading cause of type 2
diabetes or metabolic syndrome (T2DM), which is causally
linked with elevated angiotensin-converting enzyme 2 (ACE2)
expression (13).

The high prevalence of these risk factors, is for a significant
part, associated with the pattern of nutrition such as increased
consumption of high amounts of saturated fat (high fat diet,
HFD), refined carbohydrates and low levels of fibre and
antioxidants. Balanced nutrition has a potentially important role
in the maintenance of immune homeostasis and resilience and
for this reason resistance against disease including infections with
viral and bacterial pathogens. Malnutrition has prolonged effects
on physical and mental health by influencing gene expression,
cell activation, and interfering with signalling molecules that
shape and modulate the immune system (14). Thus, poor
nutrition and an unhealthy diet might significantly weaken the
immune system and increases susceptibility to infectious disease
including SARS-CoV-2.

Disparities in nutrition or obesity are impacted by cultural
background and closely correlated with severe COVID-19-
related outcomes (15). The hospitalisation rates for COVID-
19 positive subjects among Native and Latin Americans are
higher than that of White Americans which could be attributed
to malnutrition (15, 16). Another example of the impact of
cultural background and socio-economic status on severity of
COVID-19 is evidenced in Islamic countries with poor healthcare
systems, lack of facilities particularly during the religious
tradition of Ramadan fasting (17). During Ramadan, Muslims
may have trouble in maintaining exercise, which negatively
affects immune health. On the other hand investigations of
health related effects of Ramadan Fasting also show beneficial
effects of reduced meal frequency and caloric restrictions
on insulin sensitivity, a reduction in oxidative stress and
inflammation (17).

Indeed, nutrition and obesity play a crucial role in the fate of
viral infectivity in general and the community health situation
during this present pandemic. In this review, we summarise
recent findings regarding the impact of nutrition on the variation
in COVID-19 disease severity and also its potential impact
on the control of the disease during the current pandemic.
Understanding the dietary pattern that is deleterious to COVID-
19 survival might help to improve public health strategies toward

reducing the spread of COVID-19 and designing new approaches
for control and maybe even treatment of this new disease.

PATHOGENESIS OF COVID-19 DISEASE

SARS-CoV-2 virus primarily affects the respiratory system,
although other organ systems are involved as well. Lower
respiratory tract infection-related symptoms including fever, dry
cough, and dyspnoea were reported in the initial case series from
Wuhan, China (6). In addition, headache, dizziness, generalised
weakness, vomiting and diarrhoea were observed (18). Although
COVID-19 is mainly a respiratory disease, the gastrointestinal
system can also act as a reservoir for SARS-CoV-2 (19). In
addition; neurological manifestations are also reported in most
hospitalised COVID-19 patients (20).

It is now widely recognised that the respiratory symptoms of
COVID-19 are extremely heterogeneous, ranging from minimal
symptoms to significant hypoxia with acute respiratory distress
syndrome (ARDS) (8, 21). In the first reports from Wuhan, the
time between the onset of symptoms and the development of
ARDS was as short as 9 days, indicating that the respiratory
symptoms could progress rapidly (6). ACE2is identified as
a functional receptor for SARS-CoV-2 (22). Structural and
functional analysis showed that the SARS-CoV-2 spike protein
binds to the ACE2 receptor (23-25). ACE2 expression is high in
the lung, heart, ileum, kidney and bladder (26). More specifically
the ACE2 receptor is highly expressed on the apical side of
lung epithelial cells in the alveolar space (27, 28). This correlates
with the fact that early lung injury was often seen in the distal
airways (29).

Genetic susceptibility can be a major factor in the host
response to infectious diseases where inborn errors of
the immune system are often critical (30). Differences in
clinical outcomes of COVID-19 may also be determined by
genetic susceptibility. Old age, gender and comorbidities
including hypertension, diabetes, respiratory system disease and
cardiovascular disease have all been identified as being closely
associated with disease severity and mortality and represent
significant risk factors (31).

COVID-19 morbidity and mortality rise dramatically
with age and co-existing health conditions, including cancer
and cardiovascular diseases. While most infected individuals
recover, even very young, and otherwise healthy patients may
unpredictably succumb to this disease (32). Questions still
remain as to how susceptibility and outcome factors relate to
SARS-CoV-2 infection.

In this line the greater severity of the disease was associated
with maladapted immune responses and host ACE2. However,
some other genetic parameters for SARS-CoV-2 receptor and
entry gene expression and function have been described (33).

An intact immune system is essential for an effective
defence against invading microorganisms. However, due to the
immunological defects seen with COVD-19, there is reduced
scope for a defence to be mounted against SARS-CoV-2 (34).
The massive production of cytokines and chemokines observed
during COVID-19 infection, the so-called “cytokine storm,” leads
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to broad and uncontrolled tissue damage and results in plasma
leakage, enhanced vascular permeability and disseminated and
vascular coagulation. This excessive proinflammatory host
response is responsible for the pathological outcomes such as
acute lung injury (ALI) and ARDS seen in severe SARS-CoV-2
patients, which typically leads to death.

Men are at a greater risk of severe symptoms and worse
outcomes from COVID-19 than women. The precise reason for
this discrepancy is not fully understood, but genetic factors, the
effects of sex hormones such as oestrogen and testosterone as well
as differences in immune cell function such as that of mast cells
may be important factors (35).

Prostate cancer patients who were receiving androgen-
deprivation therapy (ADT), a treatment that suppresses the
production of androgens that fuels prostate cancer cell growth,
had a significantly lower risk of SARS-CoV-2 infection (36). This
suggests that blocking androgens in men is protective against
SARS-CoV-2 infection. There is also evidence that males and
females have different levels of receptors that recognise pathogens
or that serve as an ingress point for SARS-CoV-2. Whilst there
is currently no conclusive evidence for a role of ACE2 receptors
and associated proteases being differentially expressed in males
compared to females, it remains a potential contributing factor.

PHYSICAL INACTIVITY, MALNUTRITION,
AND COVID-19

Balanced nutrition is an important determinant in immune
function against infectious disease in general (14). Poor nutrition
and an unhealthy diet significantly weakens the immune system
and increases susceptibility to infectious disease (37). A reduction
in physical activity and a higher energy intake have been observed
as a consequence of pandemic isolation measures which is
especially worrisome since they both enhance the risk of a
more severe outcome of COVID-19 (38). This is particularly
true in middle-aged and elderly people where physical inactivity
negatively impacts cardio-vascular functional capacity, body
weight, metabolic function, muscle strength, haemostatic factors
and immune functions (39). Moderate, but not vigorous exercise,
enhances immune processes resulting in lower incidence of upper
respiratory tract infections (39). Figure 1 summarises how levels
of exercise and diet affect immune functions. A suboptimal diet
may significantly affect the susceptibility to COVID-19 infection
as well as the downstream consequences including severity,
recovery and the potential for re-infection in different patient
populations (40). Diets with a high consumption of saturated
fatty acids (SFA), sugars, refined carbohydrates, and low levels
of fibre and antioxidants modulate the balance between the
adaptive and innate immune responses leading to an impaired
host defence against viruses (41). In addition, these diets are
associated with a higher prevalence of COVID-19 risk factors and
the long term recovery from COVID-19 infection (42).

SFA-rich diets induce chronic activation of the innate
immune system while inhibiting adaptive immunity. In fact,
high SFA diets induce a lipotoxic state which could activate
toll-like receptor (TLR) 4 on the surface of macrophages

and neutrophils and lead to chronic activation of the
innate immune system. This, in turn, may trigger other
inflammatory signalling pathways and the production of
proinflammatory mediators (41, 43). The expression levels of
TLRY and levels of endogenous triggers for TLRY activation
are also influenced by diet which has been proposed to
contribute to a severe outcome of COVID-19 in vulnerable
patients (44).

A high fat diet (HFD) and obesity increases TLR9 expression
in visceral adipose tissue in mice and human (45). HFD
induces excess production of nucleic acids and related protein
antigens worsening metabolic inflammation through activation
of macrophages and expansion of plasmacytoid dendritic cells
(pDCs) in the liver (46). In animal models, HFD also increases
macrophage infiltration into the lung tissue and alveoli. A
similar process may underlie the high rate of inflammation
in lung epithelial cells and the alveolar damage seen in
obese COVID-19 patients or those with evidence of metabolic
syndrome (47). Furthermore, carbohydrates, sugars and a HFD
increase oxidative stress and thereby impair the proliferation and
maturation of both B and T cells and induce apoptosis which
together results in suppression of the adaptive immune response
to viral infection (48).

In animal models of influenza infection, a HFD enhanced lung
damage and delayed the onset of the adaptive immune response.
This was associated with impaired memory T cell function
and a reduced capacity to respond to antigen presentation
and clearance of the influenza virus (48). The mechanism(s)
causing the increased lung damage are unclear but may involve
programmed cell death (49-52).

As a result, the elderly, patients with comorbidities, and those
with risk factors for COVID-19 should be cautious with the
consumption of unhealthy diets that could pose an increased risk
to COVID-19 severity. A healthy, balanced diet should contain
the necessary macro- and micronutrients, vitamins, minerals,
and maybe even unique microbes such as probiotics that can
restore and maintain immune function (53).

Proteins, vitamins and minerals have, for a long time, been
considered important factors in health and resistance against
infection due to their impact on immune homeostasis (54).
The immune-effect of natural herbal medicines such as Shuang-
Huang-Lian oral liquid during upper respiratory tract infections
may be explained, at least in part, by specific proteins, and other
active ingredients (2, 55). A recent comprehensive meta-analysis
regarding the effect of nutrition status on the immune response
to respiratory viral infection reported that vitamins and minerals
play a determinant role in the ability to mount an immune
defence against respiratory viral infection and are associated with
the severity of infection outcome (56).

In the current COVID-19 pandemic, there are reports of
vitamins and minerals affecting the severity of infection and
mortality. For example, low prealbumin levels is associated with
increased severity of ARDS in patients with SARS-CoV-2 (57).
Vitamins A, B complex, C, D and E, and trace elements have an
important role in the prolonged and effective stimulation of the
immune system (58, 59). Thus, deficiencies in vitamin and trace
element levels could result in a more detrimental fate in response
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FIGURE 1 | Impact of nutrition, metabolic disease and exercise on the
immune response and SARS-CoV-2 infection.

to viral infections including SARS-Cov2 (60). Some studies also
suggest beneficial effects of natural compounds.

In summary, the nutritional status of an individual has a
significant impact on not only the susceptibility to, but also
the severity of, COVID-19 infection. The next section provides
additional details concerning the impact of proteins, vitamins
and minerals in viral respiratory infections that might help
finding new strategies for the prevention and control of SARS-
CoV-2 infection (Table 1).

Proteins

Proteins are critical factors in immune-nutrition and essential for
the production of, for example, immunoglobulins, and cytokines.
Dietary proteins are digested to their constituent amino acids and
dietary protein deficiency reduces plasma concentrations of most
amino acids. Amino acids, such as arginine are the precursor
of polyamines that play a significant role in the regulation
of DNA replication and cell division. In addition, optimal
antibody production requires a sufficient plasma arginine level.
Supplementation with arginine significantly increases T cell
function as well as enhancing their numbers compared with
control subjects (61). Furthermore, arginine is essential for
the generation of nitric oxide by macrophages, an essential
component of the innate immune response. In contrast,
methionine has an important role in the growth, development
and histological structure of immune organs and enhances
macrophage phagocytic activity (62). Methionine deficiency also
decreases lymphocyte activities and inhibits the proliferation and
differentiation of B and T cells (63). Methionine also plays a
role in both humeral and cellular immunity since methionine
deficiency significantly affects antibody titre and decreases serum
levels of IgG, IgA, and IgM. Furthermore, methionine deficiency
decreases the relative percentage of CD3%, CD3%/CD8%, and
CD3%/CD4*T lymphocytes (64). Given the importance of T
cell immunity in the defence against COVID-19, this aspect
of methionine deficiency is essential in the prevention of, and
reduction in the severity of infection.

Reduction of sulphur-containing amino acids in the serum
significantly reduces the hydroxyl radical scavenging activity of
superoxide dismutase (SOD) and glutathione peroxidase (GSH-
Px) which helps to protect the host against viral infection
(3, 4). Thus, methionine deficiency can result in oxidative
damage and lipid peroxidation, which will lead to a failure in
cellular immunity.

Amino acids are also important components for cytokine
production. The production of interleukin (IL)-1, IL-6 and
tumour necrosis factor (TNF) « is strongly dependent on
the metabolism of sulphur-containing amino acids including
methionine and cysteine (65).

The effect of dietary proteins in improving immune function
has been reported in cancer patients. In a clinical trial, whey
protein isolate (WPI) enriched with Zn and Se improved cell-
mediated immunity and antioxidant capacity in cancer patients
undergoing chemotherapy. WPI is an alternative oral nutrition
supplement (ONS) that contains high quality protein and
amino acid profiles. WPI increases GSH function because of
its cysteine-enriched supplementation, reduces oxidative free
radical formation and prevents infection (5). This suggests that
WPI supplementation may improve GSH levels and thereby
enhance immunity in subjects at risk of COVID-19 as well as
reducing the severity of the disease in patients already infected
with SARS-CoV-2.

Vitamins

A healthy immune system may aid the prevention and treatment
of patients with COVID-19 (62). Vitamins play an important
role in normal immune function and their dietary levels
tightly regulate immune reactions (66) (Table 1). For example,
vitamins A and D increased humeral immunity following
influenza vaccination in children (63, 67). Fasted individuals are
encouraged to have sufficient and timely intake of healthy and
functional foods including vitamins in order to maintain exercise
performance and immune function (17).

Vitamin A is an important player in the regulation of
both the cellular and humoral arms of the immune system
and significantly increased the antibody response after anti-
viral vaccination (56). Vitamin A acts via the nuclear retinoid
acid receptor (68, 69) and regulates the proliferation and
differentiation of immune cells and modulates the expression of
proinflammatory cytokines including TNF« and IL 6 (70, 71).

A protective role of vitamin A has been indicated against in a
variety of lung infections, HIV, and malaria (72, 73). In animal
models of corona virus infection, the levels of plasma retinol
and retinol-binding protein is significantly reduced and mortality
from respiratory infections decreases in those with adequate
vitamin A within their diets (74, 75). As a result, we postulate that
vitamin A supplementation may make a useful contribution in
combating the risk of susceptibility to COVID-19 infection and
reducing the severity of the disease in patients.

B group vitamins are key players in metabolic pathways
particularly those of organic molecules. Furthermore, the
important role of B group vitamins including folic acid, B12,
and B6 in immune function is well known. For example, the
active form of vitamin B6, pyridoxal phosphate, is a cofactor
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for many metabolic processes particularly transamination or
breakdown of amino acids and the metabolism of important
immunomodulatory mediators (76, 77). These metabolic
pathways are also important in viral infection suggesting that a
balance intake of these vitamins is necessary in the regulation
of the viral immune response. In particular, they regulate the
function of natural killer cells and cytotoxic CD8™ lymphocytes
and thereby contribute to effective viral clearance (78).

