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Preface

The Sustainable Development Goals (SDGs) of the United Nations are centred on
a sustainable food system. The SDGs were adopted in 2015, and by 2030, they aim to
eradicate hunger, achieve food security, and improve nutrition. To do this, significant
changes in agriculture and food systems must be made. To achieve the SDGs, the
global food system must be transformed to increase productivity, include poor and
disadvantaged communities, be resilient and environmentally sustainable, and be able
to provide everyone with a healthy diet. These are intricate and systemic problems
that need coordinated solutions at the local, regional, national, and international
levels.

Innovative frameworks, sustainable diets, traditional cultures, green and circular
technologies and strategies, food safety, and diversity initiatives are part of the
Sustainable Food System, which attempts to deliver high-quality, safe meals in a
sustainable manner. It has been impossible to emphasise every aspect of the Sustain-
able Food System concept under the SDG Goals in a single book because it is such
a huge concept. As a result, the Editor has divided this extensive, thorough, and
compendious approach into two series, Sustainable Food System I and II, which
are both balanced and well-organised.

The ‘“Sustainable Food System (Part I): Framework, Sustainable Diets,
Traditional Food Culture & Food Production” has a very comprehensive outline
divided into four major sections and further 24 different chapters.

The Part I: Sustainable Food System: Concepts and Framework consists of
five different chapters primarily focusing on the Sustainable food systems, its concep-
tual introduction, framework, and different concepts nationally and internationally.
The Part II: Responsible Consumption and Sustainable Diets elaborated in nine
different chapters. This section deals with different aspects of nutrients sustaining
health and sustainable diets. The Part III: Conservation and Promotion of Tradi-
tional Food Culture compiled in four chapters will cover the conservation and
promotion of traditional food cultures and their practices. The last and Part I'V:
Climate Change and Sustainable Food Production consists of six different chap-
ters. This section will provide the current knowledge and innovative developments
related to climate change, nutritional security and agronomic bio-fortification.
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viii Preface

Readers will learn about a wide range of subjects in every chapter of this book,
such as the idea and framework of sustainable food systems, difficulties and their
solutions, sustainable diets, traditional food cultures, and climate change and its
impact on food production. Each chapter provides insights into how sustainable
technologies are changing the food systems, from the concept and framework of
sustainable food systems to cutting-edge sustainable diets that they consume.

The authors of this book are renowned scholars, scientists, academicians, and
authorities who have devoted their professional lives to the fields of agriculture, food
science, nutritional, and life sciences. Each chapter provides readers with a thorough
overview of the present situation and potential future developments in sustainable
food systems by distilling their combined knowledge and ground-breaking research
discoveries. We invite readers to learn more about the difficulties and cutting-
edge solutions developed to address them as we travel through the “Sustainable
Food System: Framework, Sustainable Diets, Traditional Food Culture & Food
Production”. We hope that this book will act as a catalyst for innovation, collabora-
tion, and fresh thinking that will advance the crucial field of Life Sciences and Food
Science and Technology.

Noida, India Monika Thakur
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1 Introduction

Over the past half-century, remarkable strides have been made in enhancing food
production, resulting in a noteworthy decrease in global hunger even as the world’s
population has doubled (World Bank 2008). However, it remains imperative to
acknowledge that a significant proportion of the global populace, more than one
in seven individuals, continue to grapple with insufficient protein and energy intake,
alongside a prevalence of micronutrient deficiencies (FAO 2023). At present, we are
confronted with a fresh array of intricate challenges (Evans 2009). Projections indi-
cate that the global population will approach 9 billion by the mid-twenty-first century,
closely linked to escalating affluence. With rising prosperity, there is a corresponding
upsurge in purchasing power, leading to amplified consumption of processed foods,
meat, dairy, and fish. This surge in demand places considerable strain on the food
supply system. Concurrently, food producers are contending with escalating compe-
tition for finite resources like land, water, and energy. Simultaneously, they face
mounting pressures to mitigate the adverse environmental impacts of food produc-
tion (Tilman et al. 2001; Reid Walter 2005). Amidst these concerns, a prevailing
threat emerges—the profound impacts of substantial climate change. The uncertainty
surrounding the unfolding of climate change and the potential influence of mitiga-
tion and adaptation measures on the food system further compound the complexity
of the situation (Solomon et al. 2007; Schmidhuber and Tubiello 2007). Therefore,
while substantial headway has been made in diminishing global hunger in recent
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decades, significant challenges persist. The convergence of population expansion,
escalating consumption patterns, environmental predicaments, and climate change
underscores the pressing necessity for pioneering and sustainable solutions to ensure
food security for an expanding global population.

2 The Global Food Challenge: Feeding a Growing
Population Sustainably

Sustainability discussions are prominently focused on agriculture and food systems.
The origins of environmental, economic, and social unsustainability are linked, to a
certain extent, with the worldwide food system. Substantial trade-offs have emerged
alongside the growth of food provision. Actions within the food cycle, spanning
from agricultural cultivation to consumption, generate outcomes beyond consum-
able edibles, including waste and pollution, which are reintegrated into the natural
ecosystem. Notably, food wastage alone contributes to approximately 3—5% of the
overall impacts on global warming, surpassing 20% of the pressure on biodiversity,
and accounting for 30% of the total agricultural land across the globe (European
Commission 2014).

In the meantime, a staggering 842 million individuals continue to experience
under-nourishment (FAO et al. 2013) and, in a parallel development, obesity has
emerged as a significant public health concern, affecting 500 million obese adults
(Finucane et al. 2011). The establishment of sustainable food systems has gained
momentum as a prevailing slogan and a substantial endeavour to redirect our food
systems and policies towards more well-aligned objectives, ultimately leading to
enhanced societal well-being.

3 Sustainable Food Systems

A sustainable food system can be defined as one that ensures the provision of nour-
ishing sustenance to fulfil present dietary requirements while concurrently safe-
guarding robust ecosystems capable of sustaining forthcoming generations, all with
minimal adverse ecological consequences (Thakur and Modi 2020). This system
fosters local production and distribution infrastructures, endeavours to make nutrient-
rich nourishment universally attainable, accessible, and economically feasible, and
operates in an equitable and ethical manner, safeguarding the well-being of farmers,
workers, consumers, and communities (Story et al. 2009). The intricate fabric of
the food system is substantially intricate, driven by a multitude of economic, socio-
cultural, and environmental factors that extend both within and beyond its confines.
The interwoven nature of these interactions accentuates the necessity for systematic
approaches and comprehensive evaluation tools to steer transformative change.
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3.1 Importance and Relevance of Sustainable Food Systems

In our swiftly evolving world, the significance and pertinence of sustainable food
systems hold immense weight. With the global population poised to reach 9.7 billion
by 2050 and grappling with the formidable challenges posed by climate change,
food security, and ecological degradation, the adoption of sustainable food practices
has become an absolute necessity. The fundamental objective of sustainable food
systems is to delicately balance the fulfilment of prevailing dietary requirements for
an expanding populace while concurrently safeguarding the Earth’s natural resources
and ecosystems for future generations. This pursuit entails the implementation of
regenerative agricultural methodologies, curtailing food wastage, fostering biodi-
versity, and augmenting the accessibility and distribution of sustenance. Various
studies have underscored the latent benefits of sustainable food systems, encom-
passing enhanced soil vitality, diminished greenhouse gas emissions, augmented
resilience against climatic upheavals, and amplified socio-economic advantages for
local communities (Willett et al. 2019). The embracement of sustainability within
our food systems not only safeguards our environment but also assumes a pivotal
role in ensuring a healthier and more equitable future for all.

4 The Triple Bottom Line of Sustainable Food Systems

The concept of the Triple Bottom Line (TBL) within Sustainable Food Systems
pertains to the exhaustive evaluation of the sustainability encompassing food produc-
tion, distribution, and consumption, grounded in three interrelated dimensions:
social, environmental, and economic. This framework entails an evaluation of how
the food system influences individuals, the environment, and financial considera-
tions, with the goal of engendering a more well-rounded and sustainable approach
to both producing and consuming food. By adopting this comprehensive approach,
the sustainability of the food system is upheld, offering guidance for formulating
decisions and policies that strive to establish a resilient, just, and ecologically consci-
entious food system, both for the current and forthcoming generations (Elkington
2004). The Triple Bottom Line framework within sustainable food systems encap-
sulates three intertwined pillars, each symbolizing a pivotal facet of sustainability
(Hsu et al. 2019).
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5 Environmental Sustainability

Environmental sustainability is centred around preserving natural resources and
ecosystems while minimizing the negative impact of food production and consump-
tion on the environment (Chaudhary et al. 2018). This pillar involves several key
components, including:

Sustainable Agriculture: This entails adopting practices that promote soil health,
conserve water, reduce chemical inputs, and preserve biodiversity. For example:
organic farming, agroforestry, and regenerative agriculture.

Climate Change Mitigation: Efforts to reduce greenhouse gas emissions from
agricultural activities, transportation, and food processing to mitigate the effects
of climate change on the environment.

Water Conservation: Implementation of water-efficient irrigation techniques and
sustainable water management practices to preserve water resources and maintain
the health of ecosystems.

Waste Reduction: Minimizing food waste at all stages of the food supply chain
to reduce the environmental burden and improve overall resource efficiency.
Responsible Sourcing: Encouraging the use of sustainably sourced ingredi-
ents and materials to reduce environmental degradation associated with food
production (Berry et al. 2015).

6 Social Equity

The social equity of sustainable food systems focuses on ensuring equitable access
to nutritious and culturally appropriate food for all individuals and communities
(Eizenberg and Jabareen 2017).

Some key elements include:

Food Security and Access: Ensuring that everyone has reliable access to
affordable, safe, and nutritious food to meet their dietary needs and preferences.
Food Justice: Addressing social inequalities related to food access, distribution,
and affordability, especially in marginalized communities.

Fair Labour Practices: Supporting fair wages, safe working conditions, and
workers’ rights for those involved in food production and distribution, including
farmers, farmworkers, and food workers.

Community Engagement: Encouraging participatory decision-making
processes that involve local communities in shaping sustainable food systems
that meet their needs and preferences.

Food Sovereignty: Respecting the rights of communities to control their own
food systems and make decisions about food production and consumption that
align with their cultural values and traditions (El Bilali et al. 2019).
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7 Economic Viability

Economic viability is focused on balancing profitability and long-term resilience
within the food system. This pillar encompasses various important aspects, some are
included as follow:

¢ Sustainable Business Practices: Supporting businesses that prioritize environ-
mental and social sustainability while maintaining financial viability.

¢ Local and Regional Economies: Fostering local food systems that support small-
scale farmers, promote regional economic development, and reduce dependence
on distant supply chains.

¢ Fair Trade and Ethical Sourcing: Encouraging fair trade practices and ethical
sourcing to ensure fair compensation for producers and workers and promote
transparency in supply chains.

e Investment in Research and Innovation: Supporting research and innovation
to develop sustainable agricultural practices, food processing technologies, and
distribution methods that enhance efficiency and productivity.

e Cost-Internalization: Accounting for the true environmental and social costs of
food production and distribution to avoid negative externalities and create a more
transparent and equitable pricing system (Moldan et al. 2012).

8 The Interconnectedness of Food Systems

The intricate interconnection of food systems stands as a foundational element that
cannot be disregarded in the pursuit of global food security that is both sustainable
and resilient. In our progressively globalized world, the production, distribution, and
consumption of food are intricately woven together across regions and nations. A
disruption within any segment of the food system can send reverberations throughout
the entire network, affecting the availability, affordability, and quality of food in
distant locales. This intricate linkage is palpable within the intricate fabric of agricul-
tural trade, international supply chains, and the cross-border exchange of knowledge
and technology. Consequently, addressing the multifaceted challenges confronting
food systems, including climate change, population growth, and limited resources,
necessitates united endeavors on a global scale. By comprehending and acknowl-
edging the interdependencies inherent in food systems, we can effectively formulate
and implement strategies that foster sustainability, fairness, and adaptability in the
face of an uncertain future (High Level Panel of Experts on Food Security 2017).
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9 Understanding the Complexity of Food Systems

Understanding the complexity of food systems is essential to develop sustainable
food systems. The complexity of food systems comes from their interconnections,
involving lot of different actors, from farmers to consumers. The activities are also
multiple, such as production, aggregation, processing, distribution, consumption,
and disposal of food product (World Bank 2008). One change in the chain can
numerous repercussions on the rest of the contributors. Agricultural activities can
lead to increase pollution, soil degradation, water use, and biodiversity loss (Tilman
etal. 2001). Nowadays, it is crucial to take measures against. Careful management of
resources is essential, as food systems rely on limited resources such as land, water,
and energy. That’s why it’s important to develop Sustainable Food Systems in order
to avoid food loss and waste as much as possible, throughout the chain. Climate
change also affect a lot the production of food, and extreme weather can affect food
security.

Moreover, new innovations such as mechanization, irrigation, genetic modifica-
tion, and the globalization of supply chains are notably contributing to the complexity
of global food systems. Given the expected negative effects of climate change on agri-
culture, the ability of our current food systems to continue feeding current and future
populations is uncertain (FAO 2023). As global hunger and malnutrition continue
to increase; it is becoming urgent for food systems to undergo a radical transition
towards sustainable food systems.

10 Interactions Between Agriculture, Environment,
Society, and Economy

Different disciplines, such as the natural, social, economic, and political sciences,
are involved in contemporary food systems. A holistic approach to the 4 P (Planet,
Population, Profit, Policy) is desirable for the development of food systems (Evans
2009). It is important to consider the environmental impact of food production and
consumption.

However, the social and economic dimensions of food systems cannot be over-
looked. Food access is not the same for everyone. Income disparities influence
food consumption, lead to disparities in food access and in the nutritional status
among different populations. Affordability and availability are two factors to take
into consideration. It is very important for sustainable food systems to promote social
equity and economic viability.

Furthermore, food choices depend on many factors, and habits vary according to
culture and personal taste, and social habits. Food systems must adapt to everyone.
Sustainable food systems focus on methods that minimize environmental impacts,
and involve friendly farming practices, equitable access to food, healthy diet, and
economic support.
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11 Impacts of Food Systems on Human Health
and Well-Being

Food systems have a direct impact on human health and well-being. Everyone’s diet
impact on the nutritional status and health. A nutrient-rich and diversified food can
promote optimal growth and development, as well as overall good health.

On the other hand, a poor and deficient food system may lead to malnutrition, and
diet-related non-communicable diseases such as obesity, diabetes, and cardiovascular
diseases (Reid Walter 2005). A sustainable food system must promote a balanced and
nutritious diet to improve public health and reduce diet-related diseases. Food safety
is an essential part of sustainable food systems. Food and Agriculture Organization of
the United Nations (FAO) encourages consumption of wholefoods and a minimized
ultra-processed food (Solomon et al. 2007). A sustainable healthy diet should have
a positive impact on human health and wellbeing (Schmidhuber and Tubiello 2007).

12 Drivers of Unsustainability in Food Systems

The factors driving unsustainability within food systems are multifaceted and hold
significant implications for global well-being. A multitude of key elements contribute
to the challenges faced by food systems worldwide. Foremost among these is the
surge in population and urbanization, exerting immense pressure on agricultural
production and resources. As the global populace continues its expansion, the demand
for sustenance grows exponentially, culminating in the excessive depletion of land,
water, and biodiversity. Furthermore, the intensification of agriculture, pursued for
heightened yields and profits, frequently leads to the excessive use of chemical inputs,
consequently degrading the environment and depleting soil fertility. The transporta-
tion and wide-scale distribution of food across extensive distances add to the carbon
footprint of the food industry, further exacerbating the impact of climate change.
Additionally, the widespread prevalence of food wastage across various supply chain
stages, spanning production to consumption, not only squanders valuable resources
but also compounds issues of food insecurity. These driving forces behind unsustain-
ability underscore the urgency for comprehensive and immediate efforts to reshape
food systems towards more sustainable and equitable practices (Foley et al. 2011;
Tilman et al. 2011).
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13 Industrial Agriculture and Its Environmental Impacts

Agroecology, as a suite of agricultural methodologies, endeavors to enhance agri-
cultural systems by capitalizing on natural processes. It seeks to establish advanta-
geous biological interactions and harmonies within the components of agroecosys-
tems (Gliessman 1990). This approach aims to curtail the reliance on synthetic
and harmful external inputs, instead tapping into ecological mechanisms and the
services provided by ecosystems to design and implement agricultural practices that
are environmentally sound (Wezel et al. 2014). The discourse on sustainability within
agriculture stems from the observation that numerous agricultural systems, through
diverse combinations of issues, yield adverse consequences for the environment,
jeopardize the livelihoods of farmers, or disrupt the social fabric of rural regions.
Unsustainability can originate from the management of soil, water, nutrients, and
biota within farms (Hairiah and Weise 2001). However, it can also be articulated and
articulated by social agents integral to farming (van Noordwijk and Cadisch 2002).
These actors encompass individuals affected by lateral flows emanating from farms,
including neighbors and environmental advocates. Additionally, they comprise those
who supply indispensable resources (including investment) and the consumers of
agricultural outputs, both directly and indirectly via value chains, with intermediary
stakeholders. Beyond inputs and outputs, a farm’s functioning is profoundly influ-
enced by the regulatory milieu within which it operates. This regulatory environment
is itself molded by the perspectives of investors, neighbors/activists, and value chain
operators, though it may not comprehensively address all their concerns (Bernard
et al. 2014).

14 Food Waste and Loss Along the Supply Chain

The issue of food loss and waste (FLW) holds significant importance due to its
substantial socioeconomic toll and its intertwining with challenges related to waste
management and climate change. FLW results in considerable squandering of
precious resources while concurrently contributing to environmental deterioration
(Beretta et al. 2013). Furthermore, FLW also bears ethical implications, given that
nearly 12% of the global population experiences hunger (Lohnes and Wilson 2017).
Despite growing awareness and concerted efforts to mitigate FLW, its incidence
remains disproportionately high. As cited in Gustavsson et al. (2011), approximately
half of all root crops, vegetables, and fruits globally go to waste. In light of the gravity
of the situation, researchers have undertaken numerous investigations pertaining to
FLW within the food supply chain (FSC). These studies delve into the origins of
waste and proffer potential remedies.

Conventional comprehension of FLW predominantly centers on discarded or
unused food items. Nevertheless, comprehending the constituents of FLW is intri-
cate, given its multi-dimensional nature. Moreover, each dimension bears manifold
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FSC stage |

Fig. 1 Five dimensions of food waste

economic, social, and environmental implications (Irani et al. 2018). The delineations
of FLW definitions are grounded in five comprehensive dimensions, encompassing
the FSC stage, human edibility, food quality, purpose of use, and final destination of
food, as illustrated in Fig. 1.

15 Unsustainable Consumption Patterns and Dietary
Choices

Food consumption has been pinpointed as among the most resource-intensive and environ-
mentally impactful household activities (Reinders et al. 2003). Given the essential nature
of food, the dietary preferences of individuals and households are, and will continue to be,
closely examined in the quest for sustainable consumption patterns. Unlike other products,
food cannot be easily dematerialized or replaced by services, posing challenges to miti-
gating environmental effects. Consequently, dietary changes emerge as a key proposition for
achieving sustainable lifestyles in developed nations.

The current trend toward adopting sustainable diets is a tangible reality (Antonides
2017). The motivations behind this shift encompass ethical, cultural, environmental,
and health considerations (Bollani et al. 2019). Scrutinizing consumption behaviours
aids in comprehending the rationale behind selecting specific behaviours over others.
These insights can subsequently inform production adaptations, including the devel-
opment of new products and policy measures aimed at promoting such consumption
(Antonides 2017).

Yet, despite heightened awareness and efforts to reduce FLW, its prevalence
remains high. According to the study by Lim et al. (2021) while many consumers
possess knowledge and positive attitudes towards sustainability, concrete action to
change consumption habits is not always evident, indicating a gap between intent
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and actual behaviour. This phenomenon of avoiding sustainable product purchases,
often attributed to reasons like cost and taste preferences, highlights the preva-
lence of short-term gratification over long-term benefits (Aschemann-Witzel 2015).
A similar behavioural pattern is noticeable among college students, as observed
by Abraham et al. (2018), who found that although students have awareness of
healthy nutritional requirements, their food choices prioritize convenience and
taste over health considerations. Carrigan and Attalla (2001) further underscores
that factors such as price, quality, convenience, and brand familiarity significantly
impact consumer decisions, while ethical concerns hold less sway. Examining socio-
economic status reveals disparities in food consumption behavior, with higher socio-
economic status individuals displaying healthier dietary habits and greater concern
for the environment (Konttinen et al. 2013). On the contrary, those with lower
incomes tend to prioritize price when making food choices (Hupkens 2000; Bowman
2007). Despite these variances, the path toward sustainable consumption remains
complex and multi-dimensional, encompassing economic, social, and environmental
considerations.

16 The Principles of Sustainable Food Systems

The Principles of Sustainable Food Systems encompass a set of guiding principles
that promote environmentally, socially, and economically responsible practices in
food production, distribution, and consumption. These principles aim to address
various challenges associated with the global food system, such as climate change,
biodiversity loss, food insecurity, and social inequality.

16.1 Regenerative Agriculture and Soil Health

Regenerative Agriculture is an approach to farming that focuses on building and
improving soil health, biodiversity, and ecosystem resilience while sequestering
carbon and reducing the overall environmental impact of agriculture. It goes beyond
sustainable practices by aiming to restore and regenerate the natural resources that
are essential for agricultural productivity (Newton et al. 2020).

This process involves the following aspects:

e Soil Health: Regenerative agriculture prioritizes soil health as the foundation
of sustainable farming. Practices such as minimal soil disturbance, cover crop-
ping, crop rotation, and compost application help improve soil structure, increase
organic matter, and enhance soil fertility.

e Biodiversity: Encouraging biodiversity in agricultural systems contributes to pest
and disease management, pollination, and overall ecosystem resilience. Planting
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diverse crop species and creating habitat for beneficial insects and wildlife are
integral to regenerative farming practices.

e Carbon Sequestration: Regenerative agriculture seeks to capture and store
carbon dioxide from the atmosphere in the soil, helping to mitigate climate change.
Healthy soils with increased organic matter can sequester carbon, acting as a
carbon sink.

e Water Management: Practices like contour farming, mulching, and water-
efficient irrigation methods are employed to conserve water, improve water
infiltration, and reduce soil erosion.

e Agroforestry: Integrating trees and woody plants with crops or livestock can
provide additional ecosystem benefits, including shade, wind protection, and
carbon sequestration.

¢ Integration of Livestock: Integrating livestock into cropping systems can help
cycle nutrients, enhance soil health, and optimize land use.

e Participatory Approach: Regenerative agriculture often involves active collab-
oration between farmers, researchers, and communities to adapt and implement
practices suitable for specific agroecological conditions (Rhodes 2017).

17 Biodiversity Conservation and Ecosystem Services

Biodiversity Conservation and Ecosystem Services are vital components of sustain-
able food systems that focus on maintaining the diversity of plant and animal
species and the crucial benefits they provide to humans and the environment. Biodi-
versity refers to the variety of life on Earth, including the genetic, species, and
ecosystem diversity, while ecosystem services encompass the valuable services
and resources that ecosystems provide to support life. In the context of sustain-
able food systems, biodiversity conservation and ecosystem services play signifi-
cant roles in enhancing agricultural productivity, promoting resilience, and fostering
environmental sustainability (FAO et al. 2013).

Biodiversity is essential for agricultural systems as it provides several key benefits
including:

e Crop Genetic Diversity: Biodiversity in crops and their wild relatives offers a
diverse gene pool, providing valuable genetic traits for breeding programs. This
genetic diversity enhances crop resilience to pests, diseases, and environmental
stresses, contributing to more sustainable and adaptable food production.

e Pollination: Many crops depend on pollinators like bees, butterflies, and birds
for reproduction. Biodiversity conservation ensures a healthy population of
pollinators, which in turn leads to improved crop yields and quality.

e Natural Pest Control: Biodiverse ecosystems support the presence of natural
enemies of pests, such as predators and parasitoids. By maintaining natural pest
control mechanisms, farmers can reduce their reliance on chemical pesticides,
benefitting both the environment and human health.
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Soil Fertility: Biodiversity contributes to healthy soil ecosystems by fostering
nutrient cycling, organic matter decomposition, and beneficial soil microorgan-
isms. This promotes sustainable soil fertility and nutrient availability for plant
growth.

Ecosystem Services: Ecosystem services are the invaluable contributions that
ecosystems offer to support life and human well-being.

Nutrient Cycling: Ecosystems efficiently cycle nutrients, such as nitrogen and
phosphorus, which are vital for plant growth. Sustainable food systems harness
these natural processes to optimize nutrient availability for crops.

Water Regulation: Natural ecosystems help regulate water flow and main-
tain water quality, which is crucial for sustainable irrigation, flood control, and
maintaining freshwater resources for agriculture.