Vitamin D is fat soluble and known as a multifunctional
agent in a broad range of bodily functions including immune
reactions (79). Vitamin D receptors (VDRs) are expressed in
a broad range of respiratory epithelial and immune cells and
vitamin D activation is induced by cytokines and TLRs within
the respiratory tract (79, 80). Epidemiological studies indicated
the importance of vitamin D in the immune defence against
influenza A and B, parainfluenza and respiratory syncytial virus
(RSV) (81, 82). Interestingly; low levels of serum vitamin D
enhanced the risk of both upper and lower respiratory tract
infections (83). It has been reported that serum vitamin D levels
of >95 nmol/L significantly reduced the rate of acute viral
respiratory tract infections two-fold (60).

On the other hand, low levels of vitamin D are associated with
enhanced levels of inflammatory cytokines and an increase in the
incidence of many diseases. Importantly, vitamin D deficiency
is associated with increased thrombotic episodes, obesity, and
diabetes which are frequently observed in severe COVID-19
patients (84). An inhibitory and antiviral activity of vitamin D
in human nasal epithelial cells infected with SARS-CoV-2S has
been reported (85).

Vitamin D deficiency has shown an important role in reducing
the risk of severe disease and mortality in COVID-19 patients. In
Chicago, more than half of COVID-19 related deaths occurred
in African-American individuals known to have vitamin D
deficiency (86). Indeed, regions with the highest rates of COVID-
19 mortality are those with a high prevalence of vitamin D
deficiency (66). Indeed, a meta-analysis indicates that low serum
levels of vitamin D is significantly associated with the risk,
seriousness and mortality of COVID-19 (87). Although the area
is controversial, the limited current data suggests that higher
serum vitamin D levels favour a decreased risk of COVID-19
infection and mortality (88). It is reasonable, therefore, to suggest
that regular vitamin D supplementation would be of benefit to
individuals at greater risk of infection or of developing severe
disease (89).

Vitamin E is a potent regulator of host immune functions due
to its antioxidant capacity. This enables vitamin E to modulate
multiple immune and inflammatory responses including T-cell
proliferation, granulocyte phagocytosis, and cytotoxicity through
effects on gene transcription (90-93). This explains why vitamin
E deficiency is accompanied by impairment of both humoral
and cellular immunity (94). Although vitamin E supplementation
increased the risk of pneumonia in smokers (95), vitamin E had
a therapeutic benefit in chronic hepatitis B (HB) patients in a
small pilot randomised clinical trial (RCT) (96). In another RCT,
vitamin E treatment led to higher anti-HBe seroconversion in
children (97). A computational analysis to assess the ability of
FDA-approved drugs to block coronavirus binding to ACE2 or

transmembrane protease, serine 2 (TMPRSS2) and downstream
transcriptomic profiles indicated that vitamin E, ruxolitinib and
glutamine were likely to significantly attenuate infection by
SARS-CoV-2 (98). This needs to be confirmed in human studies.

Vitamin C boosts many aspects of the immune system
including cell signalling, phagocytosis, antibody production,
immune cells proliferation and leukocyte migration to the
site of infection (99). Furthermore, vitamin C mediates many
physiological events, such as hormone production and immune
homeostasis and acts as an essential antioxidant and enzymatic
co-factor in many cellular functions (58).

Animal studies highlight its role in improving the production
of interferons (IFN)« and B in response to influenza A virus
and this may explain its ability to protect against coronavirus
infection (100). Indeed, higher serum levels of vitamin C is
associated with a reduced incidence of pneumonia and lower
respiratory tract infections (101, 102). In addition, vitamin C
reduces the duration and severity of the common cold (58), and
of upper respiratory tract infections (101).

Vitamin C also promotes the repair of the damaged tissues
(58) and high-dose intravenous vitamin C has a beneficial effect
in patients with virus-induced ARDS which results from severe
lung damage (103). Since ARDS is evident in many subjects with
severe COVID-19 it supports the concept that vitamin C may be
useful in the treatment of COVID-19 (104). Further studies are
required to demonstrate a link between COVID-19 incidence and
severity with systemic vitamin C levels.

Interestingly, apart from individuals with impaired glucose 6-
phosphate activity and renal failure, no adverse effects of large
doses of intravenously or orally administrated vitamin C have
been detected (105, 106).

Minerals

In addition to vitamins, several minerals have a beneficial and
supportive role in enhancing antiviral immune responses and
thus could be beneficial in controlling COVID-19 (Table 1). Zinc
plays a pivotal role in the immune system particularly in antiviral
and antibacterial immunity (107). Zinc deficiency is associated
with an increased susceptibility to infectious and viral diseases
and studies have shown that the zinc status is a critical factor
that can influence immunity against viral infections (108). In
patients infected with torque tenovirus (TTV), injection of a high
dose of zinc enhances the immune response (107). On the other
hand, low-dose supplementation of zinc together with selenium
improved the humoral immune response to influenza vaccine
and increased antibody titres (109).

In in vitro experiments Zn inhibits the SARS-CoV-2 RNA
polymerase (110). Interestingly, chloroquine that has some
protective efficiency against coronaviruses acts as a zinc
ionophore (111). In addition, zinc may supress ACE2 activity
and regulate the production of IFN« to improve antiviral
activity (108) and zinc also has an anti-inflammatory role by
inhibiting NF-« B signalling (112) and modulating regulatory T-
cell functions. This combination of actions may be important in
sequencing the cytokine storm present in subjects with COVID-
19 (112).
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TABLE 1 | Overall role and impact of nutrition on immune function.

Role and impact on immune responses

. Generation of nitric oxide, superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) as well as scavenging

. Regulation of the proliferation and differentiation of immune cells via nuclear retinoid acid receptor.

. Viral clearance via regulation of natural killer cells and cytotoxic CD8* lymphocyte functions.
. Act as enzymatic co-factor and an essential antioxidant in boosting immune functions including phagocytosis, cell

. Gene transcription of proteins involved in T-cell proliferation, phagocytosis and cytotoxicity, regulate the production of

reactive oxygen species (ROS) and reactive nitrogen species (RNS), and modulate signal transduction.

. Antiviral and antibacterial immunity, inhibition of viral RNA polymerase and ACE2 activity.

. Upregulation of Th1cytokine responses, activation of immune metabolic pathways.

. Activity of ceruloplasmin, benzylamine oxidase and superoxide dismutase and improvement of the cell antioxidant status.

. Regulation of nuclear factor-«B, II-6, c-reactive protein, and other related signalling pathways.

Protein 1. Production of cytokines and antibodies.
2. Regulation of both humeral and cellular immunity specially Tell immunity.
3. Regulation of DNA replication and cell division.
4
activity by immune cells.
Vitamins A group vitamins 1. Antiviral immunity.
2
B group vitamins 1. Immune metabolic pathways as co-factor.
2
C group vitamins 1
signalling, antibody production leucocyte migration, and hormone production.
D group vitamins 1. Controlling inflammation in the lungs.
2. Proliferation and activation of viral specific immune cells via its receptor.
3. Upregulation of cytokines and their recruitment to the infected sites.
E group vitamins 1. Antioxidant activity.
2
Minerals Zinc 1
2. Involved in modulation of inflammatory cytokines.
3
Selenium 1. Antioxidant and anti-inflammatory properties.
2. Increase in T-cell proliferation.
3. Upregulation of IL-10.
Copper 1. Inhibition of viral replication and release.
2. Inhibition of viral-induced cell apoptosis.
3
Magnesium 1. Activator role in many of enzymatic reactions.
2
Probiotics 1

. Influencing immune reactions by up or down regulation of immune responses

Zinc-deficient populations are at an increased risk of infection
by several viruses including human immunodeficiency virus
(HIV) and hepatitis C virus (HCV) (113). In a RCT, Zn
increased Thlcytokine responses including the production of
IL-2 and of INFy in response to influenza vaccine (107). In
another RCT, oral supplementation of high-dose zinc after stem
cell transplantation demonstrated that zinc enhanced thymic
function and the production of CD4 naive T cells, helping to
prevent the reactivation of TTV (107). However, in an elderly
population, enhancing zinc plasma concentrations had no effect
on the antibody response or on the number of lymphocytes
present following influenza vaccination (114).

Selenium is another trace element with a broad range
of effects from antioxidant to anti-inflammatory properties
(115). Selenium supplementation resulted in both beneficial
and detrimental effects on cellular immunity to influenza.
Selenium supplemented subjects had a more rapid clearance
of the poliovirus after vaccination for influenza. In this
study, selenium induced a dose-dependent increase in T-cell
proliferation and the production of IL-8 and IL-10. However,
mucosal influenza-specific antibody responses were unaffected
by selenium supplementation (116).

Copper has a crucial role in the development and
differentiation of immune cells and mediates several antiviral
responses (117). Chelates of thujaplicin and copper inhibited

influenza virus-induced apoptosis in vitro supressed viral
replication and release from the infected cells (118). In addition,
intracellular copper interferes with the influenza virus life cycle
(119). Appropriate copper intake optimises the antioxidant status
and improves the serum level and activity of ceruloplasmin,
benzylamine oxidase and superoxide dismutase (118, 120).

Magnesium also regulates immune function by controlling
various aspects of immunity such as immunoglobulin synthesis
and antibody-dependent cytolysis (121). Magnesium is an
activator of many enzymatic reactions and is essential for
a broad range of physiological functions (122). Magnesium
intake supports different aspects of immune functions including
regulation of NF-«B, IL-6, c-reactive protein, and other related
signalling pathways (123). The major role of magnesium is in
viral immunity which has been reported in many in-vitro and in-
vivo studies (121, 124). A recent study reported that magnesium
in combination with vitamin D and vitamin Bj,, Significantly
reduce the proportion of severe COVID-19 patients needing
intensive care (125).

Probiotics

SARS-CoV-2 infection of the gastrointestinal system affects gut
inflammation both directly and indirectly following infection of
intestinal epithelial cells through the ACE2 and transmembrane
protease serine 2 (TMPRSS2) viral entry system. This results in
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pronounced pro-inflammatory chemokine and cytokine release
(126, 127). In addition, cellular and animal studies indicate
that SARS-CoV-2 instigates an acute intestinal inflammatory
response including elevated levels of faecal calprotectin and
serum IL-6 and linked to clinical evidence of diarrhoea (127).
To date, the rationale for using microbiome modulators such as
pre and probiotics in COVID-19 is indirect. Two randomised
controlled trials showed that critically ill patients on mechanical
ventilation who were given probiotics (Lactobacillus rhamnosus
GG, live Bacillus subtilis, and Enterococcus faecalis) developed
substantially less ventilator-associated pneumonia compared
with placebo (128, 129). Due to the similarities between severe
COVID-19- and pneumonia-induced ARDS there is potential for
this therapeutic approach being useful in COVID-19.

Patients with COVID-19 appear to have an altered
gut microbiome with depletion of beneficial commensals
(Eubacterium  ventriosum,  Faecalibacterium  prausnitzii,
Roseburia, and Lachnospiraceae taxa) and enrichment of
opportunistic pathogens (Clostridium hathewayi, Actinomyces
viscosus, Bacteroides nordii) (130). It is uncertain whether this
difference is causal or downstream of other changes but again
indicates that probiotics or microbiome manipulation may
be useful in severe COVID-19 subjects. Disturbances in gut
microbiota and their metabolites influence immune responses,
inflammation and diseases of the lungs by mediating both over-
active and under-active immune responses (131). Favourable
implications of gut microbiota modulation in COVID-19 is
speculated upon because a general imbalance of gut microbiota
is commonly seen in elderly and immune-compromised patients
and patients with other co-morbidities like type-2 diabetes, and
cardiovascular disorders (132). To date however, the rationale
for using probiotics in COVID-19 is derived from indirect
evidence and more research is needed before any specific
recommendations on probiotic use can be made (133).

CONCLUSION

The COVID-19 pandemic poses a significant threat to humans.
Until the widespread availability of effective, long-term, vaccines,

and effective treatment and prevention measures. An important
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therapeutic and preventive strategy, may be to reduce the
incidence or severity of infection. This will involve having a
healthy and resilient immune system. An individual’s nutritional
status has a significant impact on the susceptibility to COVID-
19, response to therapy, and on the long-lasting consequences of
infection. As such, it is critical to consider the impact of lifestyle
and the consumption of healthy diets during the pandemic.

A good healthy balanced nutrition is vital in the recovery
process for all patients with COVID-19, particularly those
who have suffered cardiac distress, pulmonary distress, or
those who have been critically ill due to the weight loss,
frailty or sarcopenia associated with these conditions (134).
These patients require individually tailored nutrition support,
started early in their journey, that is sufficient and timed
to enable optimal metabolic utilisation to aid recovery
(134). Nutritional rehabilitation needs to be central to the
community management of these patients’ post-hospital
discharge to ensure efficient and effective recovery and to
reduce the risk of hospital re-admissions or the duration
of long-COVID-19.

In this respect, access to healthy foods should be a priority
for individuals and governments to reduce the susceptibility and
prolonged effects of COVIDI19. Given the over-representation
of minorities with the disease and those who also have poor
nutrition, we should aim to increase the access to healthy
fresh food as well as provide nutritional education to these
at-risk subjects.
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Triticum aestivum, commonly known as bread wheat, is one of the most cultivated
crops globally. Due to its increasing demand, wheat is the source of many nutritious
products including bread, pasta, and noodles containing different types of seed storage
proteins. Wheat seed storage proteins largely control the type and quality of any wheat
product. Among various unique wheat products, bread is the most consumed product
around the world due to its fast availability as compared to other traditional food
commoadities. The production of highly nutritious and superior quality bread is always
a matter of concern because of its increasing industrial demand. Therefore, new and
more advanced technologies are currently being applied to improve and enrich the bread,
having increased fortified nutrients, gluten-free, highly stable with enhanced shelf-life,
and long-lasting. This review focused on bread proteins with improving wheat qualities
and nutritional properties using modern technologies. We also describe the recent
innovations in processing technologies to improve various quality traits of wheat bread.
We also highlight some modern forms of bread that are utilized in different industries for
various purposes and future directions.

Keywords: wheat, seed storage proteins, baking, gluten, nutrition

INTRODUCTION

Cereals have achieved their well-deserved importance all around the globe owing to their
good nutritional profile. People misinterpret cereals as starch-rich foods even though they have
proteins, vitamins, antioxidants, and some essential fatty acids, too (McKevith, 2004). Wheat,
as bread, contributes maximum nutrients to the global population than any other single food
source. The end-product quality of wheat is mainly dependent on wheat proteins and their
processing techniques involving harvesting of the grain to the production of flour, which further
decrease the bioavailability of some of the nutrients (Rustgi et al., 2019). The product quality
is determined by the balanced composition of biochemical components in a seed such as seed
storage proteins, starch, minerals, fibers, and phenolic compounds (Zili¢ et al., 2011). In addition,
besides interactions between wheat and companion, additives can also have effects on nutritional
quality of end-products. There is a continuous increase in demand for improved wheat products
by consumers and baking industries (Dewettinck et al., 2008). Wheat proteins are the responsible
agents governing the production of bread and other related end-products. Biotechnological tools
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are also gaining importance in harnessing cereal proteins for
better end-products (Verni et al., 2019; Shewry and Jones, 2020).
Breeding via cross-hybridization in wheat crop have proved
successful for the production of new superior end-use quality
products (Kiszonas and Morris, 2018).