Climate Regulation: Forests and other ecosystems play a significant role in
sequestering carbon dioxide, mitigating climate change. Conserving and restoring
ecosystems contribute to climate resilience and carbon storage.

Biodiversity Support: Ecosystems provide habitat and resources for a wide
array of species, supporting biodiversity conservation and fostering ecosystem
resilience.

Cultural and Recreational Values: Ecosystems offer cultural and recreational
benefits, providing aesthetic, spiritual, and recreational value to communities.

18 Local and Seasonal Food Production

Local and seasonal food production is a fundamental aspect of sustainable food
systems that emphasizes the sourcing and consumption of food from nearby regions
and during its natural growing season. This practice seeks to reduce the environmental
impact of food transportation, support local economies, promote fresher and more
nutritious foods, and connect consumers with the agricultural cycles of their region
(Barbara et al. 2012).

Some key aspects are:

Reduced Carbon Footprint: Local food production reduces the carbon emis-
sions associated with long-distance transportation of food. This results in lower
greenhouse gas emissions, contributing to climate change mitigation.
Conservation of Resources: By minimizing transportation distances, less energy
and fuel are consumed, leading to conservation of natural resources and a more
efficient food system.

Preserving Biodiversity: Supporting local farmers and traditional crops can
contribute to preserving regional biodiversity and protect indigenous plant
varieties.

Supporting Local Economies: Purchasing food from local farmers and producers
supports the local economy, creating jobs and contributing to community
development.
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e Strengthening Food Security: Local food systems enhance food security by
reducing dependency on distant supply chains, making communities more
resilient to disruptions in global food trade (Méaren 2019).

e Fresher and More Nutritious: Seasonal foods are typically harvested at their
peak ripeness, ensuring higher nutritional content and better taste compared to
out-of-season produce that may be harvested prematurely and transported long
distances.

e Dietary Diversity: Seasonal eating encourages a varied and diverse diet, as
different crops thrive during different times of the year.

e Reduced Need for Preservatives: With shorter transportation distances, local and
seasonal foods often require fewer preservatives, leading to healthier and more
natural food choices.

e Less Dependency on Artificial Inputs: Supporting local farmers may promote
sustainable farming practices, such as organic and regenerative agriculture,
reducing the need for synthetic fertilizers and pesticides (Marchetti et al. 2020).

19 Social Justice and Fair Trade

Social justice and fair trade are essential components of sustainable food systems that
aim to ensure equitable and ethical practices throughout the food supply chain. These
principles prioritize the well-being and rights of farmers, workers, and communities
involved in food production and distribution. Fair trade seeks to create a more just
and inclusive food system by providing fair wages, safe working conditions, and
respecting the rights of those involved in producing the food we consume (Pérez- Valls
et al. 2019).

Fair trade practices ensure that farmers and food producers receive fair prices
for their products. By offering fair compensation, these practices empower farmers
to invest in their businesses, improve agricultural practices, and support their fami-
lies and communities (Nier et al. 2019). It also promotes safe and healthy working
conditions for agricultural workers and food producers. It discourages the use of
child labour, exploitative practices, and unfair treatment of workers, advocating for
dignity and respect for all individuals in the food supply chain. Fair trade initia-
tives often prioritize supporting small-scale farmers, who may face challenges in
accessing global markets and competing with larger agribusinesses (Renard 2003).
Fair trade helps empower these farmers, providing them with opportunities to partici-
pate in international trade and improve their livelihoods. Through fair trade, a portion
of the proceeds from sales may be invested back into local communities. This can
fund projects such as schools, healthcare facilities, clean water initiatives, and infras-
tructure improvements, contributing to broader community development (Low and
Davenport 2005).
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20 Circular Economy and Waste Reduction

The Circular Economy and Waste Reduction are key principles of sustainable food
systems that aim to minimize waste generation, promote resource efficiency, and
create a closed-loop system where materials are continuously reused, repurposed, or
recycled. The circular economy approach strives to break away from the traditional
linear model of “take, make, dispose” and instead focuses on designing out waste
and maximizing the value of resources throughout their lifecycle (MacArthur 2013;
Marchetti et al. 2020).

Reduce, Reuse, Recycle

The circular economy encourages waste reduction through the 3Rs: Reduce, Reuse,
and Recycle. Reducing waste involves preventing waste generation at the source,
for example, by optimizing production processes, improving storage and distribu-
tion practices, and encouraging responsible consumption patterns. Reusing items
or materials involves extending their lifespan by repairing, refurbishing, or repur-
posing them, reducing the need for new resources. Recycling allows materials to
be collected, processed, and transformed into new products, diverting them from
landfills and reducing the demand for virgin resources.

e Food Waste Prevention: Reducing food waste is a crucial aspect of waste reduc-
tion. Food waste occurs at various stages of the supply chain, from production and
post-harvest handling to distribution and consumption. Adopting measures such
as better harvesting practices, improved storage and transportation, and consumer
education can significantly reduce food waste and its environmental impact.

e Closed-loop Systems: Circular economy principles promote the development of
closed-loop systems, where materials and resources are continually circulated
within the economy. This involves designing products and packaging with recy-
clability and reusability in mind, as well as developing processes that facilitate
the return and reuse of materials within the supply chain.

¢ Resource Efficiency: Circular economy practices prioritize resource efficiency
by extracting maximum value from resources, minimizing waste, and optimizing
resource use. This includes using renewable energy sources, adopting efficient
production processes, and promoting the use of recycled materials (EU 2014;
WRAP 2020)

1. Benefits of Sustainable Food Systems

Embracing sustainable food systems presents a myriad of advantages that effectively
tackle urgent global challenges while concurrently fostering enduring resilience
and overall well-being. By adopting practices rooted in regenerative agriculture,
curbing wastage, and ensuring just distribution, these systems play a pivotal role in
safeguarding the environment, promoting social fairness, and nurturing economic
prosperity. The positive outcomes linked with sustainable food systems encompass
enhanced soil health, amplified biodiversity, and decreased emissions of greenhouse
gases, all of which culminate in a more robust and climate-resilient agricultural
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sector (FAO 2019). Furthermore, these sustainable approaches bolster localized food
production, cultivating stronger community bonds while concurrently diminishing
the carbon footprint associated with long-haul food transportation (High Level Panel
of Experts on Food Security 2017). By prioritizing nutritional aspects, sustainable
food systems also make strides towards advancing public health and curtailing diet-
related ailments (Garnett 2014). Moreover, these systems empower farmers through
equitable trade and income avenues, fortifying rural progress and the reduction of
poverty (Gillespie 2012). The acknowledgment of these advantages underscores the
pressing necessity for collective action in transitioning to sustainable food systems,
thereby securing a more equitable and healthier future for all.

21 Environmental Benefits: Conservation of Resources
and Mitigating Climate Change

One of the key benefits of sustainable food systems is the preservation of valuable
resources. Sustainable food prioritizes practices like organic farming, low-input-
, biodynamic-, regenerative agriculture, permaculture, and agroecology (Allen and
Prosperi 2016). It allows the respect of biodiversity and ecosystems. Sustainable food
systems play a crucial role in mitigating the impact of climate change. In particular,
a healthy plant-based diet with fewer animal sources could reduce greenhouse gas
emissions and be beneficial for the health (Tuomisto et al. 2017).

21.1 Social Benefits: Improving Livelihoods and Fostering
Community Resilience

From a social perceptive, a sustainable food system takes into consideration all
categories of the population, including vulnerable groups. It allows the distribution
of added value, upholds cultural traditions, ensures the safety and rights of employees,
and promotes animal welfare (FAO 2018).

21.2 Economic Benefits: Enhancing Local Economies
and Creating Jobs

Sustainable food systems support local economies, involving local production. A
food system is seen as sustainable if each’ actor’s actions are financially viable. All
activities should provide a profit, or economic added value for the following groups:
wages for workers, taxes for the government, profit for businesses and increase in
the accessibility of food for consumers (FAO 2018).
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21.3 Health Benefits: Promoting Nutritious Diets
and Reducing Food-Related Diseases

Sustainable food systems improved nutrition by providing more nutritious food.
Moreover, safety is a priority, and the use of pesticides and harmful chemicals is
limited. These systems can reduce food-related diseases.

These food systems can reduce the prevalence of malnutrition, including under-
nutrition, overweight, obesity and diet-related non-communicable diseases (NCDs)
like cardiovascular disease, diabetes, hypertension (Fanzo et al. 2022).

22 Solution and Innovations for Sustainable Food Systems

Solutions and innovations for sustainable food systems encompass a wide range
of strategies and technologies aimed at addressing the environmental, social, and
economic challenges associated with food production, distribution, and consumption.
These solutions focus on enhancing resource efficiency, reducing waste, promoting
biodiversity, and ensuring equitable access to nutritious food. Let’s explore some of
these solutions:

e Agroecology and Regenerative Agriculture: Agroecology and regenerative
agriculture are sustainable farming practices that prioritize soil health, biodiver-
sity, and ecosystem resilience. These approaches promote crop diversity, minimize
chemical inputs, and use ecological principles to enhance agricultural productivity
while preserving natural resources (Reganold and Wachter 2016).

e Precision Agriculture and Smart Farming: Precision agriculture employs
advanced technologies such as sensors, GPS, and data analytics to optimize
resource use and improve crop yields. Smart farming integrates IoT devices and Al
to monitor and manage agricultural operations more efficiently (Davydov 2022).

e Sustainable Aquaculture: Sustainable aquaculture practices focus on respon-
sible fish farming to minimize environmental impacts and support fish popula-
tions. These practices include integrated multi-trophic aquaculture, closed-loop
systems, and efficient feed management (Tlusty and Thorsen 2017).

¢ Food Waste Reduction and Food Rescue: Efforts to reduce food waste involve
implementing measures to prevent food loss at various stages of the supply chain
and promoting food rescue initiatives to redirect surplus food to those in need
(Kitinoja 2016).

e Sustainable Packaging and Circular Economy: Innovations in sustainable
packaging aim to reduce single-use plastics and promote recyclable, compostable,
or reusable packaging materials. Embracing circular economy principles encour-
ages closed-loop systems for packaging materials (Geyer et al. 2017).
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e Vertical Farming and Indoor Agriculture: Vertical farming and indoor agricul-
ture utilize controlled environments, hydroponics, and vertical stacking to grow
crops in urban areas, reducing land use, water consumption, and transportation
needs (Despommier 2013).

23 The Role of Stakeholders in Building Sustainable Food
Systems

Many stakeholders play a role in the implementation of sustainable food systems
and can influence decision-making and outcomes.

23.1 Government and Policy-Makers

Regional and local governments play a role increasingly important about new food
policies. Government sets up laws, legislation, and regulations and can directly
influence the direction of food systems. Through financial support, government can
encourage farmers to use ecologically beneficial practice like organic farming.

Policy-actors involved state agency traditionally involved in food-policies (depart-
ments of agriculture, rural-, economic development) but also public health, climate
change, education, sustainable development (Renting and Wiskerke 2010).

23.2 Farmers and Producers

Farmers have a significant influence on the development of sustainable food systems.
They are responsible of the production of food. In that way, they can choose
sustainable and environmentally friendly practices instead of conventional farming
methods. They have a important impact on economic growth and employment
creation. Methods such as organic farming, permaculture, and agroecology should
be prioritized to preserve the planet for this and the future generation.

23.3 Consumers and Food Choices

Along with farmers, consumers play a vital role since their dietary decisions have an
impact on the entire food value chain (WFO 2020). Consumers are not just bystanders
in the global food system. Through their food choices, customers are influencing the
future of food production. By choosing sustainable agriculture practices and local
food, consumers are at the vanguard of creating sustainable food systems, that benefit
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the earth and its inhabitants. Therefore, science communication needs to be improved
to truly influence the behaviour or consumers (Mehrabi et al. 2022).

23.4 Business and Food Industry

The food industry may influence the food choices of consumers. Food companies
should be more supportive of local producers. The food industry has been associ-
ated with mass production and intensive farming methods, associated with negative
impacts on the environment. Nowadays, more and more businesses admit the need
for sustainable food. They are collaborating with farmers which promote sustainable
agriculture. New business models should place farmers and industry on the same
level, to enable a stronger relationship between the two (WFO 2020).

24 Conclusion

In conclusion, the journey through the exploration of sustainable food systems has
unveiled a comprehensive understanding of the intricate web that sustains our global
nourishment. As the demand for food rises alongside an expanding population, the
imperative of embracing sustainable practices becomes even more pronounced. The
convergence of environmental stewardship, social equity, and economic viability,
encapsulated within the triple bottom line, exemplifies the holistic approach needed
to address the multifaceted challenges of today’s world.

It was also observed that food systems are not isolated entities but rather intri-
cate networks that intertwine agriculture, environment, society, and economy. These
interconnectedness highlights the significant influence that food systems hold over
human health and well-being, amplifying the need for conscientious decisions that
ripple positively through all dimensions of life.

However, it is equally important to acknowledge the barriers and drivers that shape
the trajectory of food systems. Unsustainable practices like industrial agriculture,
waste generation, and inequalities in food access have illuminated the path towards
unsustainability. Yet, within these challenges lie seeds of transformation. By adhering
to the principles of regenerative agriculture, biodiversity conservation, and circular
economy, we can nurture flourishing ecosystems while safeguarding the health of
communities and economies alike.

The potential benefits of adopting sustainable food systems are far-reaching. From
ecological preservation and enhanced social welfare to economic prosperity and
improved health outcomes, the rewards of our collective efforts promise a better
future for generations to come. To tread this path successfully, we must collectively
embrace solutions such as agroecology, alternative food networks, and technological
innovations. These initiatives, coupled with policy reforms and proactive stakeholder
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involvement, offer promising avenues towards realizing sustainable food systems on
a global scale.

As we conclude, the urgency to transition towards sustainable food systems cannot
be overstated. This transformation stands not merely as an aspiration but as a pressing
necessity for the well-being of our planet and its inhabitants. By fostering collabora-
tion, raising awareness, and empowering individuals and communities, we have the
potential to create a paradigm shift that reshapes our relationship with food and the
environment. With policy reforms and cutting-edge research as our guiding lights,
we embark on a journey that promises a brighter, more nourished future—a future
where sustenance is harmonized with environmental harmony, societal equity, and
economic resilience. The prospect of such a future ignites our efforts today and
propels us towards a truly sustainable tomorrow.
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Twinkle Kumar Sachchan, Saumya Chaturvedi, Deepali Singla,
and Pranjali Choudhary

1 Introduction

A sustainable food system prioritizes local production, reduces inputs, and utilizes
resources efficiently on-site. It values biodiversity and ecology, avoids the use of
chemicals, conserves water and energy, and operates within the limits of our natural
resources. This suggests that sustainable agriculture must be resource-conserving,
waste-reduction-focused, have a good influence on the environment, and be socially
supported. Enough food must be produced to feed everyone while also protecting
the environment and natural resources, enhancing the quality of life, and efficiently
using resources. Food system (FS) refers to the interconnection of activities occurring
during the processing, production, distribution, consumption, and disposal of food
products derived from the fishery, forestry, or other aspects of the natural, economic
or societal environments in which they are situated. But what makes up the food
system? The input supply system, waste management, and farming are examples of
subsystems that make up the food system and interact with other essential systems
(e.g., energy system, trade system, health system, etc.). In consequence, a change in
one system may lead to a change in another. For instance, the use of more biofuel
in the energy system will have a big impact on the food system. The Farm’s Bill,
which was passed in 1977 and 1990, defines sustainable agriculture as an integrated
system of animal and plant production techniques with specific applications that
will, over time, meet human needs for food and fibre, improve the environment, and
expand the base of natural resources upon which the agricultural economy depends,
maintain the financial viability of agricultural operations; raise the level of living for
the general public and farmers. Producers need to utilise non-renewable resources
and on-farm resources as efficiently as possible. By growing fruits and vegetables,
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breeding animals, or fishing closer to the points of sale, a sustainable food system,
whether local or regional, brings farmers and customers closer together. In terms
of food security, the availability of more wholesome and reasonably priced food
increases with the proximity of producers to households and neighbourhoods. Here’s
a high consumption and high demand for natural resources in a crop production
process. 40% of the 10-20% of fossil fuel energy consumed by agricultural oper-
ations is indirect energy required to create chemical fertilizers and insecticides. To
conserve all the resources, it’s essential to work with natural processes for waste
reduction and limit the impact on the environment. Theoretically, this entails using
feed additives, artificial fertilizers, growth regulators, and insecticides for cattle in
moderation. Instead, it relies more on techniques to preserve soil fertility, such as
legumes, mineral-bearing rocks, crop rotations, animal manures, mechanical culti-
vation, and cultural, biological and natural controls to manage weeds, pests, and
insects.

2 History

In 1980, Sustainable farming was first mentioned by author Wes Jackson in his
book New Roots for Agriculture. Sustainable agriculture is a result of several early
movements. The use of humus in the soil to sustain productivity and soil quality was
stressed by the humus farming movement. Following World War Two, Mochichi
Okada introduced natural agricultural methods utilising humus farming in Japan.
Three views have influenced the development of sustainable agriculture: as a
method of food self-sufficiency; and as a means of preserving rural communities.
In farming practice, agricultural research, or even agricultural policy, the idea of
sustainability is not new. For hundreds of years until the mid-nineteenth century,
it was a part of English agricultural thought and practice. The phrase sustainable
agriculture systems was coined by Northbourn to characterise farming practices.
This emphasised the farm as a living, organic whole, harmonious and dynamic.
Hence, the phrase has a broad connotation compared to only using live things for
agricultural purposes, which is often incorrectly suggested nowadays. The histor-
ical study of the relationship between soil quality, food safety, and human health
has a significant impact on the growth of sustainable agriculture. Since the begin-
ning of the twentieth century, several members of the medical profession in the
U.K. have conducted clinical research tests on the issue. Agroecological research is
relatively new, less than 50 years old, and ecology as a scientific discipline is also
relatively new. Nonetheless, both fields have made significant contributions to our
understanding of the natural world and how human activities impact ecosystems. By
studying interactions in natural environments, ecologists and agro ecologists can help
us develop more sustainable practices that benefit both human health and the environ-
ment. The focus of ecology depends upon the interactions of organisms including
people—within ecosystems, as well as the corresponding flows of resources and
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energy. Agroecosystems and natural ecosystems differ in several ways. Agroecosys-
tems are partially powered by auxiliary energy sources such as human power, fossil
fuels, and animals whereas natural ecosystems are not. Human management has
reduced species diversity in agroecosystems, and the dominant plant and animal
species are artificially selected. In contrast, natural ecosystems have a higher level of
species diversity. Agroecosystems are controlled by humans, whereas natural ecosys-
tems are controlled by natural feedback mechanisms. The sociocultural compo-
nents play a significant role in shaping agricultural systems, as human interactions
with these systems are critical factors in determining their shape. Agroecology and
ecology are unique in that they study interactions in their natural environments, rather
than studying individual components in isolation. This approach allows for a more
comprehensive understanding of how ecosystems function, and how human activ-
ities impact these systems. Scientists prefer to have a thorough grasp of a subject,
and the ecological paradigm is one of the few often-used models that offer a decent
chance to do so. Agroecologists influence one’s thinking about sustainability, even
though they have long been utilised as a tool to help explain why sustainable systems
work. It is becoming increasingly evident how agroecological principles can be used
to create sustainable farming systems. Our understanding of sustainability in agri-
culture has improved in recent years, partly due to ideas about sustainable yield in
fisheries. The goal in fisheries is to maximise yields by ensuring that harvest rates
equal replacement rates, allowing for almost endless harvesting. Similar concepts
are being applied to agriculture by focusing on the appropriate replacement rates
for soil, soil organisms, soil nutrients and organic matter, water, genetic resources,
and energy. By adopting these principles, we can develop more sustainable farming
systems that benefit both the environment and human health.

3 Sustainable Approach

The food industry has a large effect on the environment, economy, and society. A
sustainable strategy is critical to ensuring the security and nutrition of food for all
while conserving natural resources for future generations. A sustainable food system
should be financially feasible, socially responsible, and environmentally responsible.
This includes reducing food waste, conserving energy and water, employing non-
polluting manufacturing techniques, and assisting local farmers (Greentumble 2015).

The following points can be considered to form a sustainable agricultural system:

e The aim should be to fulfil people’s need of getting a nutrient-rich diet, including
farmers, their families, and communities, and improve the quality of life in rural
areas.

e The farming process should necessarily be cost-effective, or else it will lead to
incomparable losses.

e Farming practices should be ecological, promoting versatile biodiversity along
with judicial management of natural resources.
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Regenerative agroforestry and organic farming are examples of sustainable food
production techniques that can help minimise the effects of food production on
the environment while improving soil quality and biodiversity. Customers can help
promote sustainable food systems by purchasing locally sourced, seasonal, and
organic foods, minimising food waste, and supporting sustainable food businesses.
We can guarantee a healthy and resilient food system that benefits everyone now and
in the future by adopting a sustainable approach in the food sector. Organic farming
leads to sustainable food production where natural pesticides and fertilisers, crop
rotation, and crop diversity are employed to reduce the use of synthetic chemicals
and improve soil health. Other sustainable agriculture techniques include perma-
culture, biodynamic farming, agroforestry, and food forests, which aim to create a
self-sustaining ecosystem that replicates natural systems. Cover crops, soil enrich-
ment, and native pest predators are all examples of sustainable agriculture practices
that can help improve soil quality with reduced use of synthetic chemicals. Regen-
erative agriculture is a way of soil conservation that emphasises soil health and
biodiversity through practices such as cover cropping, crop rotation, and reduced
tillage. We can reduce the environmental impact of food production while ensuring
a healthy and resilient food system by implementing these sustainable food produc-
tion techniques. Everyone cannot become a farmer but it is needed that agriculture
must provide expanding populations with affordable food supplies. It is also obvious
that this goal cannot be met in the highly industrial and destructive ways that have
become the norm in recent years. This has caused environmental pollution and soil
degradation in many locations, which harms people, even if they are away from the
affected regions.

The sustainable agricultural techniques listed below are just a few of the many
ways we can make agriculture much more sustainable.

3.1 Biodynamic Farming

A traditional but contemporary alternative to conventional cultivation is biodynamic
farming. It is not, however, widely recognised or applied. It is comparable to organic
farming but uses metaphysical principles to treat the soil and promote crop develop-
ment. Itis believed that biodynamic cultivation is “above and beyond organic”. Above
5500 farmers worldwide are interested in and use biodynamic farming, and buyers of
organic goods strongly favour this farming technique. Demeter-International certified
biodynamic activity is now present in 55 nations, with Germany having maximum
(1552) biodynamic farms. The use of organic matter to restore the soil, treating it as
a living arrangement, constructing a system that maintains the balance of all factors
that are essential for life, spreading awareness about the use of green manure, crop
rotation, and treating manure and compost in a biodynamic manner, all of these
promote biodynamic farming. In addition to a collection of practices, biodynamic
farming is also a philosophical approach that affects the overall design of the farm.
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Scientific research has shown that biodynamic farming supports sustainable agricul-
ture by enhancing soil quality, leading to an increase in the amount and nutritional
content of the product, and controlling pests. Therefore, biodynamic farming is like
a ray of hope for a sustainable system shortly (Muhie 2023).

3.2 Hydroponics and Aquaponics

In hydroponics, the soil is replaced by gravel, the clay stone, and nutrients are put into
the water. Current agricultural systems depend on high-quality soil, manual removal
of weeds and gallons of water which reduces productivity. To overcome these chal-
lenges, hydroponics uses controlled environmental parameters with a microcontroller
kit connected to a wireless sensor network. According to Gentry (2019), it is esti-
mated that 70% of the population will reside in urban locations by 2050, essentializing
the presence of fresh produce, better transportation, and storage methods to ensure
quality and nutrition in plants. Aquaponics is a novel solution to the global food
demand. With an increase in population, food security and sustainability have to be
developed by non-traditional farming methods. Aquaponics is acombination of aqua-
culture and hydroponics to generate both plants and fish which is nothing but organic
food production. Here, the nutrients produced by fish in the water are circulated to the
plants for growth and development. This system needs proper care and maintenance
to protect plants from root damage and to ensure their proper functioning (Ezzahoui
et al. 2021).

3.3 Agroforestry and Food Forests

Agroforestry is a method of farming that involves cultivating trees and shrubs along-
side crops or grazing areas. This system integrates both agriculture and forestry tech-
niques to create a diverse productive land that can endure over time. In this system,
trees play an important role in creating favourable surroundings that help maintain
suitable temperature and moisture levels. Also, they protect crops against environ-
mental stresses. Grazing in agroforestry stabilises the soil, and reduces nutrient run-
off to enhance the soil structure. Therefore, agroforestry is a valuable tool for farmers
in arid regions where the soil is prone to desertification (Greentumble 2015).

3.4 Urban Agriculture

Urban agriculture is the production of food or other useful crops in or near
cities, involving diverse stakeholders and socio-economic conditions (FAO 2018).
It involves a wide range of practices, from small-scale urban gardening carried out
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by individuals or small groups to large-scale urban farming operated as a business
(DuZi et al. 2017). There is a growing need to localise our food systems, therefore it
is good to cultivate food closer to home, even within urban areas. As the majority of
people will live in cities in the future, urban agriculture will positively impact global
food production methods.

4 Case Study on Soy and Soy Foods Consumption

A recent study conducted a Life Cycle Assessment (LCA) of soy protein and seitan
protein-based bacon products. The study evaluated the environmental impact of these
products, including global warming, terrestrial acidification, terrestrial toxicity, water
consumption, freshwater eutrophication, and human carcinogenic toxicity. The nutri-
tional characteristics of plant-based bacon products were also compared, with seitan
protein-based bacon showing a higher protein content than pork bacon. The study
found that heating plant-based bacon products with induction, ceramic, and elec-
tric stoves before consumption had a lower environmental impact than high-risk
factors such as petroleum production and diesel combustion. The study concluded
that soy protein and seitan-based bacon alternatives were low in fat content, and
seitan protein-based bacon provided more protein content than original bacon. The
study also found that the highest risks of environmental and human health effects
of bacon substitutes came from side industries that cause the highest amounts of
environmental issues crucial for food production and transportation (Yusuf 2023).

Soy-based protein food manufacturers now offer a wide range of food products.
The global production of soybeans has significantly increased over the past few
decades, with the US accounting for 45% of the total global production, followed
by Brazil (20%) and China (12%). The increased demand for soy in the US and its
introduction to Brazil in the 1960s led to a global increase in soybean yields.

Table 1 compares populations from different countries consuming soy and soy-
based food products and the amount of soy protein products they hold. Soy, the best-
suited plant protein source, has been consumed as an animal protein substitute by
diverse populations and is cultivated by vegetarian and Asian populations. Although
soy protein lacks some of the SAA, it still has the highest protein quality among plant
proteins and is almost equivalent to some animal proteins. Soy-based food products
have well-established manufacturing processes.

5 Plant-Based Food Alternatives’ Health Impacts

Human health and existence are indistinguishably dependent on the environment’s
health. Sustainable food systems may have a positive impact on the surroundings as
they are concerned with almost all resources. Sustainable foods are safe to consume
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g:rbcllea; Soy consumption Population Soy and soy foods Soy protein
Vegetarian NA 8.42-9.25
United States (US) NA NA
Korea 21.7 7.4-8.5
Japan 50.7-102.1 6-11.3
China 23.5-135.4 2.5-10.3

and have high nutritional value. Today’s people are health concerned and need unpro-
cessed or minimally processed foods. Degrading ecological quality has also affected
the nutritional quality of fruits and vegetables and grains. Also, extensive hybridiza-
tion to produce high-yielding varieties has lowered their capacity for absorbing nutri-
ents from the soil as their root system weakens, and therefore, low-nutrient profile
foods are produced. If varieties are not made high-yielding, then extensive cropping
cycles have to be carried out, which require the use of high amounts of pesticides
and fertilisers, which is again detrimental to human health. This is a cycle that can
only be excited by changing current food production patterns. In sustainable farming
systems, diverse regional varieties are grown, which leads to better adaptation to
climate change (FAO). Enhanced consumption of processed and discretionary foods
with unbalanced nutrition has led to the deterioration of consumer health over the
decades. This can also be conferred to unhealthy ways of living. This is also a chal-
lenge for the food industry to produce foods that do not lead to the spread of chronic
diseases (Szakdly 2017). The key to well-being and disease-free life lies in healthy
eating habits because “what we eat is what we become” (Fiirediné Kovacs 2007).

Meat products are discouraged by environmentalists mainly because of the
overuse of water, greenhouse gas emissions, and degradation of land. Meat alter-
natives of plant-based origin are designed for replicating the sensory characteristics
of real meat. Life-cycle analyses point out that plant-based foods’ environmental
footprints are less in comparison to animal-based foods. Human beings are omniv-
orous as they derive nutrients like zinc and iron from animal foods. Plant nutrients
offer protection against health issues caused due to meat.

Thus, to improve human health, animal and plant foods operate in symbiotic ways.
While plant-based meat alternatives may have similar sensory characteristics to real
meat, they are not nutritionally equivalent. Plant-based meats are usually fortified
with vitamins and minerals, but they may not contain all the same nutrients as real
meat. For example, plant-based meats generally have less protein and iron than real
meat. However, plant-based meats can still be a healthy choice for those looking
to reduce their meat consumption, as they are generally lower in saturated fat and
calories than real meat. Ingredients of such foods are focussed on the incorporation
of vitamins and minerals like B vitamins, iron and zinc found in meat products, and
the use of nutrients of plants like protein from soy, pea, and mycoprotein; fats from
coconut, canola, and soybean, etc. and other flavouring extracts or agents (Curtain
and Grafenauer 2019). Plant-based diets have become increasingly popular in recent
years due to their many health benefits. A well-planned and maintained vegetarian
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diet can provide humans with essential nutrients and reduce the risk of chronic
diseases such as heart disease, diabetes, and cancer. Additionally, plant-based meats
are becoming more widely available, and they may also reduce the environmental
impact of red meat production. By transitioning to a plant-based diet, individuals can
improve their health and reduce their carbon footprint (Fehér et al. 2020).

6 Impact on Environment

People are becoming aware of the impact they are creating on the environment.
Anthropogenic actions are posing grave threats to the environment, which need to be
addressed and controlled. Not only urbanisation and industrialisation are the cause
for the same but also the eating habits of humans. Given the same, there’s a rise
in the acceptance of veganism by people across the world. Veganism or completely
plant-based alternatives are coming up as a solution to the environmental crisis. Even
mainstream visual and print media has covered this issue. Meat production and its
consumption are believed to damage the environment more than plant cultivation and
consumption. Non-vegetarian eating patterns also lead to greenhouse gas emissions,
warned by FAO and World watch Institute (Pendergrast 2016).

Sustainable farming, as opposed to intensive agriculture, can benefit nature along
with preserving the natural deposits. This is accomplished by

Adhering to natural cycles

Recycling nutrients and water

Avoiding the overuse of farming chemicals

Reducing agricultural runoff

Preventing lake and river pollution

Conserving water and naturally keeping soil fertility by recycling nutrients on the
farm

Soil and perennial plants sequester more carbon

Increasing agricultural energy efficiency

Lowering emissions of air pollutants and greenhouse gases

Creating habitats for pollinators and useful insects

Ensuring farm animal wellbeing while also allowing for peaceful coexistence with
local wildlife (EU 2020)

Climatic changes can also be mitigated by increasing veganism because livestock
farming contributes largely to greenhouse gas emissions. However, a sudden and
complete shift to plant-based alternatives may have a distressing effect on land and
resources. There may be a loss of the animal genetic pool along with some co-
dependent plant species. Indeed there are pros and cons to both types of diets, but
sustainability can be achieved by balance only. “One basket approach” may lead to
some other unknown negative impacts. The dynamics of the economy will also be
affected if meat consumption stops completely. This could lead to a threat to food
security (Dorgbetor et al. 2022).
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7 Future Scope and Challenges

Having sustainable food systems in place has become a necessity given the increasing
population and depleting resources, as well as a decline in environmental life. Plant-
based alternatives in dietary habits are being researched in the hope of being a sustain-
able option as compared to meat diets. The main challenge in acceptance of this shift
is the satisfaction and mouthfeel of having meat products and the urge to not give
up (Lea and Worsley 2003). Graga et al. also reached the same conclusion in their
questionnaire-based research. The adversaries of plant-based diets point out the low
protein intake because of such dietary patterns, but researchers claim that protein
supply is almost similar in both types of diet (Melina et al. 2016; Thomas et al.
2016). However, to ensure necessary protein intake through plant-based diets, there
are a lot of foods such as soy products, tofu, seitan, and tempeh which provide protein
(Kokény 2009; Szabo et al. 2016). Also, continuous research is being carried out to
produce better and more food products that mimic the texture of meat, called vege-
tarian meat or plant-based meat. A lot of brands are also gaining popularity because
this concept is new for people and a boon for those who are willing to give up on
non-veg but were not able to do so because of the lack of that texture and flavour
in plant foods (Pohjolainen et al. 2015). Furthermore, it is a task to produce meat
analogues from plants as there is a lack of profound quality plant-based ingredients
and less understanding of the complex structures of meat and fish. The relationship
between plant-based ingredients and their ability to mimic eggs, meat, dairy or fish
is a complex process. (McClements and Grossmann 2021).

Additionally, plant-based diets can be challenging to balance since they may be
deficient in certain micronutrients such as vitamin B12, vitamin D, riboflavin, iron,
calcium, and zinc. However, fortification and supplements are one of the many ways
to obtain these nutrients. Vitamin B12 is generally introduced via animal products
like milk, meat, eggs, etc., but gradually, other alternatives are being researched to
fulfil nutrient requirements like single-cell protein and food from algae. There are
chances of development of eating disorders and allergies in a few people because of
some plant foods. Such risks and challenges need to be resolved for better acceptance
by people around the globe.

The major benefit of shifting to plant-based alternatives will be to the innocent
animals who suffer a lot in the process. In the majority of places, unethical means
are used to produce meat. This will also promote the use of minimally processed
or unprocessed food as compared to foods of animal origin. The development of
plant-based foods is crucial for our health, well-being, and the sustainability of our
planet. Additionally, environmental and ethical concerns are important motivators
for people to change or adjust their dietary habits (Graca et al. 2015).
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1 Introduction

Food systems significantly impact health and well-being. With the global popula-
tion expected to reach 9-10 billion by 2050, almost half of the population expe-
riences food shortages and nutrition insecurity leading to undernutrition, micronu-
trient deficiencies, overweight or obesity (Kuhnlein 2015). Food systems present
many opportunities—some yet to be explored—to improve diets (GloPan 2016).
However, increasing pressures from population growth, rapid urbanisation, globali-
sation, economic growth, food industry consolidation and the uncertainties induced
by climate change with potential negative impacts on health and nutrition (GloPan
2016; HLPE 2017; Fanzo 2019) present global food system at the centre of a nexus
of global problems. The problem stretches from poverty to environmental degra-
dation (Gladek et al. 2017; Rochefort et al. 2021). A food system consists of all
the inputs (environment, people, processes, infrastructures, institutions, etc.), activ-
ities and actors that relate to the production, processing, distribution, preparation
and consumption of food and the outcomes of these activities, namely nutrition and
health, economic, social and environmental impacts (HLPE 2014; Caron et al. 2018;
Fanzo 2019).

Current food systems are more focused on food quantity with limited focus on
quality (GloPan 2016) with an inadequate supply of nutrient-rich, plant-based foods
needed for healthier and sustainable diets (Siegel et al. 2014; Willett et al. 2019;
Hunter et al. 2019). Since the Green Revolution in the 1960s, agriculture has mainly
focused on developing conventional cereal and horticultural crops responsive to addi-
tional inputs such as fertilisers and water, giving birth to an agro-industrial food
regime (Mabhaudhi et al. 2019). This transition from traditional to modern food
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production systems contributes significantly to major environmental issues, including
biodiversity loss, greenhouse gas emissions, contamination and water shortages,
ecosystem pollution, and land degradation (Willett et al. 2019; Hunter et al. 2019).

Today, food systems are unsustainable because they cause significant resource
depletion and unacceptable environmental impacts (Holden et al. 2018). The sustain-
ability of global food systems has received much attention in recent decades and has
been given high visibility by the worldwide community. The definition of sustain-
ability is most frequently quoted from Our Common Future, also known as the
Brundtland Report (UN 1987), which implies a state whereby the needs of the present
and local population can be met without diminishing the ability of future genera-
tions or people in other locations to meet their needs or without causing harm to the
environment and natural assets (Allen and Prosperi 2016; Fanzo 2019). Therefore, a
sustainable food system (SES) is a food system that delivers food security and nutri-
tion for all in a manner that the economic, social and environmental bases to generate
food security and nutrition for future generations are not compromised (HLPE 2014).
Global estimates suggest that between 702 and 828 million people in the world (corre-
sponding to 8.9 and 10.5% of the world population, respectively) faced hunger in
2021 (FAO et al. 2022; UN 2022) while one-third of the food produced in the world
is lost or wasted (FAO 2011).

In the context of diet, attention given to the sustainability of food systems around
the world is primarily driven by concerns related to food insecurity and hunger:
the extent of food loss and waste while more than 800 million people still suffer
from hunger seems to indicate imbalances, that food systems do not function as
required (HLPE 2014). Nevertheless, the concern related to the impact of food loss
and waste on natural resources and the environment cannot be ignored in the context
of the capacity of ecosystems and natural resources to sustain an increasing demand
for food, estimated by FAO, to reach more than 60% by 2050 mainly driven by
population, income growth and changing consumption patterns (HLPE 2014). To this
effect, the United Nations Zero Hunger Challenge, in implementing the Sustainable
Development Goals (SDGs), is driving forward an approach of ‘Transforming our
Food Systems to Transform our World” on the basis that:

Achieving the Sustainable Development Goals is not possible without ending hunger and
malnutrition and without having sustainable and resilient, climate-compatible agriculture
and food systems that deliver for people and planet. (GloPan 2016)

Therefore, the increase in food production needed to meet the anticipated demands
of the near future cannot be achieved by simply extrapolating current trends in
production and consumption (Gladek et al. 2017).
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2 Healthy and Sustainable Diet Concept

Sustainable food systems and diets have recently grown important (Fanzo 2019).
Despite the substantial contribution that the promotion of healthy diets can enhance
sustainability, so far, it has not often been examined within the field of sustainability
science, as health is often a peripheral topic (Kajikawa et al. 2014, 2017; Lindgren
et al. 2018). Hence, FAO introduced the concept of “sustainable diets”, defined as:
“diets with low environmental impacts which contribute to food and nutrition security
and to healthy life for present and future generations. Sustainable diets are protec-
tive and respectful of biodiversity and ecosystems, culturally acceptable, accessible,
economically fair and affordable, nutritionally adequate, safe and healthy; while
optimising natural and human resources.” (Burlingame and Dernini 2012; GloPan
2016; Fanzo 2019)

A healthy diet is defined using food groups while considering nutritional adequacy
because this most directly connects food production and health and because most
dietary guidelines are based primarily on food groups, including other essential
constituents of food (Willett et al. 2019).

There has been significant debate around the relationship between healthy and
sustainable diets in the context of quality diets from a nutritional and environmental
perspective. Countries like Brazil, Germany, Sweden, and Qatar have official food-
based dietary guidelines (FBDGs) that include sustainability. In contrast, others like
the Netherlands, Norway, Iceland and France have only few components of guide-
lines that refer to sustainability (GloPan 2016). However, very few countries around
the world incorporate sustainability in their FBDGs. Although greenhouse gas emis-
sions represent only one dimension of a diet’s environmental footprint, Downs and
Fanzo (2015), in their global analysis, reported that the carbon and water footprint
of different foods within food groups such as fruits, vegetables, oils and nuts show
considerable variation in ecological footprints. Holden et al. (2018) in areview stated:

“The food we eat today is unsustainable for two reasons: the food system causes
unacceptable environmental impacts and it is depleting non-renewable resources.
Our food can be regarded as ‘fossil food’ because its production relies on fossil fuel,
non-renewable mineral resources, depletion of groundwater reserves and excessive
soil loss.” Further supported by a recent review by Springmann et al. (2018) which
explored the environmental impacts of food systems, highlighted the need for targeted
mitigation measures to control the added increase of 50-90% increase in global
ecological pressures and destabilisation of key ecosystem processes.

Another review Hunter et al. (2019) investigating the potential of neglected and
underutilised species for improving diets and nutrition recommended that a shift
towards healthier diets alone could potentially reduce greenhouse gas emissions and
other environmental impacts by 29 and 5-9%, respectively, while the adoption of
plant-based diets could increase these percentages to 56 and 6-22%, respectively.
Consequently, health-promoting and eco-friendly diets have many synergies as long
as most sustainable production methods are chosen for each group.
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Sustainable diets with low environmental impacts contribute to food and nutrition
security and promote healthy lives for present and future generations. These diets
should also respect biodiversity and ecosystems, be culturally acceptable, accessible,
economically fair, affordable, nutritionally adequate, safe and healthy, and optimise
natural and human resources. In other words, sustainable diets should be good for
people, the planet, and the economy.

To achieve sustainable diets, sustainable food systems are essential; these can
be derived from sustainable cultures and ecosystems. If intact, indigenous Peoples’
food systems is deemed sustainable as they have survived for centuries in different
ecosystems. These food systems have sustained their cultures for thousands of years
in a specific ecosystem. Nonetheless, due to globalisation and open food trading,
the food systems of most Indigenous Peoples today are modified and have become
heterogeneous of their traditional local foods and foods procured commercially. This
modification in the food system will eventually lead to a loss of local biodiversity,
dietary quality, unsustainability, and food insecurity in these groups. Further resulting
in malnutrition, especially micronutrient deficiency, and overconsumption of dietary
energy that drives the growing epidemic of Obesity and Non-Communicable Diseases
(NCD’s) in indigenous areas today.

Indigenous Peoples’ considerations and dialogues on their local food systems
should be encouraged, protected and promoted to ensure the sustainability of their
cultures and ecosystems. This information contributes to capacity building for Indige-
nous Peoples and strengthens their ownership of local food security. Knowledge of
the perception of indigenous peoples towards sustainability of their food systems
will help to overcome challenges of marginalisation, land rights and development
needs experienced in various parts of the world.

By studying how specific Indigenous communities improve use their local food
systems for food and nutrition security, allows us to gain valuable insights into a more
inclusive global picture of sustainable food systems. This understanding can help
Indigenous Peoples overcome challenges and strengthen their ownership of local food
security. Therefore, promoting the local traditional food biodiversity is an essential
driver of food system sustainability, contributing to global consciousness for more
broadly protecting food biodiversity and food system sustainability. Encouraging
Indigenous Peoples’ consideration on their local food systems and taking concerted
action can preserve and promote the sustainability of the cultures and ecosystems
that derive from their food systems. The South Pacific food system is diverse and
encompasses a wide range of traditional cuisines from the countries and island groups
of the region. The food systems of the South Pacific are heavily influenced by the
region’s geography, history, and cultural practices.

Using indigenous plant materials for food is part of indigenous knowledge and
practices developed and accumulated over generations. One of the most essential
components of the South Pacific food system is the use of local ingredients. Forests or
wild plants provide staple food for indigenous people, serve as complementary food
for non-indigenous people and offer alternative sources of cash income. Traditional
dishes are based on locally available fruits, vegetables, seafood, and meats. Common
ingredients include coconut, taro, yams, breadfruit, cassava, fish, and shellfish. These
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ingredients are often prepared using traditional methods, such as roasting, grilling,
and baking.

Another critical aspect of the South Pacific food system is the cultural significance
of food. Many traditional dishes are associated with specific occasions and events,
such as weddings, funerals, and religious ceremonies. Sharing food is an essential
part of social and cultural customs in the South Pacific, and traditional meals are
often served family-style, with everyone eating from the same platter.

The South Pacific food system is also heavily influenced by the region’s history and
the various cultural groups that inhabited the islands over the centuries. Polynesian,
Melanesian, and Micronesian cultures have unique culinary traditions and practices.

3 Indigenous Peoples’ Food Systems

Indigenous Peoples’ traditional food systems have protected human health and
natural environments for millennia (Browne et al. 2020). Indigenous food systems
represent a treasure trove of knowledge contributing to well-being and health, bene-
fiting communities, preserving rich biodiversity, and providing nutritious food (IFAD
2021).

Indigenous Peoples’ food systems are the result of extensive and acute observa-
tions of natural processes and effects that have been passed down through personal,
communal, and experiential processes and fostered for centuries that have sustained
their culture and identity despite the numerous challenges already faced and those
that humankind will face in the future (FAO 2021).

3.1 Role of Indigenous and Traditional Food Systems

Indigenous Peoples and local communities have preserved many ecosystems and
cultures throughout history, and they continue to be crucial guardians of the world’s
genetic resources and food supply (Hunter et al. 2020). According to current scien-
tific estimates, Indigenous Peoples’ lands and territories contain 80% of the world’s
remaining biodiversity (FAO 2021). “Traditional food system” of an Indigenous
People is defined as all foods within the specific culture that are readily available
from local natural resources and culturally accepted, including the sociocultural
meanings, acquisition and processing techniques, use, biological composition, and
nutritional implications for the people using the food (Elliott et al. 2012; Kennedy
et al. 2021; Kuhnlein and Chotiboriboon 2022).

Detailed information on all cultural applications of plants can be found in general
ethnographies or ethnobotanical works that discuss traditional food systems. In their
contribution, Kuhnlein and Receveur (1996) outlined the various literature sources
that support the growing evidence of:
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e awide range of plant and animal species used by Indigenous Peoples, confirming
dietary diversity of such food systems;

e Indigenous Peoples’ knowledge of a great variety of the sensory qualities of food,
and

e the gradually growing literature on nuts. Kuhnlein & Chotiboriboon’s study of
why and methods for enhancing Indigenous Peoples’ food systems in 2022 noted
the following:

The food systems of Indigenous Peoples are known to contain a vast tapestry of riches in food
biodiversity, nourishment, and the potential to sustain biocultural knowledge, resilience, and
sustainability. However, these internationally recognised and outstanding attributes, histori-
cally documented in part, are affected by many challenges of globalisation that threaten their
loss and eventual disappearance.

Indigenous Peoples’ knowledge, practices, and participation in the transformation
of food systems are becoming more widely acknowledged, particularly in relation
to how they inform sustainability research, resilience-building tactics, and climate
change adaptation (IPCC 2019; Ruckelshaus et al. 2020; FAO 2021). Food serves as
more than just a source of nutrition for many Indigenous Peoples; it also serves as a
vital link to their social, emotional, and spiritual well-being as well as to their land,
family, history, and culture (Browne et al. 2020). Finding treatments that work for
Indigenous Peoples’ food systems also surfaced in a paper by Kuhnlein et al. (2006).

Food relates to social needs and local economy. Indigenous Peoples have their own unique
perspectives on the relationships between environment and culture, and food, well-being and
health, in many dimensions. This knowledge is precious to them. It also has many lessons
for industrialised nations and populations.

Consequently, pre-colonial Indigenous food systems were self-determined,
ecologically sustainable and provided healthy, varied diets which protected popu-
lation health (Kuhnlein 2015; Browne et al. 2020). Learning from indigenous food
systems can offer holistic, sustainable ways to interact with nature—which must be
noted that mankind is a part of, not apart from (IFAD 2021). The significant quali-
ties of the traditional food systems of Indigenous Peoples that require attention are
the diversity of species that are accepted as food from the natural environment in
diverse climates and latitudes, the technologies developed to harvest and process the
food, and the sensory qualities and dietary structures developed for food selection
(Kuhnlein and Receveur 1996).

3.2 Indigenous and Traditional Food Crops (ITFCs)

Due to the wide range of foods, fruits, leaves from trees, leafy and root vegetables, and
herbaceous plants that it encompasses, indigenous foods can be difficult to define
(Akinola et al. 2020). Ayanwale et al. (2016) defined indigenous foods as meals
coming from a particular bio-region along with foods that were imported but are



Indigenous Food System for Sustainability: South Pacific Study 41

now regarded as indigenous since they were incorporated into the regional culinary
tradition.

Bhaskarachary et al. (2016), on the other hand, distinguish between “traditional
foods” and “indigenous foods” by describing traditional foods as typically consumed
within the last few centuries, whilst indigenous foods are not defined by a specific time
period. According to van der Merwe et al. (2016), indigenous and traditional food
crops (ITFCs) can be thought of as a continuum of foods ranging from completely
wild foods (less-conventional crops) like amaranth, pumpkin leaves, and calabash
to semi-domesticated foods (conventional crops) like sorghum, cowpeas, and sweet
potatoes.

The fact that ITFCs are marginalized by contemporary and modern farming
systems may explain why they are also referred to as “wild,” “traditional,” “minor,”
“underdeveloped,” “underexploited,” “lost,” “alternative,” “local,” “orphan,” “niche,”
“promising,” “novel,” “hidden treasures,” ‘“forgotten,” and “neglected,” among other
terms (Padulosi et al. 2002; Li and Siddique 2018; Hunter et al. 2019; Akinola et al.
2020; Kennedy et al. 2021). ITFCs are often relegated to a ‘neglected and under-
utilised species’—NUS status (IPGRI 2002; Chivenge et al. 2015; Mabhaudhi et al.
2016; Akinola et al. 2020), demonstrating that they are not among the major staple
crops of current global food systems (Padulosi et al. 2013).