Wheat storage proteins are major determinants of wheat flour
composed of gluten and non-gluten fractions out of which wheat
end-product quality mainly depends on the gluten proteins.
Gluten protein mainly provides the elasticity and extensibility
of dough, which is unique for wheat, leading to diverse end-
products. Gluten protein cysteine residues form disulfide bonds,
which are basically the chemical bases for the physical properties
of dough (Islam et al., 2019). Gluten was found to be degraded
during germination (Michalcova et al., 2021). Worldwide studies
are going on to assess various wheat varieties for producing
enhanced quality bread (Lama et al., 2018). Various seed storage
proteins alleles of wheat have also been explored to dissect their
impact on end-product quality of wheat (Goel et al., 2018a,b;
Altenbach et al., 2019). Additional work on enhancement of
shelf-life was done to enhance its susceptibility to spoilage
(Nionelli et al., 2020). Considering the wide acceptability of wheat
bread and other related products, in the present review, we shall
be discussing about wheat proteins impact on bread making, also
other techniques that are revolutionizing the quality of today’s
bread, and the effect of interactions with other food components
on the nutritional enhancement of bread.

BREAD MAKING

Bread is the product of baking of wheat flour mixed with water,
salt, yeast, and flavor ingredients. The characteristic of wheat
bread as physical attributes of texture, color, and volume are
among the most important parameters taken into account by
the consumers (Tebben et al., 2018). The mechanical properties
of bread are often associated with the perception of freshness
and elasticity that influence the consumption decision (Fagundes
et al,, 2018). The protein that is responsible for dough elasticity
and formation of good bread is gluten produced by mixing
gliadin and glutenin, which gives dough its elastic character

FIGURE 1 | llustration of gas molecules entrapped in the gluten matrix of
wheat dough.

(Pefia, 2002). The gases produced during the rising of the
dough and the ability of the dough to hold these gases makes a
substantial difference in bread quality as illustrated in Figure 1
(Janssen et al., 2021). The journey of bread making started during
Neolithic times; history proves that the mixing of bread with
other sources is not a recent tale. In the Second World War, it was
called “National Loaf” in which the addition of calcium carbonate
was done during that period to counter the expected deficiencies
due to shortage of milk and cheese (Hayden et al., 2016).

The basic steps involved in bread making, including mixing,
rising, kneading, baking, and cooling, have more or less remained
constant since long. Mixing is simply a process causing the
uniform distribution of ingredients and allows the formation
of a gluten protein mesh-like network to give the product of
bread (Guerrini et al., 2019). There is an optimum mixing time,
which changes, depending on the flour and mixing method used,
because too much mixing produces dough with reduced elastic
properties. This results in the development of small unrisen and
unmixed patches in the bread, giving the loaf a poor appearance
from inside (Létang et al., 1999). Next to mixing, fermentation
is done, during which dough slowly moves from a rough non-
extensible dense mass into a dough with good gas holding
and good extensibility properties. Besides this, breakdown of
carbohydrates leads to the formation of alcohol and carbon
dioxide that gives the bread its natural flavor and causes rising of
the dough (Rosell, 2011). Kneading/molding is done to remove
gas from a large hole formed during rising of the dough. The
dough is then allowed to rise again and is kneaded if required
by the particular production process being used. During the final
rising (proving), the dough again fills with more bubbles of gas,
and once this has proceeded far enough, the dough is transferred
to the oven for baking (Cauvain, 2012).

The baking process transforms initial dough into a flavorful
product, which is light and readily digestible. The penetration
of intense heat increases the volume and size of the tiny gas
cells (Ishwarya et al., 2018). At about 60°C, stabilization of the
crumb begins, making the starch granules swell; as they get
released in the presence of water, the outer wall of the starch
granule cell bursts, making the inside starch form a thick gel-
like paste that helps to generate the structure of the dough
(Kumar and Sharma, 2018). As baking continues, the internal loaf
temperature reaches ~98-100°C. As the moisture is driven off,
the crust heats up and eventually reaches the same temperature
as the oven. During baking, crust temperature is over 200°C, and
the internal temperature of crumb is about 98°C. The loaf is full
of saturated steam, which must be evaporated. The whole loaf
is cooled to about 35°C before slicing and wrapping can occur
without damaging the loaf. In a bakery, special cooling areas are
required to ensure efficient cooling before slicing and wrapping
of the bread. This completes the process of bread making, which
is then consumed by people all over the world (Pateras, 2007).

The rising demand in the food industry emphasized the
intervention of research to enhance aspects of improved bread
for large production and longer shelf-life. Food additives such as
emulsifiers, which belong to a general class of compounds known
as surfactants, are used to raise dough strength and as crumb
softener in bread quality.
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FIGURE 2 | Advancements in present day improving bread quality from breeding methods to processing techniques.

ROLE OF WHEAT PROTEINS IN BREAD
MAKING

Bread making could be possible due to the viscoelastic
properties of wheat doughs. These properties are a result of
the structures and interactions of prolamins (a group of seed
storage proteins) as observed in previous studies (Shewry et al.,
1999). Seed storage proteins of wheat are comprised of the gluten
proteins, comprising two prolamin groups, gliadin and glutenin,
considered as the main creator of bread. Glutenin is comprised
of polymers with subunits linked by disulfide bonds, which is
significantly important for bread making (Shewry and Miflin,
1955). Qualitative or quantitative differences in the composition
of seed storage proteins account for much of the variation in
bread-making quality as observed in diverse wheat cultivars

(Huebner and Wall, 1976; Payne, 1987; Goel et al., 2018a). A
range of studies has been explored for the probable impact of
wheat seed storage proteins and their role in bread making taking
different allelic combinations (Gupta and Shepherd, 1989; Goel
et al,, 2015). A minute wheat seed storage protein, Triticin, was
also thought to improve quality of bread product (Goel et al.,
2015, 2018b). Extensive studies are also available on quantitative
trait locus (QTL) analysis, depicting the role of the genetic
loci on end-product bread quality and nutritional enhancement
(Charmet et al., 2001; Li et al., 2009; Goel et al., 2019; Suliman
et al, 2021). Owing to the huge genome size of the wheat,
researchers focused on the synteny area of related cereal crops to
study the responsible factors of wheat proteins further governing
end-product quality (Quraishi et al., 2017). Furthermore, the
biotechnological tools have been harnessed to dissect wheat
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proteins variable actions in improving bread quality (Goel et al,,
2017, 2020).

RECENT ADVANCES TO IMPROVE BREAD
QUALITY

Production of Gluten-Free Bread

Improvement in the nutritional quality of wheat bread has always
been on the priority list of bakers and wheat breeders because
of its huge popularity throughout the world. When we look for
the additives, one of the best option are legumes, as they are
known as rich source of proteins, minerals, and bioactive health-
promoting compounds, which may provide texture, structure,
and baking quality to the end-products (Figure 2). They also
have a low glycemic index, and therefore, their inclusion in
bread has enhanced the food menu for people allergic to gluten.
Furthermore, various laboratory experiments have proved that
along with nutritional value, the viscoelastic properties of gluten-
free bread can be improved with the addition of legumes like
chickpea, soybean, and lupin (Melini et al,, 2017). Industries
have started adding barley to the wheat dough to enhance
the fiber content without disturbing the glycemic index of
traditional wheat bread and without negatively affecting its
sensory characteristics (Cavallero et al., 2002). Major emphasis
has been given these days toward the reformulation of bread
and bakery products by altering the gluten content with the
addition of functional compounds such as non-cereal flours,
prebiotics, and additives (Elleuch et al., 2011). To improve
sensory properties, shelf-life, and quality of gluten-free bread,
flour from chestnut seeds, amaranth seeds, and psyllium seeds
are added to the dough mix. It has been observed that the
addition of prebiotics in dough prevents microbial growth and
increases the shelf-life of bread (Rahaie et al., 2014). Production
of gluten-free bread is an initiative over rising issues of celiac
disorders; sorghum and potato starch were considered as potent
options earlier for making bread gluten free. Further addition
of hydroxypropyl methylcellulose and whey protein concentrate
acts as a technological improver in bread dough, and it was
stipulated from the observations that both can be efficiently used
to obtain gluten-free protein-rich bread (Rustagi et al., 2018).

Improving Texture and Fiber Content

There are different classes of wheat flour that have been gown
in different climatic zones around the globe. For example, five
classes of wheat are grown in the United States, having their
own properties in bread making, like soft white wheat is a
special kind that has low moisture content and gives white
product such as Asian-style noodles, pastries, and exquisite cakes.
Another class is soft red winter wheat, which provides excellent
baking and milling properties for making flat breads, cookies, and
pretzels (Nebraska Wheat Board, 2020). In certain parts of North
America, bread making is practiced by using white wheat flour
in which other fibers, germ fractions, phytochemicals, and other
important nutrients are generally concentrated. As compared to
whole grain bread, white flour products have minimal dietary
fibers and non-nutrient phenolics (Xu et al, 2019). On the
other hand, hard white wheat is similar to red wheats in its

characteristics but has sweet taste and is used in yeast breads,
tortillas, and ramen noodles. Hard red winter wheat is mostly
used for making pan bread, all-purpose flour, flat breads, and
hard rolls, while hard red spring wheat, also called aristocrat of
wheat, is used for making pizza crust, bagels, rolls, and hearth
breads (Nebraska Wheat Board, 2020).

Therefore, in the direction of quality and
improvements, several additions have been tried in different
proportions such as the addition of course grains, dietary fibers,
pectin extracts, and natural coloring and flavoring substances.
These fortifications not only improved the nutritional properties
of bread but also enhanced its texture and storage. In this
light, Angelino et al. investigated the effect of dietary fibers
and phenolic compounds on the properties of bread dough
and finished bread (Angelino et al, 2017). The phenolic
compounds in the form of apple pectin and fruit phenolic
extracts showed enhanced antioxidant activity and storability
of final bread as compared to the untreated bread (Sivam
et al., 2011), although these changes in antioxidant properties
entirely depend on the choice of pectin extract (kiwi, apple, and
other fruits) (Rupasinghe et al., 2008). Research confirmed that
the addition of pectin into bread dough enhances polymeric
cross-linking with bread particles of high molecular weight
(Sivam et al., 2012).

texture

Increasing Nutritional Value

Providing healthy and safe fresh bakery products and fulfilling
expectations of consumers are big challenges before organic
farmers, millers, and bakers. The quality of raw organic produce
depends upon various factors, viz., genotype, crop management,
soil fertility, and crop rotation practices, which can be modulated
as per market requirements, whereas the nutritional quality,
taste, and flavor of bakery products varies with changes in the
milling and baking process. Among crop management practices,
nitrogen application plays an important role in achieving
acceptable yield levels of good bread-making qualities. Canadian
researchers have established the fact that the quality of bread
can be affected by the cultivation practices of wheat to be used
in bread making (Mason et al.,, 2007). The researchers found
that organically cultivated wheat produces more nutritive bread
(high in protein value indicating excellent grain quality for yeast
leavened bread), whereas conventionally grown wheat results
in stronger textured bread (Annett et al., 2007). Wheat bran
proteins (WBPC) inclusion was observed in bread formulations
and studied to determine the impact on nutritional properties
without deleterious effects on quality (Alzuwaid et al., 2021).
Manganese application through seed treatments (seed priming)
is a cost-effective method for improving the productivity of
bread wheat particularly in alkaline calcareous soil (Ullah et al.,
2018). Additionally, the novel wheat varieties with pigmented
grains (black, purple, and blue) with higher amounts of
anthocyanins and other phenolics than the traditional wheat
varieties can be effectively utilized to bake bread of some
medicinal values as well, which may have preventive properties
against cancer and chronic diseases (Sharma et al, 2018).
The antimicrobial property was reported to improve with the
addition of phenolic compounds in many baking products,
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improving health benefits and extending the shelf-life of bread
(Xu et al., 2019).

INNOVATIONS IN BREAD PROCESSING
APPROACHES

Bread Milling

The damage to flour starch, amylase activity, particle size, and
ash content of dough largely affects the baking performance of
bread. These qualities are modified with milling techniques that
in return modifies baking performance and nutritional properties
of bread. The mineral bioavailability in bread can be increased
using sourdough techniques (acidification process) in the baking
method. The responses of bread quality parameters to milling and
baking techniques have allowed identifying positive and negative
characters of wheat bread, as baking has a multidisciplinary
approach (Abecassis et al., 2008).

Addition of Different Yeast Concentrations
Birch et al. (2014) stipulated that the level and strain of yeast
along with temperature and duration of fermentation have a
significant effect on the aroma of bread crumb. The strain and
amount of yeast added to the flour mix control fermentation
activities, and modifications in temperature along with time
during the fermentation process may alter oxidation of lipids
present in flours. The fortification for improving the quality
and protein content of homemade bread had also been tried
using nutritional yeast. Such fortified bread boosts the nutritional
status of poor people and reduces the incidence of protein
deficiency diseases. Variable concentrations of yeast (1-15%) is
known to increase protein percent in homemade bread; however,
fortification with only lower concentrations (1-3.5%) of yeast
is acceptable in the market, as higher quantities of yeast alter
the taste of bread to an unacceptable level by its consumers
(Harusekwi et al., 2014). The impact of addition of organic acids
in improving bread quality was studied in China. They analyzed
the yeast activity, proteolysis, and amylolysis by adding acetic
acid, malic acid, fumaric acid, lactic acid, and citric acid to bread
dough ingredients. The organic acids increased specific volume
of the bread, whereas they lowered moisture content, pH value,
and hardness of bread, which resulted from high yeast activity (Su
etal., 2019). Since organic acids improve bread quality, the effects
of addition of lactic acid bacteria in dough mix on bread texture
and quality have been studied by food technologists. Out of many
strains of Lactobacillus plantarum, LAB strains (LB-1, F-3, and
F-50) exhibited antifungal activity and found useful for making
bread to extend shelf-life. In fact, among these three strains,
LB-1 significantly improved water holding capacity, viscosity,
elasticity, and extensibility of sourdough (Sun et al., 2020).

The baking interventions include sourdough, which is
prepared through natural fermentation using lactobacilli and
yeast. The lactic acid produced by the action of lactobacilli
adds taste and good keeping qualities to sourdough. It
reproduces nutritionally superior, fiber-rich, gluten-free bread
with improved mineral bioavailability, making it unsuitable
for celiac persons. Poutanen et al. (2009) stated that the
inclusion of natural yeast and bacteria in bread dough results

in the solubilization of proteins and polysaccharides present
in cell wall, which change the texture of baked bread and
absorption of nutritional and non-nutritional compounds.
The process of natural fermentation may also lead to the
synthesis of novel bioactive compounds and metabolites such as
prebiotic oligosaccharides.

Loaf Volume and Sensory Qualities

The researchers working on the qualities of loaf stated that the
consumers are attracted to higher loaf volume and weight, which
is a positive economic character for retail marketing. The buyers
often believe that bread with higher loaf volumes offers more
substance for similar prices. Shittu et al. (2007) explained that
the varying rates of gaseous output and starch gelatinization
capacity are responsible for variable loaf volumes, which result
from differences in time and temperature of baking. Industries
keep these factors in mind to attract the consumers by making
little changes in the bread-making process. The crumb moisture
content and loaf volume of bread are significantly affected by
baking temperatures (Shittu et al., 2007), while dried crumb
hardness, bread loaf weight, and density levels can be altered with
differential baking durations at variable temperatures. Ghorbani
et al. (2019) observed that bread baked at 320°C for 3 min were
liked more by the judges of the sensory panel, taking their texture
and chewiness, whereas the samples baked at 370°C for 2.5 min
did not score well in comparison to other evaluated samples. The
research shows that baking at higher temperatures results in hard
bread with reduced consumer acceptability. Thus, even a slight
degree of change in temperature and time has substantial effect
on the overall quality and acceptance of bread.

Reducing Microbial Activity

The shelf-life of bread is a big constraint for the whole bread
industry, as the bread is prone to mold contamination due to
its moisture content. Within a matter of days, the microbial
contamination spoils the product. There have been various
studies done focusing on extending the shelf-life, and it was
found that replacement or reduction in NaCl in bread making
could affect the growth of Penicillium roqueforti and Aspergillus
niger. The salt added to the bread mix not only improved
the flavor but also increased the water activity (a,), making
the bread more susceptible to mold infections. The infection
can be prevented by reducing the amount of NaCl or simply
replacing NaCl at least partially with other acceptable salts such as
calcium chloride, potassium chloride, magnesium chloride, and
magnesium sulfate. The growth of P. roqueforti and A. niger was
found to be reduced in the bread dough with 30% less NaCl
or with suitable replacers. Mixing wheat flour with other flours
(cassava, soybean, etc.) was tried by many bakers to improve the
quality of existing bread (Samapundo et al., 2010).

Improving Bread Quality via Value
Additions

Non-cereal ltems

The addition of non-cereal flours in bread dough is very popular
these days. It not only improves the texture of bread but
also increases mineral nutrition. According to recent studies,
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cassava flour (unfermented) is added to bread making due to its
high nutritional values. Various combinations of cassava flour
with wheat flour have been tried to develop a wide range of
food products, viz., pies, rolls, cakes, biscuits, doughnuts, and
breads. Due to low setback viscosity and high peak viscosity,
yellow cassava flour is considered good for bread dough, as it
imparts low tendency to undergo retro gradation, making it
suitable for products that require high elasticity and gel strength
(Ayeh, 2013). In addition to the improvement in the quality
of bread, the addition of cassava flour reduces the time for
dough development as compared to all wheat flour dough. Later,
Pasqualone et al. (2010) also reported that cassava-enriched bread
is suitable for celiac patients, as it is gluten-free, nutritious,
and palatable. The desirable loaf volume and crumb firmness
of cassava bread can be achieved by using olive oil (extra
virgin) and egg white, even if the hydrocolloids and industrial
improvers are not added during dough preparation. The Indian
bakeries transformed wheat into an Indian bread, known as
chapatti. On an average, chapatti is consumed in every home
on a daily basis in India including consumers from weaker
economic sections. The recent studies suggested incorporation of
20-50% amaranth seed flour to wheat bread mixture to improve
rolling properties, protein content, and mineral availability in
the final bread (Mutahi, 2012). The addition of amaranth also
increases stickiness, softness, rollability, and elasticity of dough
(Banerji et al., 2019). Other non-cereal grains have also been
tried to develop multigrain bread, such as buckwheat and quinoa
(Gawlik-Dziki et al., 2009), for enhanced protein content, energy,
mineral, phytate, and condensed tannin contents; however, when
the percentage of wheat was decreased below 70%, the bread
quality was found inferior as compared to regular bread (Ayele
et al,, 2017). The cereal legumes (chickpea, lupin, and soya) are
a rich sources of digestible proteins and blend well with wheat
dough or other cereals (oat, barley, and rye) for baking purposes.
The combination of legume cereals and oats/barley/rye mixed in
equal proportions was also found to improve sensory properties
and texture of multigrain bread. However, an adverse effect of
mixed flours on the technological properties of bread dough was
observed that could be corrected by using industrial additives
such as ascorbic acid, fungal alpha-amylase, glucose oxidase,
xylanase, and vital gluten, alone or in combination (Yaver and
Bilgicli, 2019). Dairy products were also assessed for impact on
bread quality (Graga et al., 2019).

Non-plant Ingredients

Monteiro et al. (2018) mixed tilapia-waste flour to bread dough
in different proportions (0-20%) and observed that the amount
of carbohydrates and total dietary fibers in bread increased
with increased levels of tilapia-waste flour, whereas, in sensory
evaluation, tilapia-waste flour bread scored low as compared to
the traditional bread due to its disagreeable texture, flavor, and
aroma. Despite that, the overall acceptance for mixed bread was
unaffected as the stickiness in teeth, loaf volume, and cream color
of bread did not vary significantly from wheat-based breads.
Calcium is another main component that should be adequate
in the diet especially for women and children for the health of

bones. Recently, to increase the level of calcium in bread, new
materials in trend has been used in powder form like skim milk
(10%), oyster shell (2%), and eggshell (2%). This also increases set
back viscosity, dough stability, percentage of water absorption,
the heat of transition, and mixing time. The bread fortified with
oyster shell powder showed higher amounts of fiber and ash
contents. This bread is also rich in carbohydrates and proteins.
It is evident from the latest results that technological properties
and nutritional values in bread could be positively increased with
the addition of calcium from natural resources. However, the
bread fortified with eggshell and oyster shell scored badly in
terms of aroma and general acceptability as compared with the
bread supplemented with milk powder (Alsuhaibani, 2018). In
further continuation with the addition of uncommon substances,
seaweed extracts were also tried for improving quality bread for
baking purposes. In Indonesia, brown seaweed from coastal areas
of Yogyakarta was used to extract alginate, which was proved
to be a non-toxic compound with hypo-cholesterolemic effects.
Its addition in wheat bread mixture tends to improve proximate
values of bread making and is useful for daily consumption
(Supartini and Mushollaeni, 2017). However, higher cholesterol
levels in alginate added to bread mixture can lead to adverse
consequences, which may result in cardiovascular diseases as
well. The fortification of wheat bread with plant-based or
uncommon additives certainly enhanced the nutritional value,
qualities, and texture of the final product. Conte et al. evaluated
the effect of bee pollen addition to the flour used for gluten-free
bread. They observed that such flour has a higher percentage of
total proteins, carotenoids, and minerals, and showed anti-free
radical activity (Conte et al., 2020).

Enhanced Aroma Properties

The aroma is among the first few parameters that a consumer
is inclined to for bread quality. To date, more than 150 volatile
compounds have been characterized in bread loaf, which evolves
because of fermentation activities of yeast. Among these, many
volatile compounds contribute to the aroma of bread crumb,
which is sensed by consumers while eating (Pico et al., 2016).
These compounds impart a characteristic odor and flavor to the
final baking product. Sensory perception has a major play in the
choice of bread by the consumers. The addition of legume flour
in gluten-free bread can improve its nutritional value but could
harm its sensory properties. Sourdough is often used to improve
the sensory properties of bread. Moreover, the addition of sugars
and amino acids as precursors of aroma compounds or enzymes
that produce them can positively affect bread aroma. In a study,
it was established that the addition of pea flour in combination
with improvers (fructose, proline, arginine, and protease) helps
to enhance sensory properties of bread. The relative amount of
pleasant volatiles (key aroma compound 2-acetyl-1-pyrroline)
has been found to increase with the addition of quinoa flour
(15%) and teft flour (5%) along with wheat and corn starch (40%
each). The combination also resulted in lower levels in rancid
volatile compounds that originate because of fatty acid oxidation
(Pico et al., 2019).
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Dough Strength

The starch, which is composed of amylopectin and amylose, is
abundantly present in wheat flour and maintains bread stability.
However, there are varieties of wheat that are deficient in
endosperm amylose. Such wheat is known as “waxy wheat,”
which can be utilized in the baking industry to alter amylose
levels in wheat-based bakery products. The more waxy wheat
is added to the dough mix, the lesser is the amylose content in
it, and the better is the quality of bread. The quality of Chinese
steamed bread was found to be improved with the addition of
waxy flour into the bread mixture, although the addition did
not improve the bread quality because the firmness of bread
was decreased during storage. In experimental trials, flours of
waxy wheat and Canadian spring wheat were mixed in varying
amounts (0-20%), where 15% addition of waxy flour improved
bread stability without affecting the quality (Rustagi et al., 2018).
Wheat varieties with different allelic combinations of seed storage
proteins were found to be responsible for a better bread loaf
and used for production of better end-product variants of wheat
bread (Goel et al., 2015, 2017).

Increasing Shelf-Life

The fatty acid salts, when used as surface acting agents and
food additives, show antibacterial activity. The mold-proofing
activity and improved baking property with fatty acid salts have
been studied by many food scientists (Hamaishi et al., 2018).
The results have proven that the addition of >5% potassium
myristate to dough inhibited fungal growth on bread during
storage. The length of the carbon chain of fatty acids contributed
to the antifungal activity and antimicrobial effects of fatty acids;
it was observed that the activity reduces with an increase in the
chain length; also, medium-chain fatty acids showed stronger
antimicrobial activity than longer chain fatty acids (Pareyt et al.,
2011). Efforts have also been made in the direction of increasing
the shelf-life of bread, which is largely affected by molds. As
the bread is packed and distributed to several destinations in
the world, technological interventions are needed to minimize
mold infection bread. Liu et al. (2011) studied the impact of
radiofrequency energy in addition to the usual hot air treatment
for the control of mold in bread packaging. It was found that
the radiofrequency treatments decrease moisture content and
water activities in bread, which ultimately reduces formation
of Penicillium citrinum spores. This method also enhances the
storage time by 28 & 2 days for treated white bread. Some
researchers also studied the effect of incorporation of non-plant-
based material into bread dough on the final product. Moreover,
the addition of marine food products (Kadam and Prabhasankar,
2010), plant extracts such as green tea (Wang and Zhou, 2004),
natural antioxidants (Lim et al., 2011), grape seed extracts (Peng
et al, 2010), and prebiotics (Korus et al, 2006) to bakery
products have been widely proposed to enhance quality and
functionality of the bread. Currently, studies are revolutionizing
the baking industries and serving in the development of more
novel products that are low in calories and cholesterol and
suitable for people with celiac disease. There are a lot more
opportunities to be tested for ensuring food and nutritional
security for the ever-growing population in the world.

MODERN FORMS OF BREAD
Bee Bread

Bee bread is a specialized fermented product comprised of
combination of pollens, bee saliva, and nectar that bees pack in
the honeycomb to ferment them with the help of many kinds
of yeasts and bacteria (Khalifa et al., 2020). It is very important
and considered as a key protein source for bee adults and larvae.
Apart from this, bee bread is an excellent source of energy and
nutrition for humans due to the higher protein concentration
of pollens. The biochemical components of bee bread include
vitamins, fatty acids, proteins, enzymes, hormones, antioxidants,
carbohydrates, and minerals (Kieliszek et al., 2018). Nowadays,
bee bread is very popular in the commercial market due to
its high nutritional properties. This bread has high antioxidant
activity and phenolic content that contribute to its biological
and nutritional properties that can be used as beneficial food
supplements (Mutsaers et al., 2005). The bee bread is a product
with a long history used mainly in folk medicine due to its
therapeutic properties. For example, in recent years, numerous
studies have been carried out to study the effectiveness of bee
bread to treat different illnesses. Bee bread has been exhibited
anti-inflammatory, anticancer, antiradical, and antimicrobial
activities (Khalifa et al., 2020).

Steamed Bread

Steaming instead of baking is done in some areas for preparation
of bread, which is actually a staple food in China. Bread is
consumed after steaming in many countries of the East and
Southeast Asian regions (Peng and Cheng, 2007). The People’s
Republic of China grows large quantities of wheat and is a
major wheat importer. The wheats that it produce are both hard
red (winter and spring) and soft wheat, which are commonly
blended to produce basic flours. Hard red spring wheat is
used in northern China to produce steamed breads, which are
distinctly different in texture from breads produced in southern
China from lower protein hard and soft red winter wheat flours
(Rubenthaler et al., 1990).

Multigrain Bread

Multigrain bread is made by mixing wheat flour with flours
of some legumes, cereals like oats, and some seeds like
flaxseeds and sesame seeds. This bread is more nutritious
and flavorful than the normal bread. The study conducted
found a positive effect of this multigrain on the dough
properties and the quality of bread. Multigrain bread with
a 15% multigrain mix proved to be effective in increasing
protein, fat, and dietary fiber contents of bread (Indrani et al.,
2010). There are enough products in the market that can be
claimed as gluten-free and can be safely digested by patients
affected by celiac disease. Sourdough is a type of foremost
fermentation that is commercially used for baking purposes
of gluten-free bread. It has also been proven to be ideal
for improving the texture, aroma, palatability, shelf-life, and
nutritional enhancement in the case of wheat and rye bread.
The concept of sourdough in gluten-free baking industry is
a new zone of the experimental area to improve the quality
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and acceptability of gluten-free bread (Moroni et al., 2009).
In addition, the health risk to various celiac diseases has
emphasized the focus on gluten-free bread prepared by mixing
chestnut, bean flour, and chickpea, with rice flour at different
ratios using straight dough bread-making process (Yildrim and
Nadeem, 2019). There are challenges even today for optimal
formulation when we deal with texture, flavor, and nutrition
(Wang et al, 2017). Rye bread is again a variant of ancient
bread using rye as a component. A study conducted on rats
found that the addition of green tea to rye might help in
preventing obesity in rats (Bajerska et al., 2013). High-fiber rye
bread was also experimented in menopausal-stage women for
insulin secretion and appears to enhance insulin secretion by
improving b-cell function (Juntunen et al., 2003). The addition
of saffron powder in rye bread showed antidiabetic properties
(Bajerska et al., 2013).

CONCLUSION AND FUTURE
PERSPECTIVES

After rigorous efforts and interventions by researchers and global
food industries, we still have a significant proportion of the
chronically undernourished populations in developing countries.
Surprisingly, even today, around 80% of the worlds growing
population is devoid of basic balance diet. The research in food
sciences should be directed to focus on the quality of food in
addition to the quantity of food that is available to humankind.
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Proteins are essential components of the human diet. Dietary proteins could be derived
from animals and plants. Animal protein, although higher in demand, is generally
considered less environmentally sustainable. Therefore, a gradual transition from
animal- to plant-based protein food may be desirable to maintain environmental stability,
ethical reasons, food affordability, greater food safety, fulfilling higher consumer demand,
and combating of protein-energy malnutrition. Due to these reasons, plant-based
proteins are steadily gaining popularity, and this upward trend is expected to continue
for the next few decades. Plant proteins are a good source of many essential amino
acids, vital macronutrients, and are sufficient to achieve complete protein nutrition.
The main goal of this review is to provide an overview of plant-based protein that
helps sustain a better life for humans and the nutritional quality of plant proteins.
Therefore, the present review comprehensively explores the nutritional quality of the
plant proteins, their cost-effective extraction and processing technologies, impacts
on nutrition, different food wastes as an alternative source of plant protein, and
their environmental impact. Furthermore, it focuses on the emerging technologies for
improving plant proteins’ bioavailability, digestibility, and organoleptic properties, and
highlights the aforementioned technological challenges for future research work.