The NUS notion pertains to significant plant species that researchers, breeders, and
governments have marginalized or even neglected (Padulosi et al. 2013; Hunter et al.
2019). NUS are regarded as future smart foods or climate-smart food crops because of
their resilience, flexibility, and high potential to ensuring food and nutrition security,
according to Imathiu (2021).

Indigenous foods have also gained widespread acclaim over the past 10 years for
their ability to contribute to increased biodiversity around the globe (Kapoor et al.
2022). However, the development of ITFCs has been grossly devalued (Bvenura
and Afolayan 2015; Akinola et al. 2020) as a result of the green and supermarket
revolutions, to mention a few, which have all led to the decline in the diversity of
agriculture, food systems, and diets (Guarino et al. 2016; Hunter et al. 2019).

3.3 Erosion of ITFCs in Global Diets

Modern food production technologies have spread mainstream agriculture so far that
ITFCs have been overlooked and underutilized. In contrast to ITFCs, which were
formerly widely employed, lower nutritional crops and non-indigenous commodities
have taken their place (Turner and Turner 2007; Akinola et al. 2020), plainly failing
to improve nutrition and the environment (Caron et al. 2018; KC et al. 2018; Willett
et al. 2019; Hunter et al. 2019).

The homogenization of global diets is demonstrated by a study of global food
supply by Khoury et al. (2014), which shows a 68.8% decrease in variance in national
food sources across countries. The study found that over the course of 48 years—
from 1961 to 2009—the world’s diets have become more similar, with wheat, rice,
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and maise taking precedence over other mainstays including sorghum, millets, rye,
cassava, sweet potato, and yam.

Furthermore, because colonizers depicted ITFCs as being the meal of poor men,
these foods and their foodways were dispersed among Indigenous populations world-
wide during the post-colonial period. Due to an excessive reliance on high-yielding,
genetically uniform crop monocultures and industrialized agriculture methods and
techniques, the modern global food systems have exacerbated the displacement and
disappearance of food plant species, their genetic diversity, and biocultural heritage
(IPES-Food 2016). Additionally, the inadequate transfer of indigenous knowledge to
the younger generation regarding ITFCs may be partially attributed to the decreasing
utilisation due to the changing social values and rural-urban migration, where these
crops are ignored and neglected in favour of exotic western plant varieties (Njume
et al. 2014).

According to research and development programs, non-commodity crops account
for the majority of ITFCs worldwide (Sogbohossou et al. 2018). According to a
technical assessment by Kew (2016), out of an estimated 300,000 plant species that
have ever been documented, only about 5000 have ever been used as food for humans.
75% of the world’s food is currently produced by just 12 crops and 5 animal species
(Hunter et al. 2019). As such, cultivation of ITFCs has become non-competitive and
unattractive compared to the “major” crops promoted through formal seed systems
and markets (Chivenge et al. 2015).

4 Importance of ITFCs in Food Systems

ITFCs support sustainable food systems in a variety of ways. In a review, Akinola
et al. (2020) divided the advantages of ITFCs into four major categories for enabling
more just and sustainable food systems:

e nutritional benefits, such as higher nutrient density than in commodity crops
(Penafiel et al. 2011);

e environmental benefits, such as ITFCs’ ability to withstand climate change’s
extreme weather conditions;

e social-cultural benefits, such as the relationship between indigenous knowledge
and ITFCs’ nutritional value; and

e cconomic benefits, such as livelihoods and income from the sale of ITFCs
(Bharucha and Pretty 2010).

Along with the potentially vital means of living more sustainably, the possibility
that information about ITFCs is already being lost is notable. In order to ensure social,
economic, and environmental sustainability, [TFCs act as a key link between people
and the environment and play a crucial role in fulfilling the Sustainable Development
Goals’ (SDGs) global objectives (Akinola et al. 2020).

ITFCs are abundant in supplying wholesome, nutrient-dense meals that satisfy
dietary needs and encourage healthy diets, ensuring there is no hunger (SDG2)
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and that people are healthy and happy (SDG3). In order to address climate change
and its effects (SDG13) and conserve, restore, and promote terrestrial ecosystems
(SDG15), ITFCs can promote genetic variety and environmental preservation while
also boosting ecosystem resilience.

ITFCs give people social value in terms of their feeling of self-worth and dignity,
as well as a sense of belonging and a connection to their ancestry. Reducing inequality
in terms of gender (SDG10), and within- and between-country (SDG12) inequality.
ITFCs help generate money to enhance people’s quality of life and the potential for
economic growth profits, providing sustainable economic growth and decent and
productive jobs for everyone (SDGS).

5 ITFCs and Human Health

With greater nutritional applications and advantages, including the possibility for
bioactive substances that may help the body’s antioxidant activity, ITFCs can surely
provide the entire nutrient requirement (Akinola et al. 2020). While ITFCs have added
benefit of creating diversification of foods grown and increasing the likelihood of
diversified diets (Akinola et al. 2020), many indigenous and traditional vegetables are
characterised by their health-protective properties. Through their nutritional effects,
the phytochemicals and antioxidants they contain are associated to preventing the
onset of illnesses (Mbhenyane et al. 2015).

Many pharmaceutical laboratories are now taking notice of the numerous phar-
macological investigations and ethnobotanical analyses that show the pharmaco-
logical activities and contribution of diverse ITFCs to people’s health as well as
their vital function in modern medicine (Koné et al. 2011). International recognition
has been given to ITFCs like moringa and rooibos for their therapeutic potential
in treating various illnesses, including cancer, diabetes, cardiovascular disorders,
and obesity, as well as for their hepato- and nephro-protective properties (Gopalakr-
ishnan et al. 2016; Brilhante et al. 2017; Lin et al. 2018; Smith and Swart 2018). Some
indigenous leafy vegetable (ILV) species, including Telfairia occidentalis, Vernonia
amygdalina, Launaea taraxacifolia, Ceiba pentandra (L.) Gaertn., Crassocephalum
crepidioides (Benth.) S. Moore, seeds like Garcinia kola, and pulses like Bambara
groundnut (Vigna subterranea) have been shown to have potential for disease preven-
tion and control like diarrhoea, anaemia, ulcers, cataracts, diabetes, allergic diseases,
arthritis, asthma, autoimmune diseases, cancer, leukaemia and lymphoma, based on
their alleged anti-oxidant, anti-inflammatory, anti-proliferative, and even reproduc-
tive capabilities (Farombi and Owoeye 2011; Eseyin et al. 2014; Kadiri and Olawoye
2015; Kadiri and Olawoye 2016; Bello et al. 2018a, b; Oluwasesan et al. 2019; Raimi
et al. 2020).
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6 Role of Root Crop in the Food System

Root crops play a significant role in the food system of many countries of the South
Pacific, providing a significant source of carbohydrates, dietary fibre, vitamins, and
minerals. They are a staple food in many Pacific Island countries, including Papua
New Guinea, Fiji, Samoa, and Tonga, and are grown and consumed by both rural
and urban populations.

Some of the South Pacific’s most cultivated root crops include taro, yam, sweet
potato, cassava, and giant taro. These crops are highly adaptable to different growing
conditions, including harsh environments such as mountainous regions and small
islands, and can be grown in various soil types.

Root crops are used in traditional South Pacific dishes, such as taro pudding,
roasted yams, cassava cakes, kava and sweet potato curry. They are also used in other
dishes, including soups, stews, and stir-fries. In addition to their food source, root
crops have cultural and social significance in many Pacific Island communities. They
are often used in traditional ceremonies and rituals, symbolising fertility, growth, and
prosperity.

7 Traditional Processing and Sustainability

Traditional food processing in the South Pacific is an integral component of the
region’s culinary and cultural heritage. Many traditional food processing methods
have been abolished from generation to generation and are still utilized alongside
modern food processing techniques. Not much scientific work has been done in this
field and most of the techniques are poorly recoded in the literature (Malolo et al.
1999; Naika 2020).

Here are some examples of traditional food processing methods used in the South
Pacific.

7.1 Fermentation

Food fermentation in the South Pacific has been a vital component of the local culture
and cuisine for thousands of years. Fermentation is a process in which microorgan-
isms, such as bacteria or yeast, transform carbohydrates into acids, gases, or alcohol.
This process has been utilized to preserve food and create unique flavours and textures
in traditional cuisines.

One of the most popular traditional fermented foods in the South Pacific is poi,
which is a staple in Hawaii, Samoa, Tonga, and other islands. Poi is made by steaming
or baking taro root, then mashing it with water until it forms a smooth, pudding-like
consistency. The mixture is left to ferment for a few days, during which natural yeasts
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and bacteria break down the carbohydrates in the taro into lactic acid, which gives
poi its distinctively tangy taste. Poi is often served as a side dish or used as a base
for other dishes.

In Fiji and other islands, kokoda is a popular dish that is made by marinating raw
fish in coconut cream and lemon or lime juice. The acid in the citrus juice effectively
“cooks” the fish, while the coconut cream adds a rich, creamy texture. The dish is
often served as an appetiser or side dish and is a favourite among tourists and locals.

Another traditional South Pacific fermented food is leafy vegetables that are based
on sauerkraut. While sauerkraut is often associated with European cuisine, it has been
adapted to local tastes in Fiji and other islands. In Fiji, vakasakera (sauerkraut) is made
by fermenting shredded cassava (and other green leafy vegetables) and cabbage with
salt and water (Naika 2020). The resulting product is a tangy, slightly sour condiment
that is often served with grilled meats or fish.

Fermented breadfruit is a traditional food in some cultures, especially in Fiji and
Vanuatu (Malolo et al. 1999). Nearly all breadfruit fermentation techniques feature
a pit. Ripen breadfruits are skin off and then buried inside the pit lined with coconut
tree leaves. Pit may be covered with additional leaves, sometimes earth, and stones.
In few scenarios breadfruit was first soaked in salt or brackish water for a period of
time before being plated in the pits. The fermentation process can take from 2 to 6
months and result in yellow mash with a pungent smell. The paste is removed from
the pit, dried and kneaded.

Fermented cassava in the South Pacific refers to a traditional food made from
cassava root that is widely consumed in the Pacific Island region. In this region, it is
made by pit fermentation similar to breadfruit or soaking the peeled tuber under the
running fresh water (Lancaster et al. 1982; Naika 2020). Fermentation produces a
tangy, slightly effervescent food. The fermentation process imparts a unique flavour
and aroma to the cassava and can also increase its nutritional value. During fermen-
tation the detoxification of cyanide from the bitter cassava is an additional benefit.
The exact preparation and ingredients of fermented cassava in the South Pacific may
vary between islands and communities.

Fermented coconut, also known as kota/kora, is a traditional food in pacific islands
made by fermenting grated coconut under sea water (Traditional Food Preservation
Methods) (The Fiji Times Kora, a Fijian delicacy 2023). The mixture is then strained
and used as a base for various dishes, such as stews and curries. The fermentation
process imparts a unique flavour and aroma to the coconut and can increase its
nutritional value. It is often used as a condiment or as an ingredient in traditional
Fijian dishes. Fiji’s exact preparation and ingredients of fermented coconut may vary
between regions and communities.

Different parts of Fiji, have different methods of preparing Kora. For the island
of Qoma, kora is prepared by scrapping coconut, and squeezing out its milk. The
squeezed grated coconut will then be wrapped in banana leaves and soaked in sea
water. Large stones are placed over the kora bundle to press down the wrapped
product and hold it in place during high tide. Some parts of Fiji use nylon sacks
for storing grated coconut before placing in sea. Sea water helps soften the grated
coconut and add salt to the mixture. At low tide, women identify suitable places at
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the foreshore to place the prepared kora bundle. Some prefer to place kora in tidal
pools or rock pools; some on foreshore while those far way from the ocean prepare
the mixture at home. It is said that the difference in salt concentration determines
the taste of Kora. Therefore, it is placed in areas with little to no human interaction
where sea water is clean with no pollutants.

7.2 Sun Drying

Due to high humidity and frequent rain, traditionally sun-drying is not very popular
method used for preserving food in the South Pacific islands. Method mainly used
during dry season when there is good wind flow. This method involves exposing the
food to the sun’s rays and letting it dry naturally, with solar dryer or without the
use of any mechanical or electrical equipment (Naika 2020). This method is gaining
popularity in the region, particularly in rural areas.

The traditional sun-drying method is used to preserve a variety of foods, including
fish, meat, seaweed, fruits, and vegetables. In most of the cases, the food is first
marinated in salt or other seasonings before being laid out in the sun to dry. The
sun-drying process can take anywhere from a few days to several weeks, depending
on the type of food and the weather conditions.

One of the most common sun-dried products in the South Pacific is fish. Fish is
a staple food in many island communities, and the sun-drying method allows it to
be preserved for long periods without refrigeration. The most commonly dried fish
species include tuna, mullet, and shark. The fish are cleaned, salted, and then hung
on lines or racks to dry in the sun. Once dry, the fish can be stored for months and
are often eaten as a snack or used as a base for soups and stews. Another popular
sun-dried product is meat, particularly beef and pork. The meat is sliced into thin
strips, seasoned with salt and other spices, and then laid out in the sun to dry. The
drying process can take several days, during which time the meat develops a chewy
texture and a distinct flavour. Once dry, the meat can be stored for months and is
often used as a protein source in soups and stews.

Root crops, seaweed, fruits and vegetables are also commonly sun-dried in the
South Pacific. Dalo, cassava and sweet potato are generally steamed, peeled and
cut into thin slices for sun drying while roots of kava are generally dried directly.
Breadfruit, mangoes, papayas, bananas, pandanus and pineapples are some of the
most commonly dried fruits, while pumpkin, eggplants, and chilies are popular dried
vegetables. Dried fruits and vegetables are often used in salads, stews, and other
dishes, and are also eaten as snacks. In addition to food, other products such as
coconut fibers, pandanus leaves, and bark are also sun-dried in the South Pacific for
use in traditional crafts and building materials.
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7.3 Smoke Drying

Traditional smoke-drying more preferred method of preserving food compared to
sun drying and has been practiced in the South Pacific for centuries. This method
involves exposing food to smoke from burning wood or other materials, which not
only helps to preserve the food but also imparts a unique smoky flavour to it (Malolo
et al. 1999). In the South Pacific, smoke-dried food products are an essential part of
the region’s culinary culture, and they are still widely consumed today.

There are several types of food products that are traditionally smoke-dried in the
South Pacific. One of the most common is fish, particularly tuna (Mcgeever 1968).
Tuna is abundant in the waters surrounding the South Pacific islands, and it is often
caught fresh and then immediately smoked to preserve it. The smoke-dried tuna is
usually cut into thin slices and eaten as a snack or used as an ingredient in various
dishes. Another popular smoke-dried food product in the South Pacific is pork. In
many cultures in the region, pigs are considered a symbol of wealth and are often
raised for special occasions such as weddings and funerals. When a pig is slaughtered,
itis typically smoked and then sliced into thin pieces. The resulting smoke-dried pork
is a staple food item in many South Pacific countries, and it is often eaten with rice
or used as a flavouring in soups and stews. Other types of food that are traditionally
smoke-dried in the South Pacific include coconut, taro, and breadfruit. Coconut is
smoked to make coconut cream, which is an essential ingredient in many South
Pacific dishes. Taro and breadfruit are smoked and then pounded into a paste, which
can be used as a base for many different types of dishes.

The smoke-drying process itself varies depending on the food product being
preserved. In general, the food is first cleaned and then cut into the desired size
and shape. It is then placed on a rack or suspended from a hook and exposed to
smoke from burning wood or other materials. The smoke not only helps to preserve
the food but also adds flavour and colour to it. One of the key advantages of smoke-
dried food products is that they can be stored for long periods without refrigeration.
This is particularly important in the South Pacific, where access to refrigeration is
often limited. Smoke-dried food products also have a unique flavor that is highly
valued in the region’s culinary culture.

7.4 Pounding

Pounding is a traditional food processing technique that is widely used in the South
Pacific, particularly in Melanesia and Polynesia. The process involves pounding or
beating food items, such as roots, tubers, and vegetables, with a wooden or stone
pestle and mortar until they are soft and pliable. Pounding is an essential part of the
traditional cuisine of the South Pacific, and the resulting food products are used for
various culinary purposes. Some of the most popular pounded foods in the region
include taro, yams, sweet potatoes, and cassava. These foods are usually peeled,
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sliced, and then pounded into a paste-like consistency. The process of pounding
involves a series of repetitive motions that require physical strength and endurance.
In traditional communities, pounding is often a communal activity, with women and
children working together to prepare food for the entire community. The pounding
of food is accompanied by singing and chanting, which serves to create a sense of
community and shared purpose. One of the primary benefits of pounding as a food
processing technique is that it helps to break down the complex carbohydrates present
in many root crops. This makes the nutrients in these foods more accessible to the
human body, improving their nutritional value. Additionally, pounding can help to
remove toxins and other harmful substances from certain foods, making them safer
to eat.

Kava is a traditional drink in many South Pacific countries, made from the kava
plant’s roots. Kava has been used for centuries in ceremonies and social gatherings
and is believed to have relaxing and calming effects. Making kava involves pounding
of sun dried the kava root into a powder, soaking it in water, and kneading it to extract
the active compounds. The resulting liquid is strained and consumed. In addition to
its nutritional benefits, pounding is also valued for its cultural significance in the
South Pacific. The traditional techniques and equipment used in pounding have been
passed down from generation to generation, and they are an important part of the
region’s cultural heritage. Pounding also plays a significant role in many traditional
ceremonies and rituals, particularly those related to food and feasting.

7.5 Pit Cooking

Traditional pit-cooking, also known as earth oven or hangi, is a cooking method that
has been used in the South Pacific for centuries. This method involves digging a pitin
the ground, heating stones in the pit with firewood, placing food wrapped in banana
leaves or other similar materials on the hot stones, and covering it with more banana
leaves and soil to trap the heat. The food then cooks slowly in the pit for several
hours, resulting in a unique smoky flavour and tender texture.

This method of cooking is still widely practiced in many South Pacific coun-
tries, including New Zealand, Fiji, Samoa, and Tonga, and is often used for special
occasions and celebrations such as weddings, funerals, and festivals. Some of the
traditional food products that are cooked in pit ovens in the South Pacific include:

1. Hangi—a traditional Maori dish from New Zealand that typically includes meat
(lamb, pork, or chicken), kumara (sweet potato), potatoes, pumpkin, and cabbage.
The meat and vegetables are wrapped in damp muslin or cheesecloth and placed
on the hot stones in the pit, covered with more cloth and soil, and left to cook for
several hours.

2. Umu—a similar dish from Samoa that typically includes taro, yams, breadfruit,
and fish or meat, wrapped in banana leaves and cooked in a pit oven.
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3. Lovo—a traditional Fijian dish that typically includes meat (chicken, fish, or
pork), cassava, taro, sweet potato, and other vegetables, wrapped in banana leaves
and cooked in a pit oven.

4. Ota ika—a traditional Tongan dish that consists of raw fish marinated in lemon
juice and coconut cream, wrapped in banana leaves and cooked in a pit oven.

These traditional pit-cooked dishes are not only delicious but also culturally signif-
icant, as they are often prepared and enjoyed as part of important social and cultural
events. The process of preparing and cooking the food in the pit oven is also seen as
a communal activity, bringing people together to work and share in the experience.

8 Conclusion

These traditional food processing methods are still used in many South Pacific
communities and play an essential role in preserving the region’s culinary and cultural
heritage. These traditional food preservation methods are time-honoured practice
that has been used for thousands of years to preserve food, enhance flavours, and
create unique culinary experiences. These preservation methods not only provide
sustenance but also serve as a symbol of cultural identity and heritage. Consuming
traditional processed food products instead of refined Western starches will be a move
to healthier traditional diets and also a measure of independence if used during food
crises rather than relying on overseas aid. The introduction of Western influences has
also impacted the South Pacific food system. While traditional dishes and cooking
methods are valued, the region has adopted new foods and culinary practices. For
example, the introduction of rice, noodles, and other staples from Asia has greatly
influenced the region’s cuisine. Overall, the South Pacific food system is a complex
and diverse system that is deeply rooted in the region’s culture, history, and geog-
raphy. While it continues to evolve and change, traditional practices and ingredients
remain essential to the region’s culinary heritage.
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Sustainability in Food Process )
Development: A Comprehensive Carbon L
Footprint Analysis Tool

Sally Lukose and Karuna Singh

1 Introduction

In recent years as the world faces increasing concerns about climate change and its
environmental consequences, the concept of carbon footprints has garnered signifi-
cant attention. A carbon footprint is referred as the total amount of greenhouse gas
emissions, which is expressed in terms of carbon dioxide equivalent (CO,e), which
is produced either directly or indirectly by an individual, any organization, event, or
product throughout its life cycle. This measurement is mainly to help in quantifying
the impact of human activities on the earth’s climate and provide an important tool
for determining the environmental sustainability of various processes, in addition to
those involved in food production and processing.

According to the Food and Agriculture Organization (FAO) of the United Nations
(FAO 2020), the food industry is considered to be one of the major contributors to the
greenhouse gas emissions, contributing for approximately 25% of the global emis-
sions. The processes involved in a food industry involves a wide range of activities,
including agricultural production, food transportation, processing of food items, and
finally packaging, and distribution of these food items. Varying amounts of green-
house gases, such as carbon dioxide (CO,), methane (CHy4), and nitrous oxide (N,O),
are released into the atmosphere during each of these stages.

The significance of assessing the carbon footprint of food processes lies in its
ability to provide valuable insights into the environmental impact of the food industry.
By quantifying greenhouse gas emissions at each stage, food processors can identify
areas of high emissions, or “hotspots,” and implement targeted strategies to reduce
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their carbon footprint. This approach aligns with the broader goal of promoting
sustainability and environmental responsibility within the food industry.

Several studies have shown that at certain stages of food production there is a
significant environmental impact. For example, in agricultural activities involving
livestock production, a potent greenhouse gas, methane is emitted which contribute
significantly to the carbon footprint. Furthermore, the transportation of food products
over long distances contribute to the release of large amounts of carbon dioxide,
impacting the industry’s overall carbon footprint (Birch 2014). As depicted in Table 1
food systems is one of the major drivers of greenhouse gas emission contribute around
53.2 billion tonnes of CO, equivalents (Deconinck 2018; Scarborough et al. 2014).
Food system contribute around 26% of global emission of greenhouse gasses. The
details of greenhouse gas emission by different food system activities have been
depicted in Table 1. These “hotspots” can be identified by the concerned companies
and targeted actions can be taken to curb emissions at critical points in the food
supply chain process.

The carbon footprint analysis will help the companies to make informed decisions
about adopting sustainable practices and technologies such as shifting to renewable
energy sources, optimizing transportation routes, and implementing energy-efficient
technologies can lead to reduced emissions and improved overall environmental
well-being (Tukker et al. 2011). Furthermore, in present times, studies have shown
that consumers are becoming more environmentally aware and are willing to pay
a premium for products with lower environmental impacts, making sustainability a
compelling marketing advantage (Vermeir and Verbeke 2006).

Table 1 Greenhouse gas emission in food system

Food system Activities Percentage emission
Land use 24
Land use for human food 8
Land use for livestock 16
Crop production 27
Crop for human food 21
Crop for animal feed 6
Livestock and fisheries 31
Livestock and fish farms 30
Wild catch fisheries 1
Supply chain 18
Food processing 4
Transport 6
Packaging 5
Retail 3

(Source Bending the Curve: The Restorative Power of Planet-Based Diets; Loken 2020)
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2 Challenges Faced by the Food Industry in Reducing
Carbon Emissions

The food industry plays a very crucial role in contributing to global carbon emis-
sions due to the complex and interconnected nature of its supply chains and diverse
processes. The food industry encounters several challenges in achieving the desired
carbon footprint reductions. These Challenges need to be understood in order to
develop effective strategies to promote sustainability within this sector (Fig. 1).