Keywords: proteins, plants, nutrition, extraction, sustainability

INTRODUCTION

Since the beginning of life, plants have been utilized for human benefits, providing food,
therapeutics, wood, fibers, and many others. Moreover, plants were considered the bioproduction
system for valuable substances and provide many primary and secondary metabolites having
therapeutic effects. Primary metabolites (protein, carbohydrates, fats, and nucleic acid) are the
building blocks of life. Besides these, the secondary metabolites are produced by plants to protect
them from predators and pathogens, cope with environmental stress, attract pollinators, and work
as their defense system (1). Proteins are molecules with great complexity and diversity that play
an important role in maintaining the structure and function of the living form (2). Therefore, it is
being used for many applications such as medicine, food, and feed.

By 2050, the world’s total population is expected to grow or might exceed 9 billion, and, hence,
the demand for food, feed, and fiber around the globe is expected to increase by 70% (3). To meet
this increasing demand, new sources must be explored. Nowadays, food derived from plants plays
a vital role in the human diet as an important source of bioactive components, such as vitamins,
phenolic compounds, or bioactive peptides. Hence, these components benefit human health and
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protect against various disease conditions (4). For meeting
protein requirements, generally, animals are considered perfect.
However, due to many diseases in animals, their consumption
is not safer for human health. Also, it replaces animal-based
proteins with plant-based proteins due to various limitations,
such as increased cost, limited supply of nutrients, hazard
for human health, freshwater depletion, and susceptibility to
climate change (5-7). Plant-based proteins are considered
vegan food, provide an ample number of amino acids, are
directly absorbed by the body, and help in treating various
disease ailments. Moreover, the proteins derived from plant-
based foods are rich in fiber, polyunsaturated fatty acids,
oligosaccharides, and carbohydrates. Hence, they are mainly
associated with a reduction in cardiovascular diseases, low-
density lipoprotein (LDL) cholesterol, obesity, and type II
diabetes mellitus (8). Different sources of plant-based protein that
include cereals (wheat, rice, millet, maize, barley, and sorghum),
legumes (pea, soybean, bean, faba bean, lupin, chickpea, and
cowpea), pseudocereals (buckwheat, quinoa, and amaranth),
nuts, almonds, and seeds (flaxseed, chia, pumpkin, sesame, and
sunflower) were well-explored (5, 9-11) (Figure 1). However, the
demand for the supply of protein is continuously increasing with
the rise of the global population (12), hence the need to search for
new sources.

It is hard and expensive to extract an adequate amount
of animal proteins; therefore, an alternative for improving the
nutritional status of humans is mainly received from plant
proteins. Hence, attention has been paid to evaluating the
nutritional quality of proteins from different plant species. The
best way to increase the supply of proteins is to improve the
protein expression and efficiency of protein production in natural
resources. The advancement of recombinant technologies of
protein production, such as engineering of expression hosts,
upstream cultivation optimization (e.g., nutritional, bioreactor
design, and physical parameters), and development of methods of

protein extraction, as well as purification, supported the growth
of the market (13). Also, improving the protein functionality
in foods through modification, enhancing the plant proteins
proportion in human diets, and improving the bioavailability and
digestibility of food proteins in the digestion process (14, 15)
could be helpful to increase the overall utilization of plant-
based protein.

Along with providing amino acids in food, proteins play
a significant role in food formulations due to their diverse
properties, such as emulsification, gelling, thickening ability,
water holding, foaming, and fat absorption capacity (16, 17).
Therefore, several thermal techniques (such as cooking,
autoclaving, microwave heating, irradiation, germination,
fermentation, extrusion, and drying) used during food processing
could be optimized to improve the quality of plant proteins (2).
Also, they can be isolated from sustainable and cheap sources
such as plant-derived wastes from agriculture and by-products
of crop and oil industries, which can also regulate food waste
reduction (2, 7, 18).

To provide an overview of plant-based protein that
helps sustain a better life for humans and the nutritional
quality of plant proteins, this review mainly focuses on
the current state of using plants to produce proteins
for human health. It mainly focuses on various sources
and their alternatives with high-quality protein, factors
affecting the nutritional of plant-based protein,
bioactivity and functionality, and its modifications. Also,
the information on the nutritional quality of proteins
derived from plants and potential health issues linked
with plant protein will be elaborated. Finally, the issues
and challenges of plant-based proteins from availability,
consumption, processing, and functionality will be elaborated,
and recommendations were made for sustainable production
and better utilization of plant-based proteins for meeting human
health requirements.

value

Plant-based Proteins
Cereals || Legumes Oil seeds Nuts Pseudocereals | | Tubers Other
Sources
* Wheat ||* Soy * Sunflower * Almond * Quinoa * Potato
* Corn * Peas * Rapeseed * Pistachio ||+ Buckwheat «  Major
¢ Oat * Beans * Flaxseed * Cashew * Chiaseed Eruits and
* Rice * Chickpea *  Hemp seed *  Walnut * Amaranth Vegetables
* Barley ||* Lentils * Cottonseed ||+ Peanut
* Lupins * Sesame
* Faba seed
beans *  Pumpkin
seed
FIGURE 1 | Plant-based proteins derived from different crops.
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PLANT-BASED SOURCES AND DEMAND
OF DIETARY PROTEIN

Plant-Based Protein Sources

Among all the existing sources of dietary proteins, plant-
based sources dominate the supply of proteins (57%), with
the remaining 43% consisting of dairy products (10%),
shellfish and fish (6%), meat (18%), and other products from
animals (9%) (19).

To provide dietary protein supply and overcome the
challenges of feeding the population, several sources of proteins
from plants have been searched recently (10, 20-22). Based on
sources, proteins from plant origin might lack some essential
amino acids. For instance, cereals generally contain less lysine,
whereas legumes are deficient in sulfur-containing amino acids
like cysteine and methionine (23). However, a good amount of
lysine is present in pseudocereals (e.g., quinoa and amaranth).
Sometimes, the same plants have different nutrients due to
differences in soil diversity, climatic conditions, precipitation
levels, geographic latitude and altitude, agricultural practices,
and different varieties/cultivars (24, 25). Some traditional plants
have been utilized by human beings as protein sources,
including beans, pea, and soybean. Also, new sources (such
as proteins from insects and algae) (14) and unconventional
and alternative protein sources (like agro-industry by-products
from the extraction of edible oil and those discarded by fruit
processing) have been discovered (7). In addition, different meat,
milk, and egg analogs from plant-based protein sources have also
been identified (Figure 1) (26).

Legumes

A diet rich in legumes provides various health beneficial effects
for humans (26). Legumes are considered the best dietary options
due to their abundant carbohydrates, protein, energy, vitamins,
minerals, and fibers. Various commonly known legume crops for
protein and other nutritional sources include soybean, common
beans, peas, and chickpea. The protein obtained from soybean
has been widely studied (22). Common beans are considered
the primary source of vegetable protein in developing countries
(27). Highly nutritious legumes such as peas can be utilized for
different food product formulations to improve the human intake
of protein. Food products from chickpea are the major dietary
protein source of high-quality protein (22). The protein isolates
and defatted flour from lupin fulfill the requirements of essential
amino acids (28). Moreover, pigeon pea and its derived isolates of
protein are the potential sources rich in sulfur-containing amino
acids suitable for the consumption of human beings (29).

Cereals

Cereal consumption, such as wheat, rice, barley, and corn, are the
most common staple food throughout the world (30). Globally,
in developed and developing countries, rice is one of the most
widely consumed cereal crops. Amagliani et al. (30) analyzed
the amino acid composition of proteins present in the rice and
found that lysine content is highest in albumin, while sulfur-
containing amino acids are majorly present in the globulin.
Some studies have also been conducted to improve rice protein’s

extracted yield by using different isolation techniques (31). In one
of the studies, it has also been found that lysine is present in
significantly less rice protein isolates (32). Mainly consumed in
developing countries, millet, and its concentrates of protein are a
mostly nutritious source of proteins. It usually contains a high
amount of essential amino acids, including lysine. Nutritional
profiles of cereal-based proteins have also been extensively used
in industrial applications and bakery products. In a study,
faba bean flour, and wheat flour bread products showed an
increased amount of essential amino acids after fermentation.
The mixture of legumes and cereal helps improve the overall
nutritional quality (33).

Pseudocereals

Pseudocereals like amaranth, buckwheat, and quinoa are mainly
the dicotyledonous plants that are considered false cereals (34).
Recently, more interest has been paid to utilize pseudocereals
protein, like amaranth and quinoa, to fulfill the high demand
for proteins. These sources mainly contain high-quality protein,
unsaturated fatty acids, fibers, vitamins, and minerals. They
also have a high quality of essential amino acids and increased
bioavailability of proteins. Along with these qualities, they are
also gluten free, being an alternative in the diet of patients
with celiac disease (35). One of the studies also showed that
amaranth and quinoa contain a high quantity of lysine, useful as
dietary supplements (35).

Seeds

The consumption of plant-derived food components increases
continuously, and seeds are an important source that provides
good quality of nutrition (30). Flaxseed, one of the richest sources
of high-quality protein, also contains phenolic compounds,
fibers, and essential amino acids; however, some studies argued
that lysine is limiting in flaxseed (36). In their study, Lugo et
al. (37) observed that the composition of essential amino acids
in chia lacks lysine, whereas the watermelon seeds were found
to contain a good amount of leucine and arginine (38). One
of the studies has also been identified that the flour of paprika
seed mainly contains aromatic amino acids like threonine,
lysine, and tryptophan but poor in sulfur-containing amino acids
and isoleucine (39).

Almond and Nuts

Almonds and nuts are generally known for their high-quality
lipid and fatty acids content and also contain high-quality
protein content. The species known as pequi and baru from
Brazilian Savanna are non-traditional almonds that are good
protein sources and have a complete profile of amino acids (40).
Baru almond contains all essential amino acids, whereas pequi
almonds are rich in sulfur amino acids and lack lysine, similar
to cashew nut (Anacardiumothonianum). Peanuts are limited
in valine and lysine and are considered as the inferior source
of protein.

Meat Analogs From Plant Proteins

Currently, commercial plant-based meat analogs revolutionize
the modern food industry. In the US, the market price
of plant-based products was ~$940 million in 2019, which
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will increase by 38% in recent years (41). Currently, the
food industry helps produce high-quality plant-based meat
analogs, such as sausages, burgers, ground meat, and nuggets.
However, it is more challenging to make the products that
match the properties of whole muscle tissues like connective
tissue, muscle fibers, and adipose tissue that form hierarchical
structures (42). The arrangement of tissue structure plays a
significant role in determining meat products’ sensory and
physicochemical properties. Plant-based whole muscle products
of high quality first require the most suitable ingredients and
processing techniques to stimulate muscle fiber, adipose, and
connective tissue.

Many reviews have been published on meat analogs from plant
proteins (41-44). Ideally, meat analogs should provide adequate
structural similarity besides nutrient composition. Meat analogs
are mainly produced from plants’ macronutrients, including
polysaccharides, proteins, and fats, and some micronutrients
and other ingredients, such as minerals, vitamins, flavoring,
and color agent preservatives, and binders. The components
and processing techniques utilized to produce these analogs
should be optimized for each meat product. The appearance
of the meat analogs’ surface should be of opaque texture like
real meat. Food industries have used several techniques to
maintain the color of plant-based meat alternatives. For instance,
Meat™ uses beet juice extract that contains a natural pigment
called betalain to recreate the suitable color of meat. Also,
Impossible Foods™ uses leg hemoglobin (plant-based heme
protein) extracted from soybeans roots to color its products.
Various technological and scientific methods, like processing
and physicochemical approaches, are being searched to create
potential structures of plant-based meat that aim to accurately
mimic the texture of real meat. It should also be noted that
meat analogs usually simulate the fluid-holding capacity like real
meat during cooking. Knowledge about the essential constituents
of flavor present in products of real meat is helpful to identify
plant-based ingredients that give the meaty flavors in plant-based
meat analogs. However, developing plant-based meat analogs
is challenging and providing a similar nutritional profile to
real meat.

Milk Analogs From Plant Proteins

One of the most consumed food products from plant origin is
plant-based milk analogs. Various attributes, such as processing
methods, sensory quality, raw materials, physicochemical
properties, and nutritional profiles of plant-based milk analogs,
have been presented and described in many articles (45, 46).
Milk analogs are colloidal dispersions consisting of several
particles, such as fat droplets, oil bodies, plant tissue fragments,
protein aggregates, and insoluble calcium carbonate particles
dispersed in an aqueous solution containing soluble proteins,
sugars, salts, and polysaccharides (46). For the formation of
high-quality milk analogs, there should be correct information
on light scattering theory, techniques of particle reduction,
as well as mechanisms of particle instability. Two approaches
have been used for producing milk analogs, such as disruption
of plant tissue (including soaking, mechanical disruption,
enzymatic hydrolysis, separation, formulation, homogenization,

and thermal treatment for breaking of plants materials into small
particles) and homogenization (including blending of plant-
based components that are isolated, such as emulsifiers, oils, and
thickeners) (46). The components and processing techniques are
generally optimized for creating milk analogs that mimic cow’s
milK’s functional and desirable properties (46). For developing a
better quality product, the plant-based milk analogs have been
extensively analyzed for features, such as appearance, flavor,
color, bio-availability, and nutrition profile.

Egg Analogs From Plant Proteins

The hen’s egg consists of 75% water, 12% proteins, and 12% lipids.
Also, it includes a variety of constituents that help in different
food applications like foaming, emulsification, and gelation (47).
Eggs are mainly used in various ways, such as boiled, fried,
poached, or scrambled, and part of many other foods, including
dressings, mayonnaise, desserts, and baked goods. Generally,
plant-based egg analogs should have desirable functional and
physicochemical properties. For example, eggs analogs should
have the functional ability to transform a solution into a gel
when heat is supplied, just like that of real eggs. Plant proteins
used in egg analogs have solution temperature in the range of
63-93°C, which shows that higher temperature is needed to
mimic the structure and texture of real eggs. Various methods,
such as dynamic shear rheometry and differential scanning
calorimetry, have been utilized, which provide information on
gelation temperatures and denaturation of proteins. The gel
nature of plant-based egg analogs depends on the type of
protein (e.g., chickpea, pea, sunflower, bean, and soybean),
the concentration of protein, and environmental conditions
(e.g., pH, ionic strength, and thermal history). Plant-based egg
analogs should have the best emulsifying solubility, segregation,
separation, and stabilization properties. Like real eggs, they
also have a better appearance, flavor, color, bioavailability, and
a nutrition profile to produce a better quality of plant-based
milk analogs.

Food Waste/By-Products as a Protein Source
Increasing population and industrialization also negatively
affected the environmental conditions. Eco-innovation is the
term that addresses the essential changes for sustainable
development. It is an approach where by-products and waste
from plants become an important resource. Food waste/by-
products have also been utilized for the extraction of proteins.
These mainly include oil meals/press cakes, by-products of
cereals, and legume processing.