Some of the key challenges that are faced by the food industry to reduce carbon
emissions are as given under:

e Food supply chains involve multiple stakeholders, such as farmers, processors,
distributors, and retailers, operating across different regions and hence are frag-
mented in nature. It would be challenging to coordinate among these entities,
hindering the implementation of sustainability measures. Additionally, each stake-
holder in this supply chain may have varying levels of awareness and commitment
to sustainability, making it all the more difficult to establish stable carbon reduction
strategies.

e The transportation, refrigeration, and processing involved in the food industry
relies heavily on fossil fuels. While Fossil fuels are a significant contributor to
carbon emissions, but alternative energy sources are neither easily accessible nor
affordable. Hence, transitioning to other forms of renewable energy options would
require hefty investments and changes in infrastructure.

e Methane is considered as a potent greenhouse gas in the process of livestock
production. Looking for sustainable solutions to reduce emissions from livestock
while meeting the growing demand for animal-based products is a complex issue
(Garnett 2011).

e Expanding agricultural activities and food production often lead to increased
carbon emissions due to change in land use and deforestation. Deforestation for
agriculture, especially in sensitive ecological regions results in release of stored
carbon into the atmosphere. Hence the harmonizing the need for increased food
production with conservation of our natural resources poses a major challenge for
the food industry (Searchinger et al. 2018).

e Food waste and loss throughout the supply chain account for a significant portion
of carbon emissions in the food industry. The food wasted or lost is directly

Fragmented Supply [ High Dependence on Fossil Fuels
Chains ¢ Land Use Change )
Deforestation ‘
. . ¢ Food Waste and Loss
Emissions from Livestock

Limited Consumer ' :
Awareness

Fig. 1 Challenges faced by the food industry in reducing carbon emissions
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proportional to the all the resources and energy invested in its production, trans-
portation, and processing. Reducing food waste is a challenge which requires
systemic changes and collaboration across the supply chain (Singh 2020).

e Prioritizing factors like price and convenience by consumers over environmental
considerations makes the food industry hesitant to invest in sustainability initia-
tives that could raise costs without a guarantee of increased market share. There-
fore, raising consumer awareness about the importance of sustainable food choices
is essential for bringing about industry-wide change.

e Complex regulatory frameworks define the operational setups of the food industry
that can vary significantly between countries and regions. Traversing through these
regulations but at the same time attempting to implement sustainability measures
may pose significant challenges for multinational food companies. It is thus
essential to harmonize these regulations and set global sustainability standards
to facilitate progress in reducing carbon emissions.

A collaborative approach and effort are required from all the stakeholders such
as governments, businesses, farmers, consumers, and civil society organizations
involved in the food industry. They must work together to promote sustainable
practices, support research and innovation, and create a conducive environment for
reducing carbon emissions. By overcoming these challenges, the food industry can
make considerable strides towards achieving a more sustainable future.

3 Current Approaches to Sustainability in Food Processing

Sustainability has become a matter of grave concern for the food industry as it delves
in to seeking solutions to reduce its environmental impact and promote respon-
sible practices. Various approaches have been adopted to ensure sustainability in
food processing, focussing on energy efficiency, waste reduction, and integration of
renewable energy. Some of these approaches have shown potential in reducing the
industry’s carbon footprint and are discussed below:

1. Energy-Efficient Technologies: Technologies such as energy-efficient lighting,
advanced refrigeration systems, and improved heat exchangers have been imple-
mented in the food processing facilities to minimize energy consumption during
operations. This would not only ensure reduction in their carbon emissions but
also significantly cut down the operational costs. The effectiveness of such
energy-efficient technologies may however vary depending upon the scale of
the facility and the availability of resources at hand. The smaller businesses
may face financial barriers in adopting such technologies, hence limiting their
effective widespread implementation.

2. Waste Reduction: Food processing industry are increasingly adopting waste
reduction measures into their operations. By minimizing food waste and utilizing
by-products, processors can reduce greenhouse gas emissions associated with
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waste decomposition and their disposal (Khedkar and Singh 2018). Initia-
tives such as waste-to-energy, like biogas production from organic waste, offer
opportunities to generate renewable energy. However, effective waste manage-
ment requires significant investment in infrastructure and may face regulatory
impediments depending on the region.

3. Renewable Energy Integration: Renewable energy offers a long-term and
environmentally-friendly energy solution in any setting. The incorporation of
renewable energy sources, such as solar, wind and biomass has gained momentum
in sustainable food processing. Food companies are installing solar panels and
biomass boilers to reduce their dependency on fossil fuels and lower emissions
(Koppelmaki et al. 2022). However, the intermittent nature of certain renewable
sources, like solar and wind, poses challenges for continuous food processing
operations. Hence, to ensure a stable energy supply, solutions its storage and grid
integration are needed.

4. Sustainable Packaging Solutions: Sustainable packaging alternatives, such
as biodegradable and compostable materials, are being explored by the food
processing industry to reduce the environmental impact of packaging waste
(Panou and Karabagias 2023). However, there would be limitations in the
availability of sustainable packaging materials along with higher produc-
tion costs. Hence a balance has to be established between sustainability and
economic viability. Additionally, banning single-use plastics for packaging can
significantly lower carbon emissions.

5. Supply Chain Optimization: Optimization of supply chains is another approach
adopted by the food industry to enhance sustainability. By reducing transportation
distances, implementing efficient logistics and supporting local sourcing, lower
emissions associated with food distribution can be achieved (Ghosh et al. 2020).
However, achieving supply chain optimization may be challenging due to the
complex nature of global food distribution networks. Balancing local sourcing
with meeting consumer demand for diverse products can be logistically complex.

While there are various approaches that contribute to reducing carbon emissions
in food processing, yet there are quite a few limitations that exist in achieving a
comprehensive carbon footprint analysis. It has been observed that the analysis of
carbon footprint is often limited to only the direct emissions within any given facility.
However, emissions associated with the entire supply chain, which includes upstream
activities like agricultural production and downstream activities like consumption of
products and their disposal are neglected areas. Hence it becomes a challenging task
to obtain accurate data on emissions throughout the supply chain.

Another challenge is the process of gathering comprehensive and standardized
data on the carbon emissions from varied processes within the food industry. The vari-
ability in data collection and reporting practices may hamper consistent carbon foot-
print analysis thus making comparisons between facilities and products more chal-
lenging. The multiple and interconnected processes in the food processing industry
may lead to unintended consequences, for example, the increasing energy efficiency
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Current Approaches to Sustainability:

Limitations to approaches of Sustainability
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Fig. 2 Different approaches and limitations to sustainability in food processing

in one process may lead to increased demand for raw materials in another, thereby
counterbalancing potential reduction in emissions.

It has been observed that carbon footprint analyses often focus on the immediate
operational emissions but may disregard the long-term impacts of processes such as
extraction, product life cycles, and end-of-life disposal. Hence, a more comprehen-
sive lifecycle analysis is required for a holistic understanding of the impacts that it
may have on the environment.

Additionally, sustainable practices, if adopted and practised by the food processing
requires significant financial investments. This may be all the truer for small and
medium-sized enterprises (SMEs) wherein the financial burden faced may be signifi-
cant and hence may be an impediment in implementing these sustainability measures.
Addressing these limitations through better data collection, lifecycle considerations,
and targeted policies will enable the food industry to make more informed decisions
and advance toward a more sustainable future (Fig. 2).

4 Developing a Customized Carbon Footprint Analysis
Tool for Food Processing: Addressing the Unique
Characteristics

As the food industry pursues to take on sustainability measures to reduce its envi-
ronmental impact, the development of a specialized carbon footprint analysis tool
custom-made for the food processing is essential (Dutilh and Kramer 2000). While
the traditional carbon footprint analysis tools are unable to capture the intricacies and
unique characteristics involved in the diverse processes in food production (Sharma
et al. 2021), a customized tool can offer a suitable solution to the carbon emissions
associated with the entire food supply chain, from farm to fork (Centre for Sustain-
able Systems 2022). Conducting GHG verification is essential for quantifying these
emissions and identifying hotspots. Several international standards are applicable
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for measuring, managing, and reporting GHG emissions, including the Greenhouse
Gas Protocol (GHG Protocol), (ISO 14064 2018), ISO 14067, PAS 2050, and PAS
2060 (Liu et al. 2023). The usefulness of these approaches depends on the specific
goals, resources, and commitment to sustainability and emissions reduction of food
industry stakeholders. Here, we discuss the need for such a specialized tool and
explore the key parameters that should be included in it.

5

The Need for a Specialized Tool

A specialized tool can assess the complexities involved in several operations,
ranging from agricultural production and raw material sourcing to transporta-
tion, packaging, and distribution and provide a detailed breakdown of emissions,
enabling targeted sustainability efforts.

It can integrate data from different points, often spanning across multiple regions
and involving various stakeholders and ensure a holistic analysis.

A specialized tool can accommodate diverse food products each with its unique
production processes and raw materials and their specific attributes.

A customized tool can consider the carbon impact of waste management practices,
followed in a food processing industry, such as composting or energy recovery,
to provide a more accurate assessment.

A specialized tool can help to identify carbon “hotspots” within food processing
operations. By recognizing these high emissions areas, the concerned compa-
nies can prioritize targeted mitigation strategies and hence optimizing adequate
resource allocation for obtaining the maximum impact.

Key Parameters to Include in the Tool

Measurement of Energy Consumption: The tool should be able to measure energy
consumption across all stages of food processing, including electricity, fuel, and
other forms of energy which would be used for either heating, cooling, and/or
processing.

Raw Material Sourcing: Assess the carbon emissions associated with sourcing
raw materials, accounting for transportation, land use change, and agricultural
practices.

Transportation: Calculate the emissions linked to the transportation of raw
materials to the processing facility and the distribution of finished products to
consumers and retailers.

Packaging: Include the emissions arising from the production and disposal of
packaging materials, considering alternatives for more sustainable packaging.
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e Waste Generation and Management: Account for emissions from waste generation
and analyse the carbon impact of various waste management methods, such as
recycling or anaerobic digestion.

e Water Usage: Evaluate the carbon footprint of water usage throughout food
processing, as water-intensive processes can indirectly contribute to emissions.

e Processing Techniques: Consider the carbon intensity of specific processing
techniques and explore more energy-efficient alternatives.

e Renewable Energy Integration: Assess the potential for integrating renewable
energy sources into food processing operations, such as solar panels or biomass
boilers.

e Emission Factors: Utilize updated emission factors for different activities and
processes to ensure accuracy in calculating emissions.

e Lifecycle Assessment: Adopt a lifecycle approach to assess emissions from the
entire food supply chain, from agricultural production to the end of product life.

These key parameters when incorporated into a customized carbon footprint
analysis tool, the food industry can obtain valuable data regarding its environ-
mental impact and make suitable evidence-based decisions to enhance sustainability
(Thyberg and Tonjes 2016; Thakur et al. 2021) adopt innovative practices, and
ultimately contribute to a more sustainable future for food processing.

7 Measuring Carbon Emissions in Food Processing
and Methodologies and CO; Equivalent Conversion

Measuring carbon emissions at each stage of food processing is very important and
it involves various methodologies and calculation models. Accurate measurements
of these emissions are crucial for understanding the impact of the various processes
on the environment and to devise sustainability aspects within the food industry.
These emissions need to be converted in to into a standardized unit of CO, equiv-
alent (CO,e), which plays a vital role in enabling comparisons and benchmarking,
thus helping the concerned stakeholders to effectively assess their carbon footprints.
Products of animal origin, such as meat and dairy, have on average higher emissions
per kilogram than vegetable products and fruits. Beef and lamb meat have excep-
tionally high CF, followed by cheese, due to the contribution of CH,4 from enteric
fermentation in ruminants. Meat from monogastric animals, such as pigs and poultry,
shows lower CF values than products from ruminants, but still higher than most foods
of vegetal origin, due the large amount of feed needed in livestock production and
emissions from manure handling (Pandey et al. 2011) (Fig. 3).
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Fig. 3 The carbon footprint of different types of food

7.1 Methods for Quantifying Carbon Emissions

7.1.1 Direct Emissions

These emissions are released directly from sources owned or controlled by the
company. Within the food processing industry, these emissions mainly arise from
on-site combustion of fossil fuels for energy, emissions from refrigerants, and waste
material treatment. Accordingly, measurement methods for direct emissions involve
using emission factors specific to fuel types, equipment, or waste handling processes
(IPCC 2013).

7.1.2 Indirect Emissions—Purchased Energy
Indirect emissions come from the generation of purchased electricity, heating, and

cooling. To quantify such emissions in food processing, the concerned companies
rely on data provided from utility providers or use standard emission factors for
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the regional energy mix (Cederberg and Stadig 2003; IPCC 2000; World Business
Council for Sustainable Development and World Resources Institute 2005).

4.6.1.2.1 Indirect Emissions—Supply Chain

These emissions include all indirect emissions upstream and downstream in the
food supply chain, which encompasses emissions from production of raw materials,
transportation, packaging, distribution and also consumer use. The calculation of
these emissions often requires collaboration with suppliers for obtaining data, trans-
portation companies, and retailers. This makes it more complex and dependant on
industry-specific data sets (International Organization for Standardization 2006).

8 Calculation Models for Carbon Emissions

e Inventory-Based Approach: This approach is most commonly used for direct
and indirect emissions associated with energy use. This method involves
compiling comprehensive data on activities, processes, and inputs involved in food
processing. Emission factors are then applied to these data to calculate emissions.

e Process—Based Approach: This approach focuses on detailed process modelling
to estimate emissions. This method is especially useful for complex processes with
diverse emissions sources, such as livestock production, where enteric fermenta-
tion and manure management are significant sources of methane (Cederberg and
Stadig 2003).

¢ Input-Output Analysis: This analysis employs economic data to estimate emis-
sions based on the consumption of goods and services within the food industry.
This method is valuable for assessing the upstream emissions embedded in the
products used by a company (Cheng et al. 2022; Khasreen et al. 2009).

9 Significance of Converting Emissions to CO, Equivalent

Expressing emissions in a standardized unit like CO,e is essential for facilitating
comparisons and benchmarking across different processes, products, and companies.
The conversion to CO,e accounts for the varying global warming potentials (GWPs)
of different greenhouse gases (GHGs) relative to carbon dioxide. For example,
methane has a significantly higher GWP than carbon dioxide over a 20-year timespan,
while nitrous oxide has a much higher GWP. This conversion of emissions to CO,e
allows the food industry for a fair comparison of the climatic impact of different
gases and supports the companies to assess their overall carbon footprint more care-
fully and make informed decisions regarding emissions reductions, and compare
performance against industry benchmarks. Utilizing appropriate methodologies and
standardized units ensures transparent and accurate reporting, fostering a sustainable
and environmentally responsible food supply chain.
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10 Identifying Hotspots and Reduction Strategies
for Carbon Footprint in Food Processing Industry

The carbon footprint analysis tool plays a very significant role in identifying emission
“hotspots” in food processes, enabling companies to prioritize reduction efforts in
the most impactful areas. By pinpointing the stages with the highest emissions,
organizations can develop effective strategies for carbon footprint reduction and
make substantial progress towards achieving their sustainability goals. In the section
below discusses how the analysis tool facilitates hotspot identification and present
effective reduction strategies, including energy-efficient technologies, sustainable
sourcing, and waste management practices.

10.1 Identifying Hotspots Through the Analysis Tool

e Collection of Granular Data: The analysis tool allows for granular data collec-
tion from different stages of food processing, including energy consumption,
transportation, raw material sourcing, and waste generation. This comprehensive
data enables a detailed evaluation of emissions, helping identify stages with the
most significant carbon footprints (ISO 14044 2006).

e Life Cycle Assessment (ILCA): The tool employs LCA principles to eval-
uate emissions across the entire food supply chain, from “farm to fork”. This
holistic approach uncovers indirect emissions and hidden hotspots that may not
be apparent when only considering direct emissions (Dutilh and Kramer 2000).

e Supply Chain Analysis: By incorporating the indirect emissions upstream and
downstream of a company’s operations, the tool assesses emissions from suppliers,
logistics, and distribution channels. This analysis helps identify emission hotspots
beyond a company’s immediate control (Greenhouse Gas Protocol 2023).

10.2 Effective Strategies for Carbon Footprint Reduction

¢ Energy-Efficient Technologies: Adopting energy-efficient technologies in food
processing facilities can significantly reduce emissions. Implementing LED
lighting, optimizing HVAC systems, and utilizing advanced machinery with low
energy consumption are examples of effective measures.

e Sustainable Sourcing: Working with suppliers who adhere to sustainable agri-
cultural practices can reduce the carbon footprint of raw materials. Companies can
support farmers using eco-friendly techniques, such as regenerative agriculture,
organic farming, and low-emission fertilizers.

e Transportation Optimization: Efficient transportation planning can lower emis-
sions in the supply chain. Employing alternative transportation methods, route
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optimization, and consolidating shipments can lead to reduced carbon emissions
from distribution.

e Waste Management Practices: Implementing waste reduction and recycling
programs can minimize emissions from waste disposal. Companies can explore
options like composting organic waste, recycling packaging materials, and
investing in anaerobic digestion to convert organic waste into energy (Elginoz
et al. 2020).

e Renewable Energy Integration: Incorporating renewable energy sources, such
as solar panels or wind turbines, into food processing facilities can significantly
decrease carbon emissions associated with electricity consumption (Kliaugaite
and Kruopiené 2018).

e Process Optimization: Conducting process-level analyses can identify opportu-
nities for emissions reduction. Companies can modify or replace specific steps in
food processing with more sustainable alternatives.

By utilizing the carbon footprint analysis tool, companies in the food processing
sector can identify emission hotspots and implement targeted strategies for reduc-
tion. These strategies, ranging from energy-efficient technologies to sustainable
sourcing and waste management practices, enable businesses to make significant
strides towards a more environmentally sustainable and responsible food supply
chain.

11 Challenges and Barriers in Implementing the Carbon
Footprint Analysis Tool in Food Processing

While the carbon footprint analysis tool holds immense potential for driving sustain-
ability in the food processing sector, its successful implementation may encounter
certain challenges and barriers. Addressing these obstacles is crucial to ensure that
companies can effectively utilize the tool to reduce their environmental impact. Some
of the key challenges and barriers in implementing the carbon Footprint analysis tool
in food processing are as given below:

e Data Accuracy and Availability:

Obtaining accurate and comprehensive data from various stages of the food supply
chain can be challenging as the data may be distributed among the various stake-
holders which may result in inconsistencies and may affect the accuracy of the anal-
ysis. This however can be overcome by collaborating with suppliers, industry partners
and other relevant stakeholders to collect standardized data and maintaining trans-
parency and reliability in the data obtained. Data management systems and making
use of technologies like block chain for data verification can aid in maintaining the
integrity of the data (Kamilaris et al. 2019; Xiong et al. 2020).
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e Cost Implications:

Initial investments in the implementation of the carbon footprint analysis tool and
subsequent sustainability are something which every company will have to take on
themselves which will be perceived as a financial burden for them. However, if these
companies can consider this prospect as a long-term investment, it may lead to cost
savings in the long run. An example of this prospect would be if an adoption of
energy-efficient technologies can lower operational costs through reduced energy
consumption (Naud et al. 2020).

e Resistance to Change:

A common barrier that is often encountered when adopting new sustainability prac-
tices and tools is the resistance to change. There would an initial hesitation to adjust
to new processes or adopt sustainable strategies. This however can be addressed
via effective communication, providing training and involving employees in the
decision-making processes (World Health Organization 2016).

e Lack of Expertise:

The concerned companies may lack expertise in conducting carbon footprint analysis
and interpreting the results in-house. Such issues can be addressed by seeking external
experts or consultants from other institutes or research organizations and Universities
to bridge this knowledge gap and ensure accurate analysis.

e Limited Industry Standards:

There is a lack of uniform industry standards for measuring and reporting carbon
footprint. This may pose as a challenge for measuring and reporting carbon foot-
prints and may hinder benchmarking and comparison among different companies.
The active engagement with industry associations and participation in sustainability
initiatives can help drive the establishment of standardized methods and benchmarks.
Encouraging industry-wide adoption of reporting frameworks, such as the Green-
house Gas Protocol, can promote consistency and comparability (World Business
Council for Sustainable Development and World Resources Institute 2005).

12 Future Prospects and Industry Adoption of the Carbon
Footprint Analysis Tool in the Food Industry

The widespread adoption of the carbon footprint analysis tool in the food industry
holds immense potential to drive transformative change, improve sustainability prac-
tices, and contribute significantly to global efforts in mitigating climate change. As
more companies embrace the tool, it can stimulate innovation, facilitate informed
decision-making, and foster a collective commitment to reducing carbon emissions.

The analysis tool can serve as a catalyst for innovation within the food industry. By
identifying carbon emission hotspots and inefficiencies, companies are encouraged
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to explore new technologies, processes, and materials that offer lower environmental
impacts. This drive for innovation can lead to the development of energy-efficient
equipment, sustainable packaging solutions, and novel waste management practices
(Elginoz et al. 2020; Garcia-Garcia et al. 2019). Sustainable practices are likely to
become a key competitive advantage for companies. With consumers increasingly
valuing sustainability and demanding eco-friendly products, companies that actively
reduce their carbon footprint and demonstrate commitment to environmental stew-
ardship will gain a positive brand image, enhanced consumer loyalty, and increased
market share (Gareth Edwards-Jones et al. 2010).

The analysis tool provides valuable data and insights that empower companies to
make well-informed decisions about their operations and supply chain. Armed with
comprehensive information on carbon emissions, organizations can optimize trans-
portation routes, choose eco-friendly suppliers, and streamline production processes
to minimize environmental impacts. Transparency across the supply chain becomes
more attainable with the tool’s adoption. Companies can collaborate with suppliers
and stakeholders to collectively address emissions hotspots, fostering a shared
commitment to sustainability throughout the food supply chain (Lundie and Peters
2005).

The food industry plays a significant role in global greenhouse gas emissions. By
adopting the carbon footprint analysis tool and implementing reduction strategies,
the industry can make substantial contributions to global climate change mitigation
efforts. Collectively, these efforts can help nations achieve their targets outlined
in international climate agreements (Gobel et al. 2015; Sharma et al. 2021). As
the adoption of the analysis tool becomes more widespread, aggregated data from
multiple companies can offer valuable insights into industry-wide emission trends
and inform policymakers about the most effective measures for reducing emissions
in the food sector (Ghosh et al. 2020).

The adoption of the analysis tool can foster collaborative initiatives among compa-
nies, industry associations, and governments to address broader sustainability chal-
lenges. Companies may work together to establish industry-wide carbon reduction
targets, share best practices, and develop sustainable sourcing initiatives (IPCC
2013). The impact of the tool’s adoption is not limited to the food industry alone.
Similar analysis and sustainability practices can be extended to other sectors, creating
a broader cross-industry impact in combating climate change (Scarborough et al.
2014).

The widespread adoption of the carbon footprint analysis tool has the poten-
tial to revolutionize the food industry’s sustainability practices, stimulate innova-
tion, and make significant contributions to global climate change mitigation. By
promoting informed decision-making, fostering collaboration, and inspiring cross-
industry impact, the tool can pave the way for a more sustainable and environmentally
responsible future for the food industry and beyond.
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1 Introduction

Food sustainability encompasses multiple aspects and key issues related to ecology,
economy, and society. Developing countries often prioritize food safety, while devel-
oped countries focus on trade and regional approaches (Brown et al. 1987). Common
features associated with sustainability include the support of human life on Earth, the
long-term preservation of biological resources and agricultural productivity, stable
human populations, limited growth economies, an emphasis on small-scale and self-
reliance, and the maintenance of environmental quality and ecosystems. Improving
the sustainability of food production is of utmost importance. It is suggested that
food multinationals transfer some democratic control over their global environmental
policies to achieve this. The World Commission on Environment and Development
emphasizes that sustainable development must consider the environment’s ability to
meet present and future human demands, along with the concept of social justice,
while addressing ecological, economic, and sustainability aspects (Langhelle 2000).

Itis crucial to view sustainability as a challenge rather than an unchanging state, as
it involves preserving the resilience and adaptability of natural systems (Tilman et al.
2002). Environmental pressures linked to food sustainability are influenced by system

S. Sehgal (X)) - Deepanshu

Department of Food Technology, Bhaskaracharya College of Applied Sciences, University of
Delhi, New Delhi, India

e-mail: shalini.sehgal @bcas.du.ac.in

S. Aggarwal
Department of Microbiology, Institute of Home Economics, University of Delhi, New Delhi, India
e-mail: sunita.aggarwal @ihe.du.ac.in

P. Kaushik
Rheinland-Pfilzische, Technische Universitit Kaiserslautern-Landau, Kaiserslautern, Germany

S. Trehan
Guru Nanak Dev University, Amritsar, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 73
M. Thakur (ed.), Sustainable Food Systems (Volume I), World Sustainability Series,
https://doi.org/10.1007/978-3-031-47122-3_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-47122-3_5&domain=pdf
mailto:shalini.sehgal@bcas.du.ac.in
mailto:sunita.aggarwal@ihe.du.ac.in
https://doi.org/10.1007/978-3-031-47122-3_5

74 S. Sehgal et al.

boundaries. Analytical tools such as Life Cycle Analysis (LCA) can help assess the
technological feasibility and societal acceptability of sustainability measures.

Promoting food sustainability ensures that the Earth can provide for current and
future generations. Additionally, it leads to healthier outcomes for both humans
and the environment. There is a growing recognition of the need for sustainable
diets and food systems that support human health while addressing interconnected
challenges related to food production, procurement, preparation, consumption, and
waste (Downs et al. 2020). Shifting dietary patterns to protect the environment is
a key objective while providing healthy, culturally appropriate, and desirable food
(Ahmed et al. 2020).

Sustainability has become increasingly important in response to pressing global
issues such as poverty, climate change, environmental pollution, and the finite
nature of natural resources (Buerke et al. 2017). Over time, various definitions and
perspectives on sustainability have emerged.

2 Defining Sustainability and Its Importance

Sustainability, as defined by the United Nations, refers to the practice of agriculture
and food preparation that minimizes waste of natural resources and ensures the ability
to continue these practices without harm to the environment or human health. Food
sustainability is dependent on the development of sustainable food systems, which
encompass various interconnected subsystems such as farming, waste management,
and supply chains. It is a global concern for present and future generations, encom-
passing all living species on Earth. The concept of sustainability was first introduced
in the Brundtland Report (1987), which emphasized the goal of meeting the needs
of the present generation without compromising the ability of future generations to
meet their own needs. However, sustainability has also been associated with the idea
of “green and good,” representing efforts to build community-based, healthy food
systems (Kloppenburg et al. 2020).

3 Food Sustainability Challenges

The complex nature of food systems requires a coordinated approach. The main prob-
lems to be addressed in terms of food security and nutrition necessitate collaborative
solutions across disciplinary, divisional, and institutional boundaries. In increasingly
globalized food systems, these challenges arise from interactions across different
scales and levels, demanding integrated actions by all stakeholders at local, national,
regional, and global levels. This applies to both public and private sectors, encom-
passing various fronts, including agriculture, trade, policy, health, environment,
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Fig. 1 Food sustainability—challenges and strategies

gender norms, education, transport, infrastructure, and more. Achieving food sustain-
ability requires a synergistic merging of ideas from these various angles, rather than
a destructive clash (Fig. 1).

3.1 Food Production

The challenge can be conceptualized as follows: the human population is growing and
urbanizing. We are increasingly becoming net consumers, and a diminishing propor-
tion of the world’s population will engage in farming, at least as their primary activity,
in the coming years. As incomes rise, people’s food preferences are changing, with
an increasing demand for meat and dairy products. Meeting this demand may require
a 60-110% increase in food production by 2050 overall (Tilman et al. 2011; Alexan-
dratos and Bruinsma 2012). Simultaneously, it is crucial to reduce environmental
damage caused by food production, including both direct impacts and those related
to deforestation. More food must be produced to feed urban consumers on existing
farmland in ways that minimize excessive environmental costs. Technological inno-
vations and managerial changes are considered key factors in reducing environmental
impacts and increasing supply. In agriculture, the main strategies include measures
to improve efficiency, such as precise matching of inputs (fertilizers, water, and
pesticides) to outputs (plant or livestock requirements), technologies for recovering
energy from agricultural waste (such as anaerobic digestion), and farming practices
that sequester carbon in soils (Shafer et al. 2011). Furthermore, postharvest emis-
sions can be reduced through the development of refrigeration, manufacturing, and
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transport technologies that are more energy efficient or based on renewable energy
sources. Waste can be minimized through better inventory management, modifica-
tions to packaging and portion sizes, and other approaches that prolong the shelf
life of foods or help consumers reduce food waste in other ways (Garnett 2013).
Currently, this perspective dominates the discourse on food sustainability.

3.2 Food Consumption

In a second framing of the food sustainability challenge, the focus shifts to the end
point in the supply chain—the consumer. This perspective emphasizes that excessive
consumption, particularly of high-impact foods such as meat and dairy products, is a
leading cause of the environmental crisis we face. Technological improvements alone
will not be sufficient to address this problem. This view is shared by many within the
animal welfare and environmental movements (Hamerschlag 2011; Thomas 2010).
By 2050, the growth of the livestock sector could push the planet to a point where
humanity’s biological existence is threatened. It is therefore concluded that per capita
meat consumption in 2050 may need to be between 20 and 40% of current levels
(Pelletier and Tyedmers 2010). While demand may need to be restrained for envi-
ronmental reasons, this perspective also highlights research findings that reduced
consumption of livestock products would benefit human health (Friel et al. 2009).
Unlike the production efficiency framing, the demand restraint perspective explicitly
links the health and environmental agendas, often considering the relationship as
synergistic. Stakeholders advocating for demand restraint argue that predominantly
plant-based diets are healthier, citing studies showing that people who consume fewer
animal products, including vegetarians, tend to be healthier across various indicators,
although the reasons for this may be complex (Millward and Garnett 2010). They
also refer to studies demonstrating that plant-based diets can provide an adequate
balance of key nutrients at a lower greenhouse gas “cost” than meat-dominated diets
(Carlsson-Kanyama and Gonzalez 2009; Davis et al. 2010, Edwards and Roberts
2009). Measures to address this problem could yield both environmental and health
benefits. Notably, this perspective strongly emphasizes diet-related chronic diseases
associated with animal products and prevalent in many parts of the world, particu-
larly cities (Popkin 1999). It places less emphasis on the on-going problem of hunger
and micronutrient deficiencies that still affect millions of impoverished people world-
wide, especially in rural communities. Importantly, the context for studies comparing
vegetarians or low-meat eaters with their high meat-eating counterparts assumes that
citizens typically have access to a diverse range of plant-based foods, including
vegetables, fruits, legumes, and meals specifically formulated for vegetarians. The
situation is vastly different in low-income developing countries, where diets are
often monotonous and lack diversity. Reorienting dietary patterns in these regions
would require fiscal and regulatory measures, such as taxes and subsidies on certain
foods, and potentially even bans on specific foods or farming practices like intensive
livestock production.
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3.3 Socioeconomic Challenges

The production efficiency perspective focuses on changing production patterns, while
the demand restraint perspective addresses excessive consumption. The food system
transformation perspective considers both production and consumption in terms of
the relationships among sectors in the food system, viewing the problem as an “imbal-
ance.” The concern lies not only with production or consumption alone but with the
unequal relationships between producers and consumers, both across and within
countries and communities. This inequality leads to the dual problems of excess
and insufficiency, evident in both environmental issues (over- and under-application
of agricultural inputs) and health (obesity and hunger). These problems are socio-
economic in nature, stemming from dynamic interactions among natural, techno-
logical, behavioral, and economic systems, rather than being merely technical or a
consequence of individual decisions (Lang 2009). This perspective encompasses a
wide range of opinions, with some analyses of the problems and visions for solu-
tions being more radical than others. Some adopt a macro perspective, focusing on
trading relations between nations, while others concentrate on local contexts (Fore-
sight, U. K. 2011). However, they all argue that achieving food system sustainability
requires changing the socio-economic governance of the food system. A compre-
hensive range of interventions will be necessary, including “hard” measures such as
regulations and fiscal instruments, as well as “soft” approaches like voluntary agree-
ments, awareness-raising, and education (Kassam 2008; Bailey 2011). Given that
food sustainability problems stem from imbalances and inequities, focusing solely
on increasing production is unlikely to improve food security.

4 Strategies to Address Sustainability Challenges

Addressing sustainability challenges is crucial for the well-being of our planet and
future generations. With the increasing complexities of global issues such as climate
change, resource depletion, and social inequalities, it is imperative to develop effec-
tive strategies that can drive meaningful change. These strategies encompass a wide
range of approaches and actions, involving various sectors and stakeholders. By
adopting a multi-faceted and integrated approach, we can tackle sustainability chal-
lenges at local, national, and global levels. In this context, this article explores key
strategies that can contribute to a more sustainable future, including agroforestry,
transgenic technology, and food loss prevention and control, and policy regulations.
By implementing these strategies, we can pave the way for a resilient, thriving, and
environmentally conscious world.
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4.1 Agroforestry

Agroforestry, the intentional integration of trees, agricultural or horticultural crops,
and/or animals on the same land, has evolved over the past four decades from a
traditional practice to a science-based solution for efficient resource management.
While specific practices may vary across countries based on farmers’ needs and
circumstances, the primary objective remains maximizing land utilization while
providing ecological and environmental benefits (Jose 2009). Agroforestry prac-
tices, such as maintaining year-round vegetative soil cover and preserving soil organic
matter, contribute to soil fertility (Boffa 1999). Additionally, nutrient cycling through
nitrogen fixation enhances nutrient supply (Barnes and Fagg 2003). The presence
of deep-rooted trees improves soil physical conditions and promotes soil microbial
activity (Ramachandran et al. 2009). By reducing pressure on natural forests, agro-
forestry also aids in tropical biodiversity conservation. Farmers value the system not
only for its ability to generate revenue through the sale of tree products but also
for its capacity to produce various other products that would otherwise need to be
purchased (Ashley et al. 2006). Recognized for its potential to ensure food secu-
rity in impoverished nations and contribute to global environmental sustainability,
agroforestry offers numerous benefits.

4.2 Transgenic Technology

Scientific research has opened the way to technological innovations that have
deeply impacted society and one field that has emerged as a standout is biotech-
nology. Biotechnology involves harnessing biological systems, live organisms, or
their derivatives to create or modify products and processes for specific purposes
(Bell 1992). Within this realm, transgenic technology has gained prominence, where
genetic material from one organism is transferred to another without the need for
sexual mating. Since the mid-1990s, the commercial production of transgenic crops
has experienced significant growth, with proponents claiming potential benefits such
as improved food security through higher yields and increased income for farmers.
This growth has been extraordinary, witnessing an astounding 80-fold increase
between 1996 and 2009 (Vij and Tyagi 2007). At present, transgenic technology
finds wide application in plant breeding, covering approximately 134 million hectares
across 25 countries, with an annual growth rate of 7%. The potential of this tech-
nology to revolutionize agricultural practices and ensure a secure and sustainable
food supply is widely anticipated.

One notable advantage of transgenic crops lies in their ability to develop drought-
tolerant varieties. Advances in functional genomics have enabled scientists to iden-
tify genes involved in abiotic stress, such as cold or heat, and incorporating these
genes into crops like maize and rice has shown promising results in achieving
high yields with reduced water consumption (Nelson et al. 2007; Hu et al. 2006;
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Oerke 2006). Additionally, transgenic Bacillus thuringiensis (Bt) crops have demon-
strated increased resistance against insect pests, nematodes, and rodents, leading
to improved yields and profitability compared to non-Bt varieties (Raybould and
Quemada, 2010; Duan et al. 2008). The decreased reliance on pesticides in Bt fields
has also contributed to enhanced biodiversity. Currently, the most prevalent geneti-
cally modified traits in transgenic crops are herbicide tolerance and pest resistance,
which are found in soybean, cotton, maize, and canola (Wolfenbarger et al. 2008).

Beyond sustainable food production, transgenic technology holds promise in
addressing nutritional deficiencies. Studies have shown that through multi-gene
metabolic engineering, the levels of essential nutrients, such as carotenoids, can
be boosted in edible plant tissues. The absence of these nutrients in staple foods
contributes to preventable blindness affecting millions of people each year (Akhtar
et al. 2003). Furthermore, transgenic crops have the potential to mitigate climate
change by reducing greenhouse gas emissions through a decreased reliance on fossil-
based fuels associated with lower pesticide and herbicide usage. Moreover, adopting
conservation tillage practices in biotech crops contributes to increased soil carbon
sequestration. These examples underscore the substantial potential of transgenic
crops in reducing poverty, enhancing food security, and promoting environmental
sustainability. While concerns persist regarding the long-term impacts of transgenic
food, no compelling evidence has emerged to substantiate these concerns since its
introduction 15 years ago.

4.3 Food Loss Prevention and Control

Food loss prevention and control are crucial strategies aimed at reducing the amount
of food wasted throughout the entire food supply chain, from production to consump-
tion. Food loss refers to the decrease in the quantity or quality of food caused by inef-
ficiencies or failures at any stage of the supply chain, excluding intentional decisions
to reduce the amount of food available for consumption. Food waste, on the other
hand, refers to the discarding of edible food by retailers, food service establishments,
and consumers.

Addressing it as a paramount importance due to its significant social, economic,
and environmental implications. It is estimated that approximately one-third of the
food produced globally is lost or wasted, which amounts to around 1.3 billion metric
tons per year. This staggering number leads to alleviate hunger and malnutrition but
also has adverse consequences on natural resources, greenhouse gas emissions, and
climate change.

Implementing effective strategies to prevent and control food loss requires a
comprehensive approach that involves various stakeholders, including farmers,
processors, retailers, consumers, and policymakers.

Addressing food loss and waste is of utmost importance due to its significant
social, economic, and environmental implications. Globally, it is estimated that
approximately one-third of the food produced is lost or wasted, amounting to around
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1.3 billion metric tons per year. This wastage occurs during postharvest mishandling,
spoilage, and household waste. Such a staggering amount of food loss and waste not
only represents missed opportunities to alleviate hunger and malnutrition but also has
adverse consequences on natural resources, greenhouse gas emissions, and climate
change.

The complexity of the problem of postharvest loss varies widely from place to
place. However, a substantial portion of these losses can be prevented or controlled. A
crucial first step towards an appropriate strategy for prevention or control is obtaining
a thorough understanding of the production and handling systems in the food supply
chain. In developing countries, the lack of infrastructure has been identified as a major
contributing factor to food loss. Therefore, it is imperative for governmental bodies
to support the construction of facilities like cold storage in areas that currently lack
such infrastructure, thus preventing future losses. Similarly, non-functional facilities
in need of maintenance should receive adequate funding for repairs and maintenance,
ensuring their proper operation with regular monitoring plans (Hodges et al. 2011).

Implementing effective strategies to prevent and control food loss requires a
comprehensive approach that involves various stakeholders, including farmers,
processors, retailers, consumers, and policymakers. To address transportation chal-
lenges, for example, the development of networks of all-weather feeder roads can
provide cheaper and faster access to markets, thereby reducing potential future losses,
particularly in regions like Africa where transportation costs are significantly higher
than in other parts of the world (Celata 2009). Introducing mechanized systems in
production methods can also help reduce time and labor, contributing to decrease
losses. Developed countries, with their advanced handling technology, can offer
assistance to developing nations in adopting more efficient practices.

Furthermore, food waste generated by developed countries can be better managed
through system plans. Food industries and supermarkets can implement comput-
erized stock control systems that promptly alert them to stock volumes, enabling
timely stock rotations (Houghton and Portougal 1997). Encouraging studies on
national-level food waste generation can help categorize household wastes as “avoid-
able,” “possibly avoidable,” and “unavoidable” (WRAP 2009). Improving consumer
knowledge through awareness campaigns about the consequences of food waste is
vital in minimizing wastage. By addressing these aspects and promoting collabora-
tion among stakeholders, it is possible to make significant strides in preventing and
controlling food loss and waste. This concerted effort will not only help tackle hunger
and malnutrition but also contribute to resource conservation, reduced greenhouse
gas emissions, and a more sustainable food system.

4.4 Policy Regulations

Food security is not solely dependent on the capacity for food production but also
on the principles of equity and environmental sustainability (Martins 2009). Policy
regulation plays a crucial role in providing guidance and actions to combat food
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insecurity. However, in many developing countries, despite the existence of food
security policies, there is often a lack of effective implementation to achieve the
desired goals. Successful policy implementation, as highlighted by Garn (1999),
depends on factors such as effective communication, adequate financial resources,
the attitudes of implementers, and bureaucratic structures.

One of the challenges is that food is often perceived as a business commodity rather
than a fundamental human right. The sharp increase in food prices in 2008 and the
subsequent impact of the 2009 global economic crisis further exacerbated the issue
of food insecurity, pushing an additional 100-200 million people into hunger. While
the problem affected both developed and developing nations, developed nations were
able to mitigate the insecurity levels through food aid in the form of direct relief and
subsidized food production. It is essential for policymakers in developing nations to
implement similar approaches, ensuring that they are driven by a genuine intention
to benefit the population as an immediate remedy.

Long-term strategies should focus on reducing domestic food prices through
changes in food policies, tax cuts on staple food imports, and the creation of job
opportunities for vulnerable populations. Cooperation between nations and compas-
sionate policy approaches targeting the global vulnerable population can significantly
reduce hunger levels. Moreover, policy regulations that impose unnecessary restric-
tions on beneficial technologies should be relaxed, allowing for the utilization of
science-based technological innovations to address food insecurity issues (Prem-
anandh 2011). As there is no central governing agency authorized to ensure global
food security, efforts from organizations such as the World Food Programme (WFP),
the Food and Agriculture Organization (FAO), and the United Nations Children’s
Fund (UNICEF) should be further strengthened by involving more voluntary organi-
zations to address the issue. Global food security strategies and policy implementa-
tions should identify food-surplus and food-deficit countries and structure interven-
tions accordingly. Stringent restrictions on the import/export of food commodities
may need to be temporarily relaxed, with the aim of establishing more permanent
agreements through comprehensive reviews.

4.5 Sustainable Intensification

The concept of sustainable intensification recognizes the need to meet the growing
global demand for food while addressing the challenges of climate change, land
degradation, water scarcity, and biodiversity loss. It emphasizes the integration of
sustainable agricultural practices, such as precision farming, agro ecology, conser-
vation agriculture, and improved livestock management, with the goal of achieving
higher yields and economic returns without compromising long-term sustainability
(Royal Society 2009; Garnett and Godfray 2012; Smith 2013).
Key principles of sustainable intensification include:
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(A) Productivity: Increasing agricultural productivity through the use of improved
crop varieties, modern farming techniques, and efficient resource management.
This can involve precision agriculture technologies, such as satellite imagery,
soil sensors, and GPS or Al-guided machinery, to optimize inputs and reduce
waste (Pretty 2008)

(B) Efficiency: Enhancing resource use efficiency by minimizing waste, reducing
water consumption, improving nutrient management, and optimizing energy
use. This involves adopting practices such as drip irrigation, nutrient recycling,
and energy-efficient machinery to minimize environmental impacts.

(C) Resilience: Building resilient agricultural systems that can withstand climate
variability and shocks. This includes practices such as crop diversification, agro-
forestry, and conservation measures to enhance ecosystem services, improve
soil health, and reduce vulnerability to pests, diseases, and extreme weather
events.

(D) Environmental conservation: Conserving and enhancing biodiversity,
protecting natural habitats, and promoting sustainable land and water manage-
ment practices. This can involve the preservation of natural areas, the restora-
tion of degraded lands, and the promotion of sustainable agro-ecosystems that
support biodiversity and ecological balance (Milder et al. 2012)

(E) Socioeconomic considerations: Ensuring that sustainable intensification prac-
tices are socially and economically viable for farmers, contribute to rural devel-
opment, and support equitable access to resources and benefits. This includes
providing access to knowledge, technologies, markets, and financial services
for smallholder farmers and promoting inclusive and participatory approaches
to decision-making.

According to FAO (2013) Sustainable intensification is seen as a pathway towards
achieving global food security while reducing the environmental footprint of agri-
culture. By adopting innovative and sustainable practices, farmers can increase agri-
cultural productivity, improve livelihoods, reduce greenhouse gas emissions, protect
biodiversity, and conserve natural resources. However, it is essential to tailor sustain-
able intensification approaches to local contexts, considering specific agro ecolog-
ical conditions, socio-economic factors, and cultural considerations to ensure their
effectiveness and acceptance.

5 Food Production Challenges

The ever-growing human population affects the food demand which is increasing
drastically. The rising urbanization is also a challenge. As people’s incomes are on
a rise, their food preferences are becoming diverse, hence various meats and dairy
foods are required. It is assumed that this demand will rise by 60-110% by 2050
and in the upcoming years more people will be working in the agriculture sector to
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fulfill the consumers’ needs. Concurrently, environmental damages caused due to
food production have to be dealt (Tilman et al. 2011; FAO 2012).

The major risks to sustainability food security are the loss of agricultural land, loss
of biodiversity, high usage of water resources, pollution and resource depletion. These
challenges have an impact of climate change which further changes the geography
of food production globally.

Loss of agricultural land: By the emergence of competing pressures on land,
linked to the search for the alternative forms of energy like biofuels, urban expansion
and the loss of biodiversity, the issues of land loss have been enraged. During farming,
if not considering the soil conservation techniques, the land degradation starts due
to soil erosion, deforestation, pollution, and overgrazing (Stocking and Murnaghan
2001). This causes the loss of at least 16-40% (Chappell and LaValle 2011) of land
area which affects 1.5 billion people.

Loss of biodiversity: During the green revolution, a huge proportion of genetic
diversity of agricultural crops was lost which resulted in variations of the pattern of
intraspecific diversity (Aarnink et al. 1998). These losses majorly affect the species
overall fitness and adaptive potential which limits its recovery. The extinction of non-
agricultural biodiversity also affects the food production by disturbing the ecosystem
as in natural control on crop pests and diseases.

High usage of water resources: 70% of total water resources is used for irrigation
(Foley et al. 2011; FAO 2011). It is proposed that in upcoming years, the usage of
water resources will be increased and in some regions like sub-Saharan Africa, this
figure will be doubled as compared to 1997. This concludes that by 2050, 90% of 3
billion people will be living in water stressed conditions, because the water demand
in agriculture, industries and households will be continuously increasing.

Pollution and resource depletion: Fertilizers and pesticides play a huge role in
agricultural practices but also have harmful effects on the ecosystem health like
eutrophication and contamination of water sources, disruption of nutrient cycle.
Production of fertilizers and pesticides deplete the non-renewable resources like
phosphorus ores (Cordell et al. 2009). The emission of harmful gases like methane
and nitrous oxide by the agricultural sector have increased by 17% from 1990 to
2005 (Smith et al. 2007). Even 12% of total anthropogenic emissions of greenhouse
gases is contributed by agriculture. Hence, it causes a significant impact on climate
change.

6 Strategies to Address Sustainability Challenges

6.1 Sustainable Intensification

Currently, Sustainable Intensification (SI) is being a powerful productivism discourse
in the food security debate due to the competing pressures on the land and the
awareness of environmental impacts of food production. The main principle of SI is
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to increase agricultural production without harming the environment and also by not
occupying more non-agricultural land (Pretty and Bharucha 2014).
The main three components supporting SI are:

1. For increased crop production, SI advises a systematic way to use the natural
resources like land, water, seeds and fertilizers, without damaging the environ-
ment (FAO 2010). It assures improved soil and water management, with high soil
fertility by utilizing various agro ecological processes like biological nitrogen
fixation, carbon cycling and nutrient cycling. These processes play a vital role in
crop production, addressing these also help in biodiversity conservation (Gibson
et al. 2007) and the natural life cycle (De Backer et al. 2009).

2. Secondly, SI links agro-industrial/biotech with agroecological propositions
(Dibden et al. 2013). Theoretically, in food production SI promises to benefit
small farmers by increasing the production, reducing cost, building durability
and strengthening their resistance to environmental stress.

3. For the success of sustainable intensification projects on food production, SI
emphasizes on the importance to consider traditional knowledge to solve local
needs (Garnett and Godfray 2012). By acknowledging the local environmental
and socio-economic conditions, local farmers will also be included on this path
of innovation.

Innovation and management are the factors important to decrease harmful envi-
ronmental impacts and to increase production. Hence, to improve the efficiency of
crop production some strategies to consider should be accuracy in matching of fertil-
izers, water and other inputs, with the outputs like livestock or crop requirements.
Producing energy from agricultural waste and other technologies to replenish soil
with carbon must be used. Refrigeration can be used to reduce post-harvest emissions.
For the manufacturing and transport, energy efficient or renewable energy sources
dependent technologies must be used. Waste produced during this whole process can
be reduced by inventory management, or by modifying packaging material. It is also
necessary to prolong the shelf life of food and help consumers reduce food waste.

6.2 Increasing Production Limits

The aim of the sustainable food production is to obtain higher yield, hence debates
over the theoretical limits for gaining the maximum yield of the most productive
crops like sugarcane growing under the different conditions which can be obtained
for livestock rearing are still in advancement. Although, it is an appreciable outlook
to maximize the crop production.

In the Green revolution, hybrid varieties of maize and semi dwarf, disease resistant
varieties of wheat and rice were developed by the help of conventional breeding.
Hence, in these crops there was less risk of yield loss caused by lodging or rust
epidemics, even if there is extra water or fertilizer supply. Although, in genetically
modified crops (GMC), gene insertions can provide pest-insect toxin or resistance
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to individual diseases. Eventually, with the help of more advanced technologies, a
combination of desirable and new traits will be able to be introduced. Gene insertion
can also be useful in animal feed, as genetically modified crops could be fed which
can increase the efficiency of meat production and decrease methane emissions.

Biotechnology is an emerging field, and increasing the sustainable food produc-
tion limit with the help of it seems attainable but, the underdeveloped and poor
nations have to be supported by making new alliances of business or civil society
organizations.