Oil Meals/Press Cakes

During oil processing, the by-products, such as oil meals/press
cakes, have been released from oil-bearing fruits and seeds
(48). Oil meals contain 15-50% of protein content and are,
hence, considered valuable sources for the extraction of proteins
(48). Soybean, cottonseed, peanut, sunflower seed, sesame
seed, pumpkin seed, hazelnut, grape seed, walnut, hemp seed,
and rapeseed are the major oilseed crops containing a high
proportion of protein meal. Also, oil-bearing crops, such as
coconut, palm, and olive, have oil in their fruit pulp, and their
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residues are useful to isolate proteins. The protein content varies
depending on the processing of hulled and dehulled meals
of oilseed. Usually, the dehulled meals have higher protein
content and lower fiber content, while dehulled meals require
an additional fractionation step before they have been used for
protein extraction.

By-Products of Cereal and Legume Processing

By-products after cereal and legume processing are important
raw materials for the extraction and isolation of proteins. The
high content of protein in legumes makes them most important,
followed by cereals. Rice bran is the most important protein
source among cereals. Along with the rice, several other crops
by-products have been used as promising protein sources, such
as wheat bran, broken rice, brewer’s spent grains, and defatted
wheat germ. Commercial milling of pulses also produces ~25%
of by-products consisting of powder, husk, broken, shriveled,
and unprocessed seeds. With high nutritional value and a well-
balanced profile of amino acids and also various bioactivities,
the cereal crops and their by-products are of major attention.
Hence, these are considered as appropriate materials for protein
extraction due to their quantities, availability, and composition of
amino acids (30).

Demand of Dietary Protein

Proteins are molecules with great complexity and diversity that
have played an important role in maintaining the structure and
function of living cells (29, 49). It is being applied in a number
of applications, such as medicine, nutraceuticals, industries,
food, feed, etc., and the demand for protein is continuously
increasing with the rise of the global population (12). Globally,
protein requirements are fulfilled by both plants (80%) (such
as cereal grains, beans, soy, pulses, nuts, vegetables, and fruits)
and animals (~20%) (such as meats, milk, eggs, fish, yogurt,
and cheese) (50). Along with the increasing nutritious food
demand, the protein demand is continuously increasing globally
by changing socioeconomic status. Increased urbanization, as
well as economic development, has led to various transitions
in dietary patterns in the population of low- and middle-
income countries, especially the demand for foods derived from
animals, which is noticed in developing countries (51). Protein
from animal origin causes emissions of greenhouse gases from
livestock as well as loss of terrestrial biodiversity by human
interventions (52). Therefore, plant-based protein requirements
are continuously increasing.

Plant-based proteins play a major role in the human
diet as they are rich in a large number of other nutrients,
vitamins, and minerals (53). Foods obtained from plants
enhance the content of protein that contains various essential
amino acids and may also improve the nutritional status of
human diets. From the last few decades, interest has been
drawn for the search of protein sources with high nutritional
quality and functionality and industrial applications (like
emulsification, solubility, gelation, foaming, viscosity, oilholding,
and water-holding capacities). Furthermore, the development
and utilization of novel techniques of food processing enhance
the nutritional quality of traditional sources of plant protein.

According to the overall status of health, human nutrition is
considered an important issue that provides the methods for
prevention or development of a number of diseases resulting
from excessive, unbalanced, or insufficient nutrient intake (15).
Generally, the daily intake of protein is provided by animal-
based foods. However, changes in the consumers’ requirement
led to adoption of alternative sources of proteins for human
consumption. And, also, the protein produced from animal
sources is costly and environmentally non-sustainable and
requires more water (about 100 times) during production than
plant protein. Emerging factors in animal proteins, like the
growth of world population, climate change, and occurrence
of animal diseases, more research is now dedicated to finding
various new sources and technologies to produce proteins from
plants with high content and resilient to changing climate and
thus provide balanced nutrition in humans’ diet (51).

The proteins and their amino acid composition play a major
role in human health. For instance, sulfur-containing amino
acids, such as methionine and cysteine, play a vital role in
maintaining the immune system functioning (54) and also
the peroxidative protection mechanism in muscles, nervous,
and cardiovascular systems (55). Lysine is important for bones
calcification, liver activities, nitrogen balance inside the body,
and muscle and blood synthesis. While valine helps in the
coordination of motor cells, and aspartate and glutamate
are essential for hormonal regulation and immunological
stimulation, respectively (35). Leucine and isoleucine are
assisting as building blocks of other proteins (36). Generally, it
has been recommended that, for adults, the protein intake should
be in-between 0.8 and 1 g/Kg body-weight/day (56, 57). Pregnant,
lactating women, and infants need higher protein ingestion than
adults as 1.1, 1.3, and 1.2-1.52 g/kg/day, respectively (57). The
intake requirement of proteins and amino acids is determined
by various factors linked with genotypic as well as phenotypic
characters (age, gender, body weight, lifestyle habits, physical
exercises, health conditions, and metabolic capacities) (5).

FACTORS AFFECTING THE NUTRITIONAL
VALUE OF PLANT PROTEINS

The protein’s nutritional quality can be identified in different
ways, but, in a simple way, it is the balance and relative amounts
of essential amino acids, as well as digestibility, bioavailability,
and bioactivity, which mainly identify its nutritional value.
Compared with animal-based protein, the proteins derived
from plants are easier to produce; however, when utilized as
dietary sources for human consumption, most of the plant
proteins are deficient in essential amino acids and are, therefore,
nutritionally incomplete. For example, some cereal proteins
are low in tryptophan, lysine, and threonine content, while
vegetable proteins and legumes have a lower amount of sulfur-
containing amino acids, such as methionine and cysteine (58).
Due to this deficiency, these essential amino acids become
the limiting factor in legumes and cereals. Practically, neither
legumes nor cereals can compensate for the deficiency of amino
acids for other crops, and, hence, diet feeding regularly provides
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FIGURE 2 | Various factors that affect the nutritional quality of crops.

supplementary amino acids. There are also other factors that
affect the nutritional quality of crops, including soil condition,
crop maturity, postharvest handling, storage, use of fertilizers and
pesticides, crop variety, and climatic conditions (Figure 2).

It is important in terms of nutritional as well as economic
value to increase the essential amino acids content in plant-based
proteins (59). In the past decades, plant breeders and geneticists
have done much research for the improvement of the quality and
characteristics of plant proteins. For instance, natural mutations,
like the high content of lysine in barley and corn, have been
recognized and made as elite genotypes (60). But, unfortunately,
undesirable characters, like lower yields and susceptibility to
pests and diseases, were also linked with these types of natural
mutations. Nowadays, the techniques of modern biotechnology
as alternative methods help to solve these problems. The method
known as the protein digestibility-corrected amino acid score
(PDCAAS) is an effective tool for the quality evaluation of protein
(49, 61). One of the new methods recommended by FAO in
2013, digestible indispensable amino acid score (DIAAS), has also
been used to evaluate protein quality, and, in terms of scientific
knowledge, it is considered more accurate than PDCAAS (62).

BIOACTIVE AND FUNCTIONAL
PROPERTIES OF PLANT-BASED
PROTEINS

Bioactive Properties of Plant-Based

Proteins

Several reports have shown the health effects of plant-
based proteins as antitumor, antioxidant, hypoglycemic,
ACE inhibitory, antimicrobial, and hypolipidemic effects
(Figure 3) (63, 64). It has been observed that in countries where
a high number of pulses are consumed, risk diseases, such

as type-2 diabetes, cardiovascular diseases, colorectal cancer,
and different types of chronic diseases, have been reduced
(65, 66). The bioactivity of small peptides that are mainly
released from enzymatic hydrolysis by various proteases, such
as pepsin, trypsin, chymotrypsin, alcalase, papain, pancreatin,
thermolysin, and flavorzyme, are present in different pulse
proteins (67). These peptides exert various bioactivities, such
as antioxidant, antifungal, antitumoral, and ACE inhibition
activity (67, 68), and are also used for different purposes,
like food supplements, functional food ingredients, and
nutraceuticals (63) (Table 1).

Plant-Based Proteins Against Cardiovascular
Disease and Metabolic Risk Factors

A large number of studies showed the potential impact of
dietary proteins derived from plants against cardio-metabolic
risk factors. The first study for the synthesis and intake of plant
proteins as an alternative to animal protein was reported and
published in 2017 (83). In this study, the authors reviewed
and demonstrated biomarkers for cardiovascular disease from
plant proteins consumption (83). They also studied and reported
a decrease in the concentration of blood lipids (such as
lower apolipoprotein B, low-density lipoprotein cholesterol,
and non-high-density lipoprotein cholesterol). The authors
also conducted randomized trials, which proved that plant
protein is effective in reducing the risk factors associated with
cardiovascular diseases in adults. In another study, the impact
of proteins derived from plants (mostly soy products) on
hypercholesterolemic patients was found superior in lowering
the lipid profiles compared with the animal proteins (84).
In populations, the adolescent stage, most of the benefits of
plant-based proteins and metabolic health concerns have been
discussed. Several studies to examine the benefits of plant-
based proteins intake have been done for metabolic syndrome,
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weight management, and obesity, as these are the serious and
growing health issues globally among adolescents. However, the
regulation of protein intake is critical to many physiological
development and functions. Therefore, enhancing the proteins
derived from plants in adolescent diets as a substitute for
animal-based proteins helps in controlling obesity and other
cardio-metabolic factors (85). The authors in different studies
concluded that there should be the addition of more proteins
of plant origin in the human diet for reducing the risks
associated with cardiovascular disease as well as metabolic
risk factors (86). Also, it was found that consumption of
plant-based proteins lowers blood pressure in patients with
hypertension (including elderly patients) as compared to
animal protein (87, 88).

Most of the studies were also associated with the intake of
plant protein sources and mortality. In a recent cohort from the
NIH-AARP Diet and Health Study, the authors also observed
the effect of choice of dietary protein on mortality (89). In
this study, more than six lakh individuals from the U.S. in
the age group of 50-71 years were followed from 1996 till
December 2011. It was noticed that plant protein intake has
led to inverse the mortality rate as well as from stroke in both
males and females and cardiovascular disease. They observed
the replacing of animal protein with only 3% of plant protein
reduced 10% risk of overall mortality in both males and females
(89). Therefore, it is beneficial to substitute plant proteins into
the diet instead of animal proteins in terms of mortality and
longevity. In a recently published review of the 32 cohort studies,
it has been interpreted that the plant-based protein diet lowers
the risk of all-cause and cardiovascular-associated mortality.
Replacement of foods containing animal proteins with plant
protein improves longevity (90).

Plant-Based Proteins and Diabetes

Although plant-based diets are mainly linked with reducing
the risk of diabetes (91), it is still not clear that substituting
the plant-based proteins for animal proteins helps in reducing
the risk of diabetes in the population. After studying and
analyzing using the dataset from the Nurses’ Health Study II,
Malik et al. (92) observed that 5% substitution of vegetable
protein for animal protein was linked to the 23% reduction
in type 2 diabetes risk. In a meta-analysis conducted in 2015,
the sources of animal protein were replaced with plant-based
protein for ~35% of the intake of dietary protein for 8-week
randomized controlled trials. From this study, the authors found
that there are significant improvements in the levels of fasting
glucose, fasting insulin, and HbAlc in patients with diabetes
(individuals with both type 1 and type 2 diabetes) (93). In a
cohort study, individuals were provided a protein-based diet and
found that higher protein intake is associated with a lower risk
of diabetic and pre-diabetic incidences, and plant-based proteins
are the main determinant (94). The plant-based protein diet
also contains a variety of bioactive components, which provide
beneficial health effects as compared to processed meat products.
In another randomized crossover trial, substituting red meat
with legumes (lentils, chickpeas, peas, and beans) significantly
decreased fasting blood glucose, insulin, and the triglyceride level
in patients with diabetes type-2, suggesting the potential role of
plant-based proteins over animals (95).

Plant-Based Proteins Against Cancer

Generally, a large number of factors, such as environmental,
genetic, dietary, and other habitual features, are associated with
the development of cancer. One research group has studied and
examined the risk factor of colorectal cancer in individuals with
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TABLE 1 | The commonly used physical modification methods of protein and their applications.

Modification methods Description/Applications References
Physical Heat treatment Conventional thermal treatment Physically modifying plant-based protein structural and (69)
modification functional properties

Used in pharmaceutical and food industries
Increase thermal stability, gelling properties

Reduce or eliminate adverse effects of anti-nutritional
compounds

Improve digestibility, nutritional, and emulsifying properties of
plant-based proteins

Ohmic heating Used for milk pasteurization (70)

Result in unfolding, denaturation, and the formation of
uniform-sized protein aggregates

Having techno-functional properties

Decreasing the heating time and improving the emulsifying
ability of the protein

Microwave heating Induce protein unfolding by splitting disulphide and hydrogen (71)
bonds

Improve digestibility, gelling and emulsifying properties
Modulate the protein without destroying its primary structure
Increase the efficiency of enzymatic modification
Used for immunomodulation of different plant-based proteins

Radio frequency treatment Increasing the surface hydrophobicity (72)
Improve functionalities such as the oil holding capacity and
emulsifying properties

Infrared irradiation Increase digestibility (18)
Decrease the amount of anti-nutritional factors

Gamma irradiation Extending the shelf-life of food products 62)

Increase thermal stability, digestibility, and surface
hydrophobicity
Improve antioxidant ability, oil binding capacity, emulsifying,
and foaming properties
Decrease water binding capacity and immunoreactivity

Electron beam Sterilize food materials as well as assist in extraction (73)
irradiation processes

Improve solubility, nutritional value, bioactivity, functional

properties, and emulsifying activity of peptides

Decrease surface hydrophobicity and molecular weight,

which positively affected emulsifying and foaming properties

Increased efficiency, antioxidant ability, and thermal stability of
this plant-based protein

Ultraviolet radiation Induce chemical modification in plant-based proteins which (74)
can improve their techno-functional properties

Improve the mechanical properties of the formed fims

Increase sulfhydryl content, surface hydrophobicity,
antioxidant activity, solubility, emulsifying and foaming
properties
Decrease immunoreactivity and allergenicity of plant-based
proteins
Pulsed-electric field Increase surface hydrophobicity, antioxidant activity, protein (75)
solubility, emulsifying, foaming and functional properties
High pressure High hydrostatic pressure Inactivate microorganisms, changes texture and (76)
treatment emulsification
Increase protein surface hydrophobicity and nutritional value
of plant-origin proteins
Reduce allergenicity

(Continued)
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TABLE 1 | Continued

Modification methods

Description/Applications References

Dynamic high-pressure fluidization

Sonication

Extrusion

Ball mill treatment

Cold atmospheric
plasma processing

Ultrafiltration

Improve techno-functional properties, gelation and
aggregation ability, antioxidant activity, emulsifying properties,
protein solubility, colloidal and heat stability, water, and oil
holding capacity

Inactivate microbial cells (77)
Improve emulsifying ability, versatility, digestibility, and

functionality of plant-based proteins

Decrease nanoparticle size and allergenicity of different

animal proteins

Increase solubility, emulsifying and foaming properties

Favor water and oil binding capacity, emulsifying and gelling
properties

(78)

Improve solubility, foaming capacity, emulsification properties,
antioxidant ability, and digestibility of plant-derived proteins
Enhance hydrophobicity

Decrease foaming stability, amount of anti-nutrients, and
allergenicity

Inactivate microorganisms, enzymes, and naturally occurring

toxic substances as well as gelatinization of starch or shaping
food materials

(79)

Improve techno-functionality and digestibility of plant-based
proteins, and can also generate a texture mimicking that of
meat

Destroy anti-nutrients compounds

Ensure higher solubility

Improve gelling properties

Inactivate microorganism, spores and viruses present on the
surfaces of food

Improve techno-functional properties of plant-based proteins,
solubility, emulsifying and foaming ability, water holding
capacity, antioxidant, and gelling properties and surface
activity

Increase surface hydrophobicity

Improve of surface hydrophobicity, emulsifying, foaming, and
oil holding capacity

Remove anti-nutritional compounds

the help of analyzing gene-environment interaction, including
other factors, such as genetic, lifestyle, and cancer risk factors
(96). The authors reported the linkage between colorectal cancer
and the genetic diversity of fatty acid metabolism, which are
mainly associated with a higher intake of meat, and concluded
that those who consume a high diet of meat have a high
risk of colorectal cancer (96). Therefore, plant-based protein
substitution for animal protein is a better way to reduce the risk of
colorectal cancer in humans with certain genetic polymorphisms.