7 The Consumption Challenges

Urbanization and sedentary lifestyle in recent years has led to a change in consump-
tion pattern that has a negative impact on the health and wellbeing of individuals.
As estimated, in 2018, about 2 billion adults, 207 million adolescents and more than
44 million children below the age of five were overweight, of which one-third adults
and adolescents and 44% children were obese, and their number is increasing at an
alarming pace (FAO 2019). Eating an excessive amount of food, particularly animal
products, is one of the major causes of negative health outcomes besides adversely
affecting the environment (Garnett 2013). Currently, there is increased consump-
tion of energy rich diets, high in fat, oil, dairy products, red meat, processed meat
and processed food, more so in developed countries and urban areas. It results in an
alarming increase in obesity, overweight and non-communicable diseases like cardio-
vascular diseases (CVD), diabetes and hypertension. Association has been observed
between the high intake of livestock products and weakens/ill health (Sinha et al.
2009). Moreover, the current eating habits are not environmentally friendly as well
as have a toll on the natural resources. The livestock farming emits a much higher
amount of greenhouse gas (GHG) as compared to crop cultivation. Also, about half
of the agriculture produce is used as animal feed which can be a major source of
food for humans by transition to plant-based diets (Willett et al. 2019).

The type and quantity of food consumed has a relevance to both health and envi-
ronment. If the current dietary trend is continued, mitigation measures deployed for
increasing production would fail in future and GHG emission will continue to rise.
For sustainability in the food sector, there is a need to control the production of
animal products and also decrease per capita consumption of meat to 20-40% of
the present one by 2050. Also, one is needed to shift to more plant-based diets with
emphasis given on eating as much as required by the body (Pelletier and Tyedmers
2010, Popp et al. 2010). This would help in maintaining the health as well as prevent
environmental damage.

Today worldwide people are suffering from obesity and being overweight on one
side and from hunger and micronutrient deficiency on the other side. The number
of both undernourished and obese people are increasing at a great pace. According
to the State of Food Security and Nutrition in the World Report, over 820 million
people worldwide are experiencing hunger and 2 billion people have food insecurity
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of moderate to severe level and rarely have access to nutritious and sufficient food,
thus having undernourished and poor health (FAO, IFAD, UNICEF, WFP, WHO).
In developing countries, particularly poor ones and in rural areas, people usually
have access to diets without much diversity and there the availability of minerals like
calcium, zinc, iron and magnesium from animal products become important (Dror
and Allen 2011). As argued by advocates, enough food is available to feed all but there
is inequality in resource usage and consumption patterns. Need is for equalization
of the resources, much better utilization of already available food, changes in the
consumers’ attitude, designing ‘sustainable healthy diets’ and avoiding food losses
and wastage. By 2050, the world is required to feed a population of 9.7 billion (UN
2019). So, both food security and food safety have to be aimed for a sustainable future
and to meet the SDGs United Nations. For this, different approaches/strategies may
be used including intensification of food production without use of antimicrobials,
setting up circular food production systems, artificial intelligence and intelligent
packaging, changed diet, and limiting/reducing food loss. Multiple challenges have
to be addressed to meet sustainability in the food system.

8 Strategy to Address Consumption Challenges

8.1 The Concept of Sustainable Diets

Sustainability in diet means it should be available to the present as well as to future
generations for their health and wellbeing. Gussow and Clancy were the first to use
the term ‘sustainable diet’ in their article ‘dietary guidelines for sustainability’ on
the concern of malnutrition and environmental degradation (Johnston et al. 2014). To
address the issue of healthy and sustainable diet and provide the uniform guidelines
on it, FAO and WHO hold the joint meeting of international experts in Italy in
July 2019. As defined by FAO in 2019, “Sustainable Healthy Diets are dietary
patterns that promote all dimensions of individuals’ health and wellbeing; have low
environmental pressure and impact; are accessible, affordable, safe and equitable;
and are culturally acceptable” (FAO and WHO). It is a complex term including
social, economic and environmental aspects.

Our current consumption behavior impacts the environment negatively and is a
challenge to the sustainability of the planet earth. About 13.7 billion tons of carbon
dioxide equivalents are released in the food system from its farming to consump-
tion (Poore and Nemecek 2018). There is a need that all the stakeholders including
government, industries and consumers come together to bring changes in produc-
tion, processing and consumption patterns of food. Increasing attention is being
paid on the consumption and shopping aspect of the food in a sustainable manner.
Number of technologies like carbon footprint calculators, apps on smartphones, and
websites have been designed for food sustainability which provide the information
as well as assist in making sustainable decisions during consumption and purchasing
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(Kalnikaite et al. 2011). One has to consider a number of factors like food type (local/
organic), food miles, climate footprints, food waste, supply chain, food management
etc. while dealing with sustainability in food choices (Lindrup et al 2021). More-
over, factors like size of the family, budget, taste, shopping mode, transportation,
and needs consideration during sustainable shopping (Clear et al. 2015). Despite its
complexity and time driven process, ‘Pioneer’ or ‘sustainability-conscious’ people
give more emphasis on locality, organicity and food miles while buying food (Clear
et al. 2016).

To save the adversity of current diet on humanity in future, and to save the environ-
ment and health at present, BDA, the association of UK dietitians in 2018 launched
the ‘one blue dot project’ for sustainable eating under which a nine-point plan was
given for a sustainable diet for the individuals of all age groups (BDA 2023). There
they emphasize that through altered food consumptions and diet it is possible to
achieve SDGs to a large extent, particularly goals on no poverty, zero hunger, clean
water, good health and wellbeing, Quality education, gender equality, responsible
production and consumption, mitigating climate change, sustainable land use, and
sustainable life on land and water. It gives more emphasis on production and use of
plant-based diet and reduction in animal products, particularly red meat.

Organic food consumption is the way to move towards sustainability in the food
sector. Several countries in Europe have set policies on the utilization of organic
food as an alternative to move towards the goal of more sustainable production
and consumption. Despite adopting measures such as food labelling, awareness
to consumers, market development support, there was only a marginal increase
in organic food consumption (Vittersg and Tangeland 2014). Measures like subsi-
dies on some food items or ban of some may be taken for reorienting the dietary
patterns (Garnett 2013). Politicians, researchers and other advocates have largely
been concerned with how consumers can be influenced in order to develop the
markets for sustainable food products. Both the transition of the eating habits as well
as realization by the consumers of their responsibility towards the family, society and
climate is required. Policy makers should try to find out the reasons for inhibition
in habit change and the ways to bring this transformation for sustainability in food
consumption (Tuscano et al. 2021).

8.2 Reducing Food Loss or Waste

Food waste is any food, or its inedible parts that is removed from the food supply
chain to be recovered or disposed of (Ostergren et al. 2014). As defined by Food and
Agriculture Organization (FAO) of the United Nations (UN), food loss is the loss of
food from the supply chain at any step from production to consumption and food
waste is disposal of safe nutritious food (FAO 2011). Food loss or waste (FLW) is a
massive problem globally, causing food insecurity, climate and ecological damage,
thus has to be tackled urgently for food sustainability. In addition, it negatively
impacts socio-economic growth resulting in low income, hike in food prices, and
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poverty (Gills et al. 2015). Annual FLW occurring at any stage of the food supply
chain (FSC) is about 1.3 billion tons. According to FAO in 2011, around one third
of the food is wasted in a food chain because of preharvest failure or at the time
of harvest or post-harvest (handling, storage, transportation, processing, packing,
delivery, retail and consumption) which is finally discarded in landfills. The reasons
for food losses may be food spoilage and damage because of inadequate harvesting
time, climatic conditions, insufficient storage conditions, faulty cold chains, improper
packaging and transportations, difficulties in marketing of produce, technical faults in
equipment, human errors or delay in custom clearance during export and so on. Food
wastage may be because of incomplete or peeling off of labelling, confusing ‘best
before’ labels, inappropriate product information, overstocking of products, recalled
foods by the producers and leftover edible food on preparing oversized portions,
which is often discarded by the retailers, restaurants and households. In 2019, a total
337 recalls were made in the U.S. Food and Drug Administration (FDA) and U.S.
Department of Agriculture Food Safety and Inspection Service (USDA FSIS) because
of the presence of microbial contamination, undeclared allergens or foreign material.
Moreover, the factors responsible for food loss or waste may vary for developing and
developed countries. While in the former 40% food loss happens during production,
in latter 40% food waste is generated during distribution, marketing and consumption
(Wunderlich and Martinez 2018). The highest loss or waste of food occurs at the
consumer end both at home and outside home, estimated levels are 27% of grain,
33% of seafood, 28 % of fruits and vegetables, 12% of meat and 17% for milk products
and so on (Chen et al. 2020).

Food loss or waste constitute for 8% GHG emission and 28% total global area
under agriculture (Vagsholm et al. 2020). This indicates not only the depletion and
wasteful use of natural resources but also has negative consequences on the environ-
ment, adversely causing damage to soil and water sources, biodiversity and forest.
FLW poses a threat to the food sector globally and calls for adequate measures to be
taken to minimize preventable food waste and valorization of the non-preventable
waste (Morone et al 2019). Its reduction is one of the sustainable development goals
adopted by the UN in 2015. As per SDG 12.3, the target is to reduce the waste of
food to half (50%) by 2030 at the retail and consumption level. It is a collective
task, requiring collaborative efforts and improved connectivity among all the stake-
holders including politicians, policy makers, engineers, IT personnels, economists,
social and physical scientists and others. To meet the set goal as a whole, the alliance
called ‘Champions 12.3’ was constituted of government officials, international orga-
nizations executives, researchers, civil society, and personnel involved in the food
supply chain. The alliance interpreted the SDG 12.3 and provided the guidelines on
monitoring indicators for observing the progress in 2017 (World Research Institute
WRI and Ministry of Economic Affairs of the Netherlands 2016). As data avail-
able presently on FLW is incomparable because of small sample size and use of
different methods in computation, there is a requirement to have a robust approach
to quantitate FLW accurately for designing better policy and intervention, and also
monitoring implementation and reduction in food waste. Five challenges were faced
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while planning for FLW reduction that include assessment of actual FLW, estima-
tion of benefits and cost, planning policies and initiatives under insufficient data,
understanding of the interaction among different supply chain steps, and preparing
for income transitions (Cattaneo et al. 2021).

Many other initiatives have also been taken for harmonized accounting and
reporting standards of food loss or waste at different stages in the food chain such
as ‘Food Loss and Waste (FLW) Protocol’ which was launched in 2016; FUSIONS
(Food Use for Social Innovation by Optimising Waste Prevention Strategies) project
was financed; EU Platform on Food Losses and Food Waste was established in
2016; workshop on “FW accounting: methodologies, challenges, and opportuni-
ties”, was organized in 2017 and so on. The problem of food losses and waste can
be addressed to some extent by reducing losses at source, reprocessing excess or
unused food, reusing leftovers for biofuels, compost, animal feed, or compost, and
lastly for energy recovery through incineration (Vagsholm et al. 2020). As suggested
by Unilever (2017) a five-step program can be employed to limit food loss or waste
which includes:

1. Awareness should be raised among the public about the magnitude of the problem
and its impact on GHG emission, on rotting of food, and the economic loss due
to the use of resources like energy, water, land, and labor in its production. As
estimated, the annual global loss is approximately $940 billion and after China
and USA, food loss and waste is the third emitter of GHG. Consumers’ behavior
would have a great impact on food loss or waste as they are the key contributor in
its generation, so should be told about their role in achieving the goals of “zero
loss or waste of food” (Alamar et al. 2018).

2. The target of reduction has to be set. To meet SDGs, the UN has set the target
that by 2030, the global food loss or waste should reduce to its present half.

3. The amount of food loss or waste in each region or country should be known
to decide the policies and programs to be undertaken to solve the problem. The
‘Global Food Loss and Waste Accounting and Reporting Standard’ is the first to
be developed by a Steering Committee of seven expert institutions for quantifi-
cation and reporting of food loss or waste by governments and countries as per
the FLW Standard.

4. Action plans need to be developed and implemented including intensifying crop
harvest, adoption of novel technology for reprocessing and recycling, consumer
campaigns and public—private partnerships. The ‘Global Think.Eat.Save’ food
waste prevention guidance to reduce loss and waste in food include measuring
the quantity of loss and waste, formulating the regional and national policies,
actions to be taken to reduce the waste in food chain and consumer campaigns
to increase their awareness.

5. Collaboration is needed at all the levels involving farmers, agribusinesses,
retailers, households, local authorities, governments and so on. The decision
makers in public, private and non-governmental organizations can collaborate to
design and implement the innovative solutions to improve the food system in a
sustainable manner,



90 S. Sehgal et al.

Resources and

Environment
Sustainability

Food Loss
and Waste
Reduction

Fig. 2 The influence of Food wastage on sustainability Shafiee-Jood and Cai 2016 (Source)

Further ‘smart packaging (SP) systems’ can be employed to keep the food safe
and improve its quality and sustainability. SP allows the monitoring of changes
happening internally and externally in the food and responds to it through an external
interface. This would avoid spoilage, extend the freshness and shelf life and keep the
product safe. Integration of food packaging with emerging advanced technologies
such as electronics and wireless communication and cloud data solutions increases
its traceability across the FSC and reduces food loss and waste (Chen et al. 2020). In
addition, dynamic shelf-life systems which can tell the status of food inside the packet
is a better option than the label stating ‘best before’ or ‘use by’ (Poyatos-Racionero
et al. 2018).

Though avoiding complete food loss and waste is not possible, limiting would
help in the better management of resources like land, water and would also provide
the food available to one billion more people. Furthermore, it will lead to climate
sustainability and improve food security worldwide (Fig. 2).

9 The Socio-economic Challenges in Food Sustainability

Sustainability has long been a major combination of social (people), ecological
(planet), and economic (profit) concerns. According to Drewnowski (2017), sustain-
able food consumption means consuming nutrient-dense, cost-effective, and socially
acceptable meals while protecting the environment. Thus, we can say that sustain-
able food consumption involves four major domains, i.e., socio-economic, dietary,
cultural, and environmental. Here, the socio-economic factor focuses on food afford-
ability while emphasizing the social acceptability of foods, while the rest focuses on
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nutrient-rich foods, culturally acceptable foods, and the prevention of greenhouse
gas emissions, respectively.

The current food system is unsustainable, owing to a shift in consumption patterns
towards more dietary animal protein, the emergence of heavily processed foods, the
widening gap between rich and poor, a lack of food security despite an abundance of
food, an increase in food waste, etc. (Ifeanyichukwu and Nwaizugbo 2019); thus, this
system results in starvation, loss of resources, agricultural waste, pollutants, unfair-
ness, and so on. Also, the current coronavirus pandemic shows the vulnerability of
our global food supply systems to disturbances that may result in threats to consumer
safety, shortages of workers, and other manufacturing concerns, as well as shortfalls
of internationally traded food products (Brunori et al. 2020).

In recent years, most emerging and undeveloped economies have experienced
recessions and high inflation rates, resulting in rising food prices, specifically for
sustainable items. In addition, organic items are more expensive than conventional
alternatives in today’s market. High prices for food are also reported to pose substan-
tial issues for highly susceptible low-income families that invest a large portion of
their earnings on food items. It is also worth noting that over 2 billion individuals
in underdeveloped countries spend up to 70% of their disposable income on food
(Ifeanyichukwu and Nwaizugbo 2019).

Ensuring safe, nutritious, and inexpensive food for both present and future gener-
ations while maintaining natural resources and supporting livelihoods poses several
socioeconomic issues. Some of the significant challenges are discussed below.

9.1 Poverty and Food Insecurity

Poverty and food insecurity are intertwined issues that undermine food sustainability.
Inadequate income and resources restrict access to nutritious and sufficient food,
resulting in malnutrition and hunger. Since 2014, the number of persons affected by
hunger has been continuously increasing. According to current estimates, about 828
million people, or 9.8% of the world’s population, are hungry (The State of Food
Security and Nutrition in the World 2022). The lack of financial resources also makes
it challenging to invest in sustainable farming practices, modern technologies, and
the infrastructure required for sustainable food production. Furthermore, a lack of
knowledge about nutrition, food safety, and sustainable consumption practices could
exacerbate unhealthy eating patterns and increase food waste. Eliminating poverty
by means of fair economic expansion, safety net initiatives, and alleviating poverty
measures is vital for enhancing food availability and sustainability (Wezel et al.
2020).
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9.2 Food Waste

According to FAO (2018), around 1.3 billion tons of food are lost or wasted annually
in the world. Food loss happens during the processes of harvesting, preservation,
delivery, and manufacturing, whereas food waste primarily occurs at the level of the
customer. This means that large quantities of resources that are used in the produc-
tion of food that are lost or wasted, and greenhouse gases produced during various
stages of the food supply chain are squandered (Teixeira 2018) and thereby threat-
ening sustainability. In addition, converting natural habitats into agricultural spaces is
frequently needed for the cultivation of crops. When food is wasted, these land-use
shifts become even more unsustainable, resulting in biodiversity loss and ecolog-
ical devastation. And, thus results in economic losses, inefficient resource use, and
poor environmental consequences (Grote 2014). Accessibility to inexpensive goods,
bad purchasing strategies, the fragile nature of foods, improper transportation and
storage, etc. are some of the factors contributing to the public sector’s food waste
(Morawicki and Diaz Gonzdlez 2018), while food losses occur during harvest and
post-harvest stages due to issues with processing, handling, packing, transportation,
infrastructural deficiencies, cold chains, and unbalanced incentives etc. (Vagsholm
et al. 2020).

9.3 Loss of Biodiversity and Genetic Resources

Biodiversity loss in agriculture can reduce agricultural output and economic viability.
Monoculture systems are vulnerable to pests, diseases, and environmental changes
because they rely on a small number of high-yielding crop varieties. Farmers can
experience crop failures and reduced yields as a result, which leads to income losses
and financial instability (Hoffmann 2021). Also, loss of genetic resources and crop
diversity can increase reliance on external inputs such as fertilizers, herbicides, and
water. Lack of crop diversity makes agroecosystems more vulnerable to pests and
diseases, which require farmers to employ chemical inputs to combat them. This
reliance on external inputs not only contributes to environmental degradation but
also raises production costs, threatening the economic sustainability of agricul-
tural systems. Furthermore, small-scale farmers may face difficulties affording and
accessing these costly inputs, exacerbating inequalities in agricultural production.
Also, decreased genetic diversity may limit trade opportunities since particular crops
may not fulfill the quality standards or preferences of international markets.
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9.4 Inequality in Food Distribution

Garnett (2013) described that food inequality is an ongoing challenge both within
and across countries and communities. This inequality creates the twin challenges
of excess and insufficiency, which express themselves in both the environment
(over- and under-application of agricultural inputs) and health (obesity and hunger).
Because of reasons such as inadequate infrastructure, market inefficiencies, and
discriminatory practices, some regions and people have restricted access to afford-
able and healthy food, while other regions have abundant food access, resulting in
obesity and overconsumption (Bhat 2022). More food will be needed to feed an
expanding population as well as to maintain the people’s surplus weight, and in
order to produce these additional calories, more natural resources and fossil fuels
will be required (Morawicki and Diaz Gonzélez 2018). This disparity increases food
insecurity and perpetuates the poverty cycle and over consumption causing a major
challenge to food sustainability goals.

9.5 Global Trade and Market Dynamics

Global trade and market dynamics can result in unequal access to markets, particu-
larly for small-scale farmers in developing nations. Trade barriers, tariffs, and non-
tariff measures can limit their ability to engage in international markets, limiting their
potential for economic growth and development. Global trade can also contribute to
price volatility in agricultural commodities. Global food price fluctuations can have
serious social and economic repercussions for both farmers and consumers. Sharp
increases in prices can lead to food price spikes, making food less affordable and
exacerbating food insecurity, particularly for vulnerable populations (van Berkum
2021).

According to Morawicki and Diaz Gonzélez (2018), locally produced foods are
usually considered to have a smaller environmental impact than food grown or
produced elsewhere and transported. The transportation of food over long distances,
often referred to as “food miles,” contributes to carbon emissions, energy consump-
tion and food losses. A large amount of energy is used to deliver food via plane,
followed by automobiles, trains, and ships. Global trade can destabilize local food
systems by encouraging the importation of food from other nations. Local food
production, traditional farming practices, and cultural food identities may be jeopar-
dized as a result. Thus, overreliance on imported food can increase vulnerability
to supply chain disruptions, price shocks, and market failures, thus threatening
the social and economic development of local farmers and small-scale businesses
(Zimmermann and Rapsomanikis 2023).
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9.6 Changing Dietary Patterns

As incomes rise and populations urbanize, there is often a shift towards diets that are
richer in animal-based products, such as meat, dairy, and eggs (Vagsholm et al. 2020).
This change in dietary patterns puts additional pressure on agricultural systems to
meet the growing demand for animal feed, resulting in increased land use, water
consumption, and greenhouse gas emissions, etc. Morawicki and Diaz Gonzilez
(2018) described that changing dietary patterns often drive change in land use, partic-
ularly through the expansion of agricultural land for the production of feed crops
and grazing land for livestock. Livestock production requires substantial resources
and contributes significantly to deforestation, water pollution, and biodiversity loss
(Garnett 2013). Meeting the increasing demand for animal-based products in an
unsustainable manner can strain natural resources and exacerbate environmental
degradation. Additionally, changes in eating habits can affect both nutrition and
food availability, especially in low-income nations (Chen et al. 2022). Diets that are
high in processed foods, added sugars, and unhealthy fats can contribute to the rise of
non-communicable diseases such as obesity, diabetes, and cardiovascular diseases
(Fréna et al. 2019). Meeting the nutritional needs of a growing population while
ensuring access to affordable, diverse, and nutritious food is a challenge to food
sustainability goals.

9.7 Political and Policy Constraints

In many cases, existing policy frameworks may not effectively handle the complex
challenges of food sustainability. Agriculture, land use, trade, and food system poli-
cies may be outdated, fragmented, or insufficiently aligned with sustainability goals
(Vagsholm et al. 2020). This can hinder the adoption of sustainable practices and the
advancement of more resilient and equitable food systems. Vagsholm et al. (2020)
further described that political instability, conflict, and fragile governance can have
severe impacts on food sustainability. In regions experiencing political unrest, food
production and distribution systems are often disrupted, leading to increased food
insecurity and vulnerability. Food insecurity and famines are also the result of polit-
ical instability and conflicts, which cause an increase in food prices and thus create
a food imbalance (Fréna et al. 2019).

10 Strategies to Address Socio-economic Challenges

The socio-economic challenges in food sustainability are complex and intercon-
nected. Tackling issues such as poverty, inequality, land degradation, climate change,
loss and waste, unsustainable practices, and global trade dynamics requires a holistic
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and multi-faceted approach. Collaboration among governments, civil society orga-
nizations, farmers, researchers, and the private sector is crucial for eliminating such
challenges to food sustainability (Teixeira 2018). Policy interventions at national
and international levels should focus on promoting sustainable agricultural prac-
tices, investing in rural infrastructure, enhancing access to finance and markets for
small-scale farmers, and improving social protection systems (Kennedy et al. 2020).
Fair trade, sustainable production and consumption habits, and improved market
access for small-scale farmers are all necessary for a more equitable and sustain-
able global food system. Local and regional food system strengthening can also help
minimize dependency on long-distance food transportation and enhance resilience
(Sajid et al. 2017).

Poverty can be addressed through inclusive economic growth, social protection
programs, and poverty reduction strategies, which are crucial to improving food
security and sustainability (Ifeanyichukwu and Nwaizugbo 2019). Income Gener-
ation and Employment Opportunities can be created through investment in rural
infrastructure, access to credit and financial services, and support for entrepreneur-
ship and small-scale farming. Wahbeh et al. (2022), described that social safety
nets and targeted interventions can be implemented to provide assistance to vulner-
able populations. This includes cash transfer programs, school feeding programs,
and subsidized food programs to ensure access to nutritious food for those living in
poverty. These measures can boost long-term economic growth and decrease poverty
while contributing to reducing current food scarcity.

Partnerships that promote fairness, diversity, and solidarity are often established
in inclusive and sustainable food systems. These partnerships could include both
vertical cooperation in supply chains among privately held businesses and industries
as well as horizontal cooperation of government, social, and private entities (Wahbeh
et al. 2022). He emphasized further that public—private partnerships (PPPs) aim to
advance equitable and long-term growth in the economy through market-focused
investments. PPPs allow for the sharing of knowledge, skills, and financing, and
the private sector’s market-oriented approach can be combined with the knowledge
of local demand held by civil society organizations, while research institutes offer
expertise and the government supplies crucial legislation and standards (FAO 2018).

Encouraging long-term consumption patterns that prioritize healthy, balanced
diets, increasing public understanding of the social and environmental effects of
food choices, and supporting measures to prevent food waste can be implemented
to achieve food sustainability (Vagsholm et al. 2020). This includes upgrading food
transportation and storage infrastructure, encouraging sustainable packaging, and
undertaking responsible consumption education initiatives.