Plant-Based Proteins and Their Renoprotective Effect
The diet, which is lower in vegetables, fruits, healthy oils,
and dairy food, but higher in total protein foods, total grains,
saturated fats, sodium, and added sugar, has been under trials to
know the differences that help to cure chronic disease, especially
chronic kidney disease (CKD) (97). Recent studies have suggested
that, along with the amount of protein, protein’s origin (for
example, plant vs. animal) might be a crucial factor that affects the
function of the kidney (98). For individuals with chronic kidney

disease, on the consumption of plant-based protein, a significant
23% lower mortality rate was reported (99). In a randomized
control trial in diabetic adults with macro-albuminuria, the
animal protein diet was substituted with soy protein diet (by 50%)
and found that it significantly improved proteinuria, cholesterol,
and the glucose level (100).

In a crossover study, a diet rich in soy protein reduces
glomerular hyperfiltration in individuals having type 1 diabetes
with early-stage nephropathy (101). With the increase in
glomerular hyperfiltration and the glomerular filtration
rate, the incidence of kidney injury has been decreased
(102). The plant-based proteins mainly extracted from rice
endosperm and soybean have also shown renal protective
function in diabetic rat models (103). Also, other factors,
like phytochemicals and fiber, also played a significant role
in renal protection by consuming whole food from plant-
based diets as well as other components of plants. Thus, it is
recommended to incorporate high-quality plant proteins for
renoprotective effects.
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Functional Properties of Plant-Based

Proteins

Plant proteins have also been utilized as functional foods. A large
number of studies have been done to examine and reduce the risk
factors of cardiovascular disease, modulating inflammation and
immune system by functional analysis and bioactive properties
of soy protein (104). The recent systematic review has focused
on the bioactive properties of sources of plant proteins, such as
rice, lentil, fava bean, pea, lupin, hemp, and oat (105). Various
trials have been done to test the benefits of proteins derived from
plants by observing the concentrations of insulin, blood glucose,
and hormones regulating the appetite. However, conflicts in
results were seen when the study was conducted for determining
the beneficial effects of plant proteins on postprandial glycemia
regulation. A number of components present in plants, like
flavonoids and carotenoids, also confer the benefits of bioactive
functionality on human health.

In addition to the nutritional quality of plant proteins and
their bioactive properties, these compounds also have functional
properties. They play a major role in food processing and
formulation, i.e., the production of gluten-free and protein-rich
food (106). Chemical and physical properties of protein help
during the storage, consumption, processing, and preparation
of food products. Properties like solubility of the protein,
foaming capacity, absorbing capacity of water and fat, foam
stability, gel-forming, and emulsifying activity are involved in
protein interaction by combining with other molecules, like
proteins, carbohydrates, salts, lipids, water, and volatiles. These
functional properties are largely affected by the molecular size of
peptides and/or proteins, charge distribution, and structure of the
protein. Additionally, different environmental conditions that
affect the structural changes of protein during food processing
will also affect the functional properties of plant proteins (107).
For improvement of nutritional quality and potential health
benefits, different protein formulations can be added, such as
isolates, concentrates, and protein flours. However, the functional
properties of various plant-based proteins were utilized in
the industrial production of food products. Briefly, various
functional properties such as protein solubility during beverage
production lead to solvation of protein; absorption of water
molecules and their binding allows entrapment of water in
bread, meat, cakes, sausages, etc.; absorption of fat is linked with
binding of free fat in meats, doughnuts, and sausages; emulsifying
properties of proteins lead to the production and stabilization of
emulsions of fats in pasta, cakes, sausages, soups, etc.; protein’s
foaming properties permit the entrapping of gasses by forming
stable films in whipped toppings, bakery products, cakes, and
desserts; gelation properties are linked with the formation and
maintaining of protein matrix in meats, cheese, and curds (106).

Applications of Plant-Based Proteins in

Food and Non-Food Industries

Proteins are the important ingredients of the human diet with
great complexity and diversity that play an important role in
structural and functional development (29, 49). Plant protein
provides many essential amino acids, vital macronutrients

and is sufficient to achieve full protein nutrition. Moreover,
plants have a high demand for the supply of protein to
the increasing population (12). Thus, instead of animals,
plants were considered the bioproduction system for useful
substances, especially in medicine, which usually provide a
large number of secondary metabolites having therapeutic
effects. These substances produced by plants mainly help to
protect from predators and pathogens, attract pollinators, and
have properties like anti-inflammatory, wound-healing, anti-
microbial, psychoactive, etc. (1), and hence utilized for protecting
and maintaining human and animal health.

Different sources of plants have been widely used as
supplements of protein, such as cereals (wheat, rice, millet, maize,
barley, and sorghum), legumes (pea, soybean, bean, faba bean,
lupin, chickpea, and cowpea), pseudocereals (buckwheat, quinoa,
and amaranth), nuts and almonds, and seeds (flaxseed, chia,
pumpkin, sesame, and sunflower). Along with providing health
benefits, proteins also play a significant role in food formulations
because of their diverse functions, such as emulsifying, gelling,
and thickening agents, and also have water-holding, foaming,
and fat absorption ability (16, 17). In addition, these crops have
number of beneficial effects on health and have technological and
functional properties with industrial applications in development
of food. Thus, these proteins play an important role in circular
production systems.

Food derived from plants plays a vital role in human health
as an important source of bioactive components, minerals,
vitamins, and bioactive peptides (4). In addition, protein
obtained from plants provides essential amino acids and
improves the overall nutritional status of human diets.

From the last few years, much interest has been paid to search
for protein sources with high nutritional quality and functionality
in food processing and industrial applications (emulsification,
solubility, gelation, foaming, and viscosity oil-holding and water-
holding capacities). Recently, the importance and benefits of
proteins derived from plants have been trending to provide
various health benefits. Many studies have been conducted on
the potential impact of dietary proteins derived from plants
on reducing cardio-metabolic risk factors, metabolic syndrome,
weight management, and obesity (86-88). Most of these studies
concluded that there should be an addition of proteins of plant
origin in the human diet for reducing the risks associated with
cardiovascular disease and metabolic diseases (86). Another
interesting area of research to examine the benefits of intake
of plant proteins instead of animal protein is reducing cancer
risk factors.

Food products containing plant proteins have also been
known as functional foods. Various trials have been conducted
to test the health benefits of plant-based proteins by observing
the concentrations of insulin, blood glucose, and hormones
regulating the appetite. Most of the studies were also associated
with the intake of plant protein sources and mortality. In a recent
cohort from the NIH-AARP (National Institutes of Health-
American Association of Retired Persons) Diet and Health Study,
the authors also observed the effect of choice of dietary protein
on mortality (89). The diet, which is lower in vegetables, fruits,
healthy oils, and dairy food, but higher in total protein foods, total
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grains, saturated fats, sodium, and added sugar, has been under
trials to know the differences that help to cure chronic disease,
especially chronic kidney disease (CKD) (97). Recent studies have
suggested that, along with the amount of protein, protein’s origin
(for example, plant vs. animal) might be a factor that affects the
function of the kidney (98).

In addition to the nutritional quality of plant proteins and
their bioactive properties, they play a major role in food
processing and formulation, ie., the production of gluten-
free (GF) and protein-rich foods (106). In addition, however,
the functional properties of various plant-based proteins were
utilized in the industrial production of food products. Various
applications, like protein solubility (bread, meat, cakes, sausages,
doughnuts, and sausages; emulsifying properties emulsions of
fats in pasta, cakes, sausages, soups, etc; protein’s foaming
properties, bakery products, cakes, and desserts; and gelation
properties provide stability to the protein matrix in meats, cheese,
and curds (106).

Some traditional proteins from plant origin have been utilized
by humans as a protein source, such as beans, pea, and soybean.
Still, various recent studies have been done for novel (such as
proteins from insects and algae) (2) and unconventional and
alternative protein sources (like agroindustry by-products from
extraction of edible oil) (7).

Gluten-free pseudocereals help in curing of patients with
celiac disease (35). The food industry helps produce high-quality
plant-based milk, egg, and meat analogs, such as sausages,
burgers, ground meat, and nuggets. The proteins derived from
plants are considered important and functional ingredients
with different roles in food formulations, including gelling and
thickening agents, foams and emulsions stabilizers, and binding
material for water and fat. Most of the proteins have biological
activities, like ACE inhibitory, antioxidant, antimicrobial, and
stimulating characteristics (70), and the protein from vegetables
is also utilized for synthesizing and extracting bioactive peptides.

HEALTH ISSUES LINKED WITH
PLANT-BASED PROTEINS

Antinutrients

There are many health concerns linked with a large intake
of dietary proteins derived from plants. Antinutrients, such
as tannins, phenolics, saponins, phytates, glucosinolates, and
erucic acid, are naturally produced by plants and further
interfere with absorption, digestion, and utilization of nutrients
present in food, with other side effects as well (108). The
adverse effects of antinutrients might be maldigestion of proteins
(protease and trypsin inhibitors), carbohydrates (alpha-amylase
inhibitors), autoimmune and leaky gut (e.g., some saponins
and lectins), malabsorption of minerals (oxalates, phytates,
and tannins), inflammation and interfering in thyroid iodine
uptake (goitrogens), behavioral effects, and gut dysfunction
(when converting cereal gliadins to exorphins) (108). These
adverse effects of antinutrients are generally seen in animals
when consumed unprocessed proteins of plant origin. However,
these antinutrients also showed beneficial health effects. For

instance, at a lower level of lectins, phytates, enzyme inhibitors,
saponins, and phenolic compounds, there is a reduction in
plasma cholesterol, triglycerides, and blood glucose levels (108).
Saponins may play a significant role in liver functioning and
decrease platelets agglutination. In contrast, some of the saponins
and also protease inhibitors, phytates, phytoestrogens, and
lignans might help in reducing cancer risk (108). Additionally,
tannins also have antimicrobial effects (108). To reduce the
concentration of antinutrients in plant proteins and their adverse
effects, various treatment processes, such as fermentation,
soaking, gamma irradiation, sprouting (germination), heating,
and genomic technologies, have been adopted (108). Food
processing techniques also remove most of the antinutrients like
phytates, glucosinolates, erucic acid, and also insoluble fiber from
canola proteins that further improve and increase the digestibility
and bioavailability (109).

Isoflavones and Soy Protein

Soy protein is associated with both positive and negative health
concerns. The adverse effect on health is due to the presence
of isoflavones in soy protein, which are chemically similar to
estrogen and could also be bound to estrogen receptors (110).
Due to soy isoflavones, the issue of endocrine-disrupting effect
is seen on thyroid and reproductive hormones at higher doses
in rodent and in vitro cell culture studies (111-113). The
isoflavones content of different ingredients of soy protein has
been reported; for example, isolates of soy protein (88-164
mg/100 g), defatted and whole soy flours (120-340 mg/100 g),
textured soy protein isolates that are commercially used (66—
183 mg/100 g), and soy hypocotyl and flours’ commercial isolates
(542-851 mg/100g) (114). Therefore, consumers mainly avoid
taking soy proteins due to various adverse effects on thyroid and
reproductive hormones. The study conducted by the European
Food Safety Authority in 2015 showed that 35-150 mg daily
doses of isoflavones in pre- and postmenopausal women resulted
in no significant enhancement in breast cancer risk, uteruss
histopathological changes or thickness in the endometrial lining
of the uterus, and thyroid hormonal status for about 30 months
(115). A meta-analysis has also been done on 15 men of different
ages and found that intake of 60 g/day of soy protein has
not been linked with sex hormone-binding globulin, changes
in testosterone, free androgen index, or free testosterone (116).
Also, it did not influence the parameters of semen quality,
such as sperm concentration, semen volume, sperm mobility,
sperm count, sperm percent motility, sperm morphology, and
total motile sperm count in healthy men (117). It has also been
reported in the meta-analysis that intake of soy protein might be
linked with reducing breast cancer risk in women (118-120).

Plant-Based Proteins and Their
Association in Allergenicity

There is an increasing trend of consuming plant proteins, which
indicates that different sources of protein from plants influence
our health. Such dietary proteins may also have some adverse
effects, including allergenicity. An allergy from food is basically
an adverse effect that results inactivation of immune response
when exposed to a food. According to the literature review, food
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allergy is found to affect up to 10% of the population (121). It
has been identified that more than 170 foods in the United States
of America are responsible for food allergies. Foods commonly
causing allergy are tree nuts, soy, wheat, fish, peanuts, milk,
shellfish, and egg. Other common food allergens based on the
countries are lupines (European Union); sesame seeds (Canada,
European Union, and Australia); buckwheat (Japan and Korea),
and mustard (European Union and Canada) (122). A higher
number of children than adults are sensitive to dietary proteins
that mainly cause allergy (123).

Food allergens from plants are mainly categorized into
four families, the cupin superfamily, the prolamin superfamily,
profilins, and the Bet v 1 family. More than 50% of allergens
of plant proteins fall into two categories, i.e., the cupin
and prolamin superfamilies (124). The prolamin family has
8 cysteine residues of amino acid that is conserved with
pattern CXnCXnCCXnCXCXnCXnC, which mainly stabilizes
the structure of protein and contributes proteins allergenicity.
The most commonly found allergens are cereal prolamins, a-
amylase, 2S albumins, non-specific lipid transfer proteins, and
trypsin inhibitor, protein families.

COMPARISON BETWEEN ANIMAL AND
PLANT-BASED PROTEINS

Dietary proteins could be derived from animals and plants.
Animal protein, although higher in demand, is generally
considered less environmentally sustainable. A gradual transition
from animal to plant-based protein food may be desirable
to maintain environmental stability, ethical reasons, food
affordability, greater food safety, fulfilling higher consumer
demand, and combating of protein-energy malnutrition. Since
the last 20 years, among the alternative sources of protein,
the scientific research team and private companies have mainly
focused on algae, earthworm or earthworm meal, insects, and
other invertebrates (52, 53). Nowadays, food derived from plants
plays a vital role in the human diet as an important source of
bioactive components, such as vitamins, phenolic compounds,
or bioactive peptides. Hence, these components are very helpful
to human health and protect against various pathogens (4).
Instead of animals, plants were considered the bioproduction
system for useful substances, especially in medicine, which
usually provide a large number of secondary metabolites
having therapeutic effects. These substances produced by
plants mainly help protect from predators and pathogens,
attract pollinators, and have properties like anti-inflammatory,
wound healing, anti-microbial, psychoactive, etc. (1), and
hence utilized for protecting and maintaining human and
animal health.

The proteins derived from plant-based foods are increasingly
used as a health-promoting and economical alternative source in
place of animal proteins in human nutrition. However, various
limitations, such as increased cost, limited supply, biodiversity
loss, hazard for human health in different diseases, freshwater
depletion, and susceptibility to climate change, replace animal-
based proteins (5-7). Moreover, it is hard and expensive to extract

an adequate amount of animal proteins; therefore, an alternative
for improving the nutritional status of humans is mainly received
from plant proteins.

Globally, protein is produced from both plants (80%), such as
cereal grains, beans, soy, pulses, nuts, vegetables, and fruits, as
well as animals (~20%) in the form of meats, milk, eggs, fish,
yogurt, and cheese (50). Compared to animal-based proteins,
the proteins derived from plant-based foods are rich in fiber,
polyunsaturated fatty acids, oligosaccharides, and carbohydrates.
Therefore, they reduce the cardiovascular diseases and type II
diabetes (8). Increased urbanization and economic development
have led to various transitions in dietary patterns in the
population of low- and middle-income countries, especially the
demand for foods derived from animals, which was seen in
developing countries.

Recently, plant-based sources of protein have dominated
the supply of proteins throughout the world (57%), with the
remaining 43% consisting of dairy products (10%), shellfish
and fish (6%), meat (18%), and other products from animals
(9%) (3, 19). Generally, the daily intake of protein is provided
by animal-based foods. However, changes in the consumers’
requirement led to adoption of alternative sources of proteins
for human consumption. Therefore, emerging factors for animal
proteins like growth of world population, climate change,
and production of protein sources that are economically and
environmentally sustainable need more research focus, and that
is mainly dedicated to proteins from plants with high content,
resilient to changing of climate and providing balance nutrition
in humans’ diet.

Compared with animal-based protein, the proteins derived
from plants are easier to produce. Still, when utilized as
dietary sources for human consumption, most plant proteins are
deficient in essential amino acids and are, therefore, nutritionally
incomplete. For example, some cereal proteins are low in
tryptophan, lysine, and threonine content. In contrast, vegetable
proteins and legumes have lower sulfur-containing amino acids,
such as methionine and cysteine (58). Due to this deficiency,
these essential amino acids become the limiting factor in
legumes and cereals. Practically, neither legumes nor cereals can
compensate for the deficiency of amino acids for other crops, and,
hence, feed diets regularly provide supplementary amino acids.

Many studies have been done on the potential impact of
dietary proteins derived from plants and serve as reducing
cardio-metabolic risk factors. The first study for the synthesis and
intake of plant proteins as an alternative to animal protein was
reported (15). However, the regulation of protein intake is critical
to many physiological development and functions. Therefore,
enhancing the proteins derived from plants in adolescent diets as
a substitute for animal-based proteins help in controlling obesity
and other cardio-metabolic factors (85). Although plant-based
diets are mainly linked with reducing the risk of diabetes (91), it
is not clear that substituting the plant-based proteins for animal
proteins helps in reducing the risk of diabetes in the population.
After studying and analyzing the Nurses’ Health Study II dataset,
Malik et al. (92) observed that 5% substitution of vegetable
protein for animal protein was linked with the 23% reduction
of type 2 diabetes risk. Another interesting area of research to
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TABLE 2 | The commonly used chemical modification methods of protein and their applications.

Modification methods Description/Applications

References

Chemical modification  Glycation

stability, and flavor profile

Improve protein functionalities, emulsifying ability, solubility of the protein, foaming ability, thermal

(125)

Reduce beany flavor in some plant-based proteins

Having strong immunomodulatory properties

Phosphorylation Keep nutritive bioavailability

(126)

Improve solubility, thermal stability, viscosity, viscoelasticity, thermal aggregation functional, foaming,

and emulsifying properties
Increase in-vitro digestibility

Acylation
holding capacity

Improve solubility, emulsifying, foaming and functional properties, emulsion stability, and water

(127)

Increasing the molecular weight of some proteins and hydrophobicity will led to improvement or
enhancement of thermal stability and gelling properties

Deamidation Mask the bitterness

(128)

Improve techno-functionality, solubility, water holding capacity, emulsifying, and foaming properties

Reduce beany flavor, grittiness, and lumpiness

Decrease the allergenicity of plant-based proteins

Cationization Modify techno-functionality

(129)

Improve solubility, encapsulating, and emulsifying properties

pH shifting treatment

Change the structural and functional properties of proteins

(130)

Improve extensibility and tensile properties of the formed films and also the functionality, such as
enhanced solubility, surface hydrophobicity, antioxidant activity, rheological, foaming, and

emulsifying ability

Induce protein reactivity by promoting its unfolding

examine the benefits of the intake of plant proteins instead of
animal protein is reducing cancer risk factors (96).

THE MODIFICATION APPROACHES OF
PLANT-BASED FOOD PROTEINS

Protein modification is the process of alteration of the chemical
groups or molecular structure of a protein by specific methods
for improving the bioactivity and functionality of proteins.
The modification approaches for plant-based proteins help
them to make multifunctional food products. The modification
of proteins can be classified into physical (18, 62, 69-82),
chemical (125-130), biological (131, 132), and other novel
methods (133-137) as briefly described in Tables 1-3. The
physical modification approaches include heat treatment (such
as conventional thermal treatment, ohmic heating, microwave
heating, radio frequency treatment, infrared irradiation),
gamma irradiation, electron beam irradiation, ultraviolet
radiation, pulsed-electric field, high-pressure treatment
(such as high hydrostatic pressure, dynamic high-pressure
fluidization), sonication, extrusion, ball mill treatment, cold
atmospheric plasma processing, and ultrafiltration. The chemical
modification approaches include glycation, phosphorylation,
acylation, deamidation, cationization, and pH shifting treatment.
The biological modification approaches include enzymatic
modification and fermentation. Instead of physical, chemical,
and Dbiological modifications, various other modification
approaches have been identified, which include complexation

(such as protein-polysaccharide, protein-protein, protein-
phenolic, and protein-surfactant) and amyloid fibrillization
(Tables 1-3) (138).

PROTEIN EXTRACTION TECHNOLOGIES

The advancement in recombinant technologies of protein
production, such as engineering of expression hosts, upstream
cultivation optimization (e.g., nutritional, bioreactor design, and
physical parameters), and development of protein extraction
methods supported the growth of the market (7, 13). The use
of protein extraction technologies can help improve the yield of
extracted protein and its nutritional and functional properties.
Hence, a suitable type of protein extraction method should be
selected (Figure 4).

Dry Protein Extraction Technique

Sieving and/or air classification techniques, majorly a part of
novel dry protein extraction techniques, have been widely used to
prepare fiber or protein-rich fractions. Although a high protein
yield was generated, however, it utilized more energy than wet
protein extraction. Also, the disadvantage of these processes
includes the presence of impurity and particle agglomeration (7).

Wet Protein Extraction Technique

In wet protein extraction techniques, the process starts with
protein solubilizing in a medium with the pH far from the
isoelectric point and then precipitating in that medium where pH
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TABLE 3 | The commonly used biological and some other modification methods of protein and their applications.

Modification methods Description/Applications References
Biological Enzymatic modification Improve emulsifying ability, techno-functionality, protein (131)
modification solubility, antioxidant ability, interfacial properties, foaming

ability, oil holding capacity, and bioactivity of plant-based

proteins

Increase the hydrophobicity and surface-active properties of
the generated hydrolysates

Decrease the bitterness

Fermentation Improve protein solubility, water and oil holding capacity, (132)
foaming, and functional properties

Promote nutritional and antioxidant properties and also the
digestibility
Degrade allergens and anti-nutritional compounds

Decrease immunoreactivity, bitter, and beany off-flavors of
different plant-based proteins

Others Complexation Protein-polysaccharide Modulate techno-functional properties and address issues (133)
such as physical stability around their isoelectric point

Improve solubility, susceptibility, stability, emulsifying, and
foaming properties
Reduce the bitterness of potato protein

Protein-protein Improve techno-functionality (134)
Increase water solubility

Protein-phenolic Exhibit different biological activities such as antioxidant, 135
antimicrobial, anticancer, antiallergenic, anti-inflammatory,
and also higher thermal stability
Polyphenolic compounds reduce solubility of plant-based
proteins

Protein-surfactant Tune the amphipathic properties by modulating hydrophobic (136)
or hydrophilic degrees
Improve encapsulation efficiency, physicochemical properties,
solubility, emulsifying and foaming properties, water
dispersibility, pH, salt, physical-, photo-, acid-, and thermal
stability
Increase stability

Amyloid fibrillization Improve protein functionalities in different applications such as (137)

drug and nutraceutical delivery platforms
Increase surface hydrophobicity
Improve foam, emulsion Pickering stabilizers, degradable
films, ultralight aerogels, gels, water purification filters, and
rheological properties

Extraction Technologies

Novel dry Novel wet protein extraction Novel assisting cell disruption techniques
protein techniques
extraction
techniques

* Microwave-assisted extraction of proteins
* Enzyme-assisted extraction

] + Ultrasound-assisted extraction of proteins
of proteins

« Sieving and/or . * Pulsed electric energy-assisted extraction of

air

Subcritical water extraction proteins

classification * Reverse micelles extraction * High hydrostatic pressure-assisted

techniques ¢ Aqueous two-phase extraction of proteins
systems extraction

FIGURE 4 | Extraction technologies for plant-based proteins.

Frontiers in Nutrition | www.frontiersin.org 42 January 2022 | Volume 8 | Article 772573


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Langyan et al.

Plant-Based Proteins

is close to the isoelectric point. Several protocols for acidic and
alkaline extraction of protein have been reported (7).

Enzyme-Assisted Extraction of Proteins

This method is based on the principle of cell wall disruption
with specific enzymes that degrade celluloses, hemicelluloses,
and/or pectin, and also proteases that help in the hydrolyzation
of protein for solubility enhancement. With the degradation of
cell walls, protein bodies released are enabled. This method needs
more processing time, high cost, more energy consumption, and
suitable conditions like temperature and pH. Still, this method
is mostly used with lower environmental impact and superior
quality of products for human consumption (7, 139).

Subcritical Water Extraction

In this technique, hot water in the range of 100-374°C with
high pressure (for maintaining it into the liquid state) has been
used. Biomaterials like carbohydrates and proteins have been
hydrolyzed by this method without using an additional number
of catalysts. For example, when soy meals were heat denatured,
soy protein extraction yield was significantly increased with this
method by 59.3% (139).

Reverse Micelles Extraction

This method applies reverse micelles—surfactant molecules
aggregate of the nano-meter size that generally contains inner
cores of water molecules inside non-polar solvents. The polar
molecules of water present in reverse micelles help in solubilizing
hydrophilic biomolecules like proteins. The three-phase system
called a water-surfactant-organic solvent system has been
formed by reverse micelles to protect the denaturation of proteins
by organic solvents inside the polar water pools, using forward
extraction or backward extraction (7).

Aqueous Two-Phase Systems Extraction

This extraction method is formed when two polymers like two
salts or one salt and one polymer are mixed in a suitable
concentration at a particular temperature. This method has
been considered as the environment-friendly method of protein
extraction. It was first reported by Zeng et al. (140) for extracting
proteins by an ionic liquid aqueous two-phase system, resulting
in proteins extraction with a yield of 99.6% (7).

Novel-Assisting Cell Disruption Techniques
Cell disruption is the initial process in both dry and wet
techniques of protein extraction, which helps release protein
from protein bodies. Previously, cell disruption was done by
mechanical methods like milling, grinding, etc., or chemical or
thermal treatments.

Microwave-Assisted Extraction of Proteins

This technology utilizes electromagnetic radiations having a
frequency between 300 MHz and 300 GHz, which helps
in hydrogen bond disruption, dissolved ions migration, and
enhancement of porosity of the biological matrix, which leads
to the extraction of protein. For example, one study reported
the utilization of this technique to extract proteins from
rice bran (141).

Ultrasound-Assisted Extraction of Proteins

This technology utilized sound waves, having a frequency of
20kHz that induces the phenomenon of cavitation, which
enhances the matrix porosity and improves solvent permeation
into the matrix. This method has the advantage of effective
mixing, selective extraction, faster energy transfer, reduced
extraction temperature and thermal gradients, faster response,
reduced equipment size, and increased production. Yet,
denaturation of protein structure and disruption of functional
properties of proteins are reported (7).

Pulsed Electric Energy-Assisted Extraction of
Proteins

Several pulsed electric energy technologies for proteins extraction
have emerged. This method uses electric pulses of short duration
(from several nanoseconds to several milliseconds) of high-
pulse amplitude (from 100 to 300 V/cm to 10-50 kV/cm)
for the induction of structural changes of the compound of
interest. Among a large number of PEE techniques, pulsed
ohmic heating (POH), pulsed electric fields (PEF), and high-
voltage electrical discharges (HVED) have been widely used in
the food industry (7).

High Hydrostatic Pressure-Assisted Extraction of
Proteins

High hydrostatic pressure-assisted extraction of proteins is
mostly used in the food industry for large-scale microbial cell
disruption, meat tenderization, and emulsification. This method
is only restricted to bioactive compounds instead of proteins.
However, with the application of several HHP iterations, the
efficiency of separation and extraction yield has been reduced due
to swelling of the cell wall, increase in dynamic viscosity, and size
of the particle (7).

ISSUES, CHALLENGES, AND FUTURE
PROSPECTS OF PLANT-BASED PROTEINS
AND THEIR UTILIZATION IN FOOD
PRODUCTS

The proteins derived from plants are considered as important
and functional ingredients, having different roles in food
formulations as gelling and thickening agents, foams and
emulsion stabilizers, and binding material for water and fat
(142-145). Most of the proteins have biological activities, like
antihypertensive, antioxidant, antimicrobial, and stimulating
characteristics (146, 147), and the protein from vegetables is
also utilized for synthesizing and extraction of bioactive peptides
(148, 149). However, most of the proteins from plant origin
are interactable because of their susceptibility and complexity
of ionic strength, pH, and temperature, and also have poor
water solubility that mainly limits the applications of plant-
based proteins (150). Most of the plant-based proteins, like
flaxseed, soy, and pea proteins, have the combined nature of
various proteins with different fractions, and, hence, they have
a wide range of isoionic point (pI). Therefore, modulating
the properties of plant-based proteins for improving their

Frontiers in Nutrition | www.frontiersin.org

January 2022 | Volume 8 | Article 772573


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.or