Considering food sustainability issues result in inequalities and disparities,
focusing solely on improving production is unlikely to enhance food security. Today,
hunger is caused by a lack of access rather than a lack of availability, as afford-
ability is the major factor. While some increase in output may be required, it is
vital to boost production in specific regions, in connection to specific consumers and
producers (Garnett 2013). One of the main strategies to address these challenges of
food sustainability is discussed below.
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10.1 Improve Governance

Food system sustainability can only be realized by improving the food system’s
socio-economic governance. Food governance is a necessity for the successful imple-
mentation of food policies at the global, regional, and national levels because they
operate at multiple levels formed by international, national, and regional agreements
(Del Valle et al. 2022). Food systems must become more efficient and inclusive,
with policies and legal frameworks addressing income inequality, supporting liveli-
hoods, and ensuring resilience, all while ensuring coherent and effective national and
international governance (Kennedy et al. 2020). A wide range of initiatives, including
measures like regulations and fiscal instruments, as well as approaches like voluntary
agreements, raising awareness, and education, will be required.

For the complete elimination of hunger and food insecurity, explicit political
promises must be made, and sufficient resources must be distributed in a timely
and effective manner. Coordinated initiatives should be promoted through multi-
disciplinary approaches and alliances, all while being supported by international
norms and agreements, policy discourse, global governance systems, advocacy, and
communication (FAO 2018).

Promoting partnerships across governments, civil society organizations, academic
institutions, and the commercial sector to boost collaboration and utilize expertise,
resources, and innovation can help to facilitate multi-stakeholder collaborations.
These collaborations can allow knowledge exchange, collaborative research projects,
and the creation of fresh solutions to socio economic challenges in food sustainability
(Wahbeh et al. 2022). He further emphasized that the role of the legislature in regu-
lating a nation’s agriculture is also seen as an essential component of food availability
because it is accountable for a number of things, including developing, evaluating,
and putting into effect the best laws and regulations to ensure the social security of its
people, as well as giving small-scale agricultural producers the support they need and
guaranteeing protection and assistance in all facets of their life. In order to change the
population’s production role, governments in developing countries must prioritize
R&D, agriculture infrastructure (e.g., irrigation and soil preservation technology),
expanding services, early warning systems, or subsidized farm income (Fréna et al.
2019).

A consumer-oriented policy should be implemented to increase awareness of the
nutritional values of food, the large inefficiencies in the production of some foods,
and the massive losses and food waste that occur, which could be avoided. The low
awareness of the nutritional values of different foods and hygienic risks is especially
prevalent in many developing countries, leading to an unsustainable food system
(Grote 2014).

An interdepartmental approach may be employed to encourage cooperation in
policy across several policy domains, such as agriculture, the environment, trade,
and social welfare, to ensure that policies are linked and mutually beneficial (Byers
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and Gilmer 2021). This necessitates collaboration among various government depart-
ments and agencies (e.g., ministries of agriculture, trade, health, environment, educa-
tion, transportation, and infrastructure, among others) in order to develop inte-
grated policies to tackle the social, economic, and environmental challenges of food
sustainability (FAO 2018).

Improving governance through improved legitimacy and transparency in decision-
making processes, traceability in resource allocation, and fair implementation of
monitoring and evaluation tools to ensure accountability and tackle any incidents of
corruption is critical for addressing numerous food sustainability concerns (Kaiser
etal. 2021). He further explained that meaningful engagement of varied stakeholders
in decision making processes and governance of the food system, such as farmers,
consumers, civil society organizations, and the commercial sector, is required to
reflect broad ethical standards and these engagements can be achieved through devel-
oping forums for discussions, consultation, and collaboration to ensure that all stake-
holders’ opinions and viewpoints are taken into account. In both developed and devel-
oping economies, Food supply systems should be strengthened, and effective policy
enforcement, monitoring, and evaluation systems should be implemented (Brunori
et al. 2020). Establishing and enforcing strong legislative and regulatory frame-
works to promote sustainable agriculture, food safety, and environmental protection
is helpful in achieving food sustainability (Del Valle et al. 2022). Governance appears
as both a process and a value that allows the socio-cultural context for food systems
to work properly (Berry 2019).

11 Conclusion

The socio-economic issues of food sustainability demand a multifaceted approach
that incorporates social, economic, and environmental considerations. Poverty,
inequality, food waste, unsustainable practices, biodiversity loss, market dynamics,
changing dietary patterns, and political restrictions are all interconnected and require
coordinated efforts to overcome. It is feasible to achieve considerable progress
towards food sustainability by applying initiatives such as income production, social
safety nets, sustainable agriculture, and inclusive governance. These initiatives stress
the need for empowering small-scale farmers, promoting sustainable consumption
patterns, fortifying institutions and policies, and encouraging collaboration among
varied stakeholders. Furthermore, improving governance mechanisms is critical to
resolving these challenges. Governments, international organizations, civil society,
and the commercial sector must collaborate to implement beneficial programs and
promote sustainable food systems. To convert our current food systems into resilient,
inclusive, and sustainable ones, we need political will, investment, and a long-term
commitment.

‘We may ensure fair access to nutritious food, reduce environmental consequences,
improve rural livelihoods, and contribute to the accomplishment of sustainable devel-
opment goals by tackling the socioeconomic difficulties in food sustainability. Only
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by working together can we ensure that everyone has access to safe, healthy, and
sustainably produced food while also protecting our planet’s resources for future
generations.

References

Aarnink W, Bunning S, Collette L, Mulvany P (1998) Sustaining agricultural biodiversity and
agroecosystem functions: opportunities, incentives and approaches for the conservation and
sustainable use of agricultural biodiversity in agro-ecosystems and production systems. In:
Report of the international technical workshop. Headquarters, Rome

Ahmed S, Byker Shanks C, Leal Filho W, Wall T, Azul AM, Brandli L (2020) Supporting sustain-
able development goals through sustainable diets. In: Good health and well-being. Springer
International Publishing, Cham, Switzerland

Akhtar S, Ahmed A, Randhawa MA, Atukorala S, Arlappa N, Ismail T (2003) Prevalence of
vitamin A deficiency in South Asia: causes, outcomes, and possible remedies. J Health Popul
Nutr 31(4):413-423. https://doi.org/10.3329/jhpn.v31i4.19975

Alamar M del C, Falagan N, Aktas E, Terry LA (2018). Minimising food waste: a call for
multidisciplinary research. J Sci Food Agric 98(1):8-11. https://doi.org/10.1002/jsfa.8708

Alexandratos N, Bruinsma J (2012) World agriculture towards 2030/2050: the 2012 revision. FAO
Agricultural Development Economics Division

Ashley R, Russell D, Swallow B (2006) The policy terrain in protected area landscapes: challenges
for agroforestry in integrated landscape conservation. Biodivers Conserv 15(2):663—689. https://
doi.org/10.1007/s10531-005-2100-x

Bailey R (2011) Growing a better future: food justice in a resource-constrained world

Barnes R, Fagg C (2003) Faidherbia albida: monograph and annotated bibliography. Oxford For
Ins

BDA (2023) One Blue Dot—sustainable diets [Internet]. Bda.uk.com. https://www.bda.uk.com/
news-campaigns/campaigns/one-blue-dot.html. Cited 24 Aug 2023

Bell DE (1992) The 1992 convention on biological diversity: the continuing significance of US
objections at the Earth Summit. Geo Wash J Int’1 L & Econ 26

van Berkum S (2021) How trade can drive inclusive and sustainable food system outcomes in
food deficit low-income countries. Food Secur 13(6):1541-1554. https://doi.org/10.1007/s12
571-021-01218-z

Berry EM (2019) Sustainable food systems and the Mediterranean Diet. Nutrients [Internet]
11(9):2229. https://doi.org/10.3390/nu11092229

Bhat R (2022) Emerging trends and sustainability challenges in the global agri-food sector. In:
Future foods. Elsevier, pp 1-21

Boffa JM (1999) Agroforestry parklands in sub-Saharan Africa (FAO No. 34). Food & Agriculture
Organization of the United Nations, Rome

Brown BJ, Hanson ME, Liverman DM, Merideth RW Jr (1987) Global sustainability: toward
definition. Environ Manag 11(6):713-719. https://doi.org/10.1007/bf01867238

Brunori G, Branca G, Cembalo L, D’Haese M, Dries L (2020) Agricultural and food economics:
the challenge of sustainability. Agric Food Econ 8(1). https://doi.org/10.1186/s40100-020-001
56-2

Buerke A, Straatmann T, Lin-Hi N, Miiller K (2017) Consumer awareness and sustainability-
focused value orientation as motivating factors of responsible consumer behavior. Rev Manag
Sci 11(4):959-991. https://doi.org/10.1007/s11846-016-0211-2

Byers V, Gilmer A (2021) The challenge of sustainable consumption for governance and policy
development—a systematic review. Sustainability 13(12):6723. https://doi.org/10.3390/sul312
6723


https://doi.org/10.3329/jhpn.v31i4.19975
https://doi.org/10.1002/jsfa.8708
https://doi.org/10.1007/s10531-005-2100-x
https://doi.org/10.1007/s10531-005-2100-x
https://www.bda.uk.com/news-campaigns/campaigns/one-blue-dot.html
https://www.bda.uk.com/news-campaigns/campaigns/one-blue-dot.html
https://doi.org/10.1007/s12571-021-01218-z
https://doi.org/10.1007/s12571-021-01218-z
https://doi.org/10.3390/nu11092229
https://doi.org/10.1007/bf01867238
https://doi.org/10.1186/s40100-020-00156-2
https://doi.org/10.1186/s40100-020-00156-2
https://doi.org/10.1007/s11846-016-0211-2
https://doi.org/10.3390/su13126723
https://doi.org/10.3390/su13126723

Food Sustainability: Challenges and Strategies 99

Carlsson-Kanyama A, Gonzédlez AD (2009) Potential contributions of food consumption patterns
to climate change. Am J Clin Nutr 89(5):1704S-1709S. https://doi.org/10.3945/ajcn.2009.267
36AA

Cattaneo A, Sdnchez MV, Torero M, Vos R (2021) Reducing food loss and waste: five challenges for
policy and research. Food Policy 98(101974):101974. https://doi.org/10.1016/j.foodpol.2020.
101974

Celata FB (2009) New directions in economic geography. Reshap Econ Geogr World Dev Rep
2(117):498-500

Chappell MJ, LaValle LA (2011) Food security and biodiversity: can we have both? An
agroecological analysis. Agric Hum Values 28(1):3-26. https://doi.org/10.1007/s10460-009-
9251-4

Chen S, Brahma S, Mackay J, Cao C, Aliakbarian B (2020) The role of smart packaging systems
in the food supply chain. J Food Sci 85(3):517-525. https://doi.org/10.1111/17503841.15046

Chen C, Chaudhary A, Mathys A (2022) Dietary change and global sustainable development goals.
Front Sustain Food Syst 6. https://doi.org/10.3389/fsufs.2022.771041

Clear AK, Friday A, Rouncefield M, Chamberlain A (2015) Supporting sustainable food shopping.
IEEE Pervasive Comput 14(4):28-36

Clear AK, O’neill K, Friday A, Hazas M (2016) Bearing an open “Pandora’s box”: HCI for recon-
ciling everyday food and sustainability. ACM Trans Comput Hum Interact 23(5):1-25. https:/
doi.org/10.1145/2970817

Cordell D, Drangert JO, White S (2009) The story of phosphorus: global food security and food for
thought. Glob Environ Change [Internet] 19(2):292-305. https://doi.org/10.1016/j.gloenvcha.
2008.10.009

Davis J, Sonesson U, Baumgartner DU, Nemecek T (2010) Environmental impact of four meals with
different protein sources: case studies in Spain and Sweden. Food Res Int [Internet] 43(7):1874—
1884. https://doi.org/10.1016/j.foodres.2009.08.017

De Backer E, Aertsens J, Vergucht S, Steurbaut W (2009) Assessing the ecological soundness of
organic and conventional agriculture by means of life cycle assessment (LCA): a case study of
leek production. Br Food J 111:1028-1061

Dibden J, Gibbs D, Cocklin C (2013) Framing GM crops as a food security solution. J Rural Stud
[Internet] 29:59-70. https://doi.org/10.1016/j.jrurstud.2011.11.001

Downs SM, Ahmed S, Fanzo J, Herforth A (2020) Food environment typology: advancing an
expanded definition, framework, and methodological approach for improved characterization of
wild, cultivated, and built food environments toward sustainable diets. Foods [Internet] 9(4):532.
https://doi.org/10.3390/foods9040532

Drewnowski A (2017) Sustainable, healthy diets: models and measures. In: Sustainable nutrition
in a changing world. Springer International Publishing, Cham, pp 25-34

Dror DK, Allen LH (2011) The importance of milk and other animal-source foods for children in
low-income countries. Food Nutr Bull 32:227-243

Duan JJ, Marvier M, Huesing J, Dively G, Huang ZY (2008) A meta-analysis of effects of Bt
crops on honey bees (Hymenoptera: Apidae). PLoS One [Internet] 3(1):e1415. https://doi.org/
10.1371/journal.pone.0001415

Edwards P, Roberts I (2009) Population adiposity and climate change. Int J Epidemiol [Internet]
38(4):1137-1140. https://doi.org/10.1093/ije/dyp172

FAO of the United Nations (2011) Save and grow: a policymaker’s guide to sustainable intensifi-
cation of smallholder crop production. Food & Agriculture Organization of the United Nations
(FAO), Rome, Italy

FAO (2010) Sustainable crop production intensification through an ecosystem approach and
an enabling environment: capturing efficiency through ecosystem services and management,
COAG/2010/3. Food and Agriculture Organization of the United Nations

FAO (2012) Looking ahead in world food and agriculture: perspectives to 2050. Food & Agriculture
Organization of the United Nations (FAO), Rome, Italy


https://doi.org/10.3945/ajcn.2009.26736AA
https://doi.org/10.3945/ajcn.2009.26736AA
https://doi.org/10.1016/j.foodpol.2020.101974
https://doi.org/10.1016/j.foodpol.2020.101974
https://doi.org/10.1007/s10460-009-9251-4
https://doi.org/10.1007/s10460-009-9251-4
https://doi.org/10.1111/17503841.15046
https://doi.org/10.3389/fsufs.2022.771041
https://doi.org/10.1145/2970817
https://doi.org/10.1145/2970817
https://doi.org/10.1016/j.gloenvcha.2008.10.009
https://doi.org/10.1016/j.gloenvcha.2008.10.009
https://doi.org/10.1016/j.foodres.2009.08.017
https://doi.org/10.1016/j.jrurstud.2011.11.001
https://doi.org/10.3390/foods9040532
https://doi.org/10.1371/journal.pone.0001415
https://doi.org/10.1371/journal.pone.0001415
https://doi.org/10.1093/ije/dyp172

100 S. Sehgal et al.

FAO (2013) Global Information System on Water and Agriculture (2013) Fao.org.http://www.fao.
org/nr/water/aquastat/main/index.stm. Cited 24 Aug 2023

FAO (2018) Sustainable food systems: concept and framework. Rome

FAO (2019) The state of food security and nutrition in the World 2019: safeguarding against
economic slowdowns and downturns. Food & Agriculture Organization of the United Nations
(FAO), Rome, Italy

FLW Standard (2016) Food loss and waste protocol. https://flwprotocol.org/flw-standard/. Cited 25
Aug 2023

Foley JA, Ramankutty N, Brauman KA, Cassidy ES, Gerber JS, Johnston M etal (2011) Solutions for
a cultivated planet. Nature [Internet] 478(7369):337-342. https://doi.org/10.1038/nature 10452

Foresight UK (2011) The future of food and farming. The Government Office for Science, London

Friel S, Dangour AD, Garnett T, Lock K, Chalabi Z, Roberts I et al (2009) Public health bene-
fits of strategies to reduce greenhouse-gas emissions: food and agriculture. Lancet [Internet]
374(9706):2016-2025. https://doi.org/10.1016/S0140-6736(09)61753-0

Fréna D, Szenderdk J, Harangi-Rékos M (2019) The challenge of feeding the world. Sustainability
[Internet] 11(20):5816. https://doi.org/10.3390/sul 1205816

Garn GA (1999) Solving the policy implementation problem. Educ Policy Anal Arch [Internet]
7:26. https://doi.org/10.14507/epaa.v7n26.1999

Garnett T, Godfray CH (2012) Sustainable intensification in agriculture: navigating a course through
competing food system priorities. Food Climate Research Network and the Oxford Martin
Programme on the Future of Food, UK

Garnett T (2013) Food sustainability: problems, perspectives and solutions. Proc Nutr Soc [Internet]
72(1):29-39. https://doi.org/10.1017/s0029665112002947

Gibson RH, Pearce S, Morris RJ, Symondson WOC, Memmott J (2007) Plant diversity and land
use under organic and conventional agriculture: a whole-farm approach: whole-farm diversity in
different systems. J Appl Ecol [Internet] 44(4):792-803. https://doi.org/10.1111/j.1365-2664.
2007.01292.x

Gills R, Sharma JP, Bhardwaj T (2015) Achieving zero hunger through zero wastage: an overview
of present scenario and future reflections. Indian J Agric Sci 85(9):1127-1133

Grote U (2014) Can we improve global food security? A socio-economic and political perspective.
Food Secur [Internet] 6(2):187-200. https://doi.org/10.1007/s12571-013-0321-5

Hamerschlag K (2011) Meat eater’s guide to climate change and health. Environmental Working
Group, Washington, DC

Hodges RJ, Buzby JC, Bennett B (2011) Postharvest losses and waste in developed and less devel-
oped countries: opportunities to improve resource use. J Agric Sci [Internet] 149(S1):37-45.
https://doi.org/10.1017/s0021859610000936

Hoffmann I (2021) Declining biodiversity threatens food security. World Food J

Houghton E, Portougal V (1997) Reengineering the production planning process in the food industry.
Int J Prod Econ [Internet] 50(2-3):105-116. https://doi.org/10.1016/s0925-5273(97)00036-4

Hu H, Dai M, Yao J, Xiao B, Li X, Zhang Q et al (2006) Overexpressing a NAM, ATAF, and CUC
(NAC) transcription factor enhances drought resistance and salt tolerance in rice. Proc Natl Acad
Sci USA [Internet] 103(35):12987-12992. https://doi.org/10.1073/pnas.0604882103

Ifeanyichukwu CD, Nwaizugbo IC (2019) The effect of socio-economic factors on sustainable food
consumption in developing economies. Br J Market Stud (BJMS) 7(7):13-19

Johnston JL, Fanzo JC, Cogill B (2014) Understanding sustainable diets: a descriptive analysis of
the determinants and processes that influence diets and their impact on health, food security,
and environmental sustainability. Adv Nutr [Internet] 5(4):418-429. https://doi.org/10.3945/an.
113.005553

Jose S (2009) Agroforestry for ecosystem services and environmental benefits: an overview. Agrofor
Syst [Internet] 76(1):1-10. https://doi.org/10.1007/s10457-009-9229-7

Kaiser M, Goldson S, Buklijas T, Gluckman P, Allen K, Bardsley A et al (2021) Towards post-
pandemic sustainable and ethical food systems. Food Ethics [Internet] 6(1). https://doi.org/10.
1007/s41055-020-00084-3


http://www.fao.org/nr/water/aquastat/main/index.stm
http://www.fao.org/nr/water/aquastat/main/index.stm
https://flwprotocol.org/flw-standard/
https://doi.org/10.1038/nature10452
https://doi.org/10.1016/S0140-6736(09)61753-0
https://doi.org/10.3390/su11205816
https://doi.org/10.14507/epaa.v7n26.1999
https://doi.org/10.1017/s0029665112002947
https://doi.org/10.1111/j.1365-2664.2007.01292.x
https://doi.org/10.1111/j.1365-2664.2007.01292.x
https://doi.org/10.1007/s12571-013-0321-5
https://doi.org/10.1017/s0021859610000936
https://doi.org/10.1016/s0925-5273(97)00036-4
https://doi.org/10.1073/pnas.0604882103
https://doi.org/10.3945/an.113.005553
https://doi.org/10.3945/an.113.005553
https://doi.org/10.1007/s10457-009-9229-7
https://doi.org/10.1007/s41055-020-00084-3
https://doi.org/10.1007/s41055-020-00084-3

Food Sustainability: Challenges and Strategies 101

Kalnikaite V, Rogers Y, Bird J, Villar N, Bachour K, Payne S et al (2011) How to nudge in situ:
designing lambent devices to deliver salient information in supermarkets. In: Proceedings of the
13th international conference on Ubiquitous computing. ACM, New York, NY, USA

Kassam A (2008) Agriculture at a crossroads: synthesis report of the international assessment of
agricultural knowledge, science, and technology for development (IAASTD). In: Mcintyre BD,
Herren HR, Wakhungu J, Watson RT (eds) Island Press, Washington, DC, p 95, US$20.00. ISBN
978-1-59726-550-8. Exp Agric [Internet]. 2010;46(1):115-116. https://doi.org/10.1017/s00144
79709990676

Kennedy E, Raiten D, Finley J (2020) A view to the future: opportunities and challenges for food
and nutrition sustainability. Curr Dev Nutr [Internet] 4(4):nzaa035. https://doi.org/10.1093/cdn/
nzaa035

Kloppenburg J Jr, Lezberg S, De Master K, Stevenson G, Hendrickson J (2000) Tasting food, tasting
sustainability: defining the attributes of an alternative food system with competent, ordinary
people. Hum Organ [Internet] 59(2):177-186. https://doi.org/10.17730/humo.59.2.868167712
7123543

Lang T (2009) Reshaping the food system for ecological public health. J] Hunger Environ Nutr
[Internet] 4(3—4):315-335. https://doi.org/10.1080/19320240903321227

Langhelle O (2000) Sustainable development and social justice: Expanding the Rawlsian framework
of global justice. Environ Values [Internet] 9(3):295-323. https://doi.org/10.3197/096327100
129342074

Lindrup MVA, Cheon E, Skov MB, Raptis D (2021) One byte at a time: Insights about meaningful
data for sustainable food consumption practices. In: Designing interactive systems conference
2021. ACM, New York, NY, USA

Looking Ahead in World Food and Agriculture, 201 1Looking Ahead in World Food and Agriculture:
Perspectives to 2050. Food and Agriculture Organization, Rome, 2011

Martins A (2009) Possibilities and limits of transgenics in ensuring food security and food
sovereignty. 4th GARNET Annual. Rome

Milder JC, Garbach K, Declerck F, Driscoll L, Montenegro M (2012) An assessment of the multi-
functionality of agroecological intensification. A report prepared for the Bill & Melinda Gates
Foundation

Millward DJ, Garnett T (2010) Plenary Lecture 3 Food and the planet: nutritional dilemmas of
greenhouse gas emission reductions through reduced intakes of meat and dairy foods: conference
on ‘over-and undernutrition: challenges and approaches’. Proc Nutr Soc 69(1):103-118

Ministry of Economic Affairs of the Netherlands (2016) Champions 12(3)

Morawicki RO, Diaz Gonzalez DJ (2018) Food sustainability in the context of human behavior.
Yale J Biol Med 91(2):191-196

Morone P, Koutinas A, Gathergood N, Arshadi M, Matharu A (2019) Food waste: challenges and
opportunities for enhancing the emerging bio economy. J Clean Prod 221:10-16

Nelson DE, Repetti PP, Adams TR, Creelman RA, Wu J, Warner DC et al (2007) Plant nuclear factor
Y (NF-Y) B subunits confer drought tolerance and lead to improved corn yields on water-limited
acres. Proc Natl Acad Sci USA [Internet] 104(42):16450—-16455. https://doi.org/10.1073/pnas.
0707193104

Oerke EC (2006) Crop losses to pests. J Agric Sci [Internet] 144(1):31-43. https://doi.org/10.1017/
s0021859605005708

Ostergren K, Gustavsson J, Bos-Brouwers H, Timmermans T, Hanssen OJ, Mgller H et al (2014)
Fusions definitional framework for food waste—full report

Pelletier N, Tyedmers P (2010) Forecasting potential global environmental costs of livestock produc-
tion 2000-2050. Proc Natl Acad Sci USA [Internet] 107(43):18371-18374. https://doi.org/10.
1073/pnas.1004659107

Poore J, Nemecek T (2018) Reducing food’s environmental impacts through producers and
consumers. Science [Internet] 360(6392):987-992. https://doi.org/10.1126/science.aaq0216

Popkin BM (1999) Urbanization-lifestyle changes and the nutrition transition. World Dev
27(11):1905-1916


https://doi.org/10.1017/s0014479709990676
https://doi.org/10.1017/s0014479709990676
https://doi.org/10.1093/cdn/nzaa035
https://doi.org/10.1093/cdn/nzaa035
https://doi.org/10.17730/humo.59.2.8681677127123543
https://doi.org/10.17730/humo.59.2.8681677127123543
https://doi.org/10.1080/19320240903321227
https://doi.org/10.3197/096327100129342074
https://doi.org/10.3197/096327100129342074
https://doi.org/10.1073/pnas.0707193104
https://doi.org/10.1073/pnas.0707193104
https://doi.org/10.1017/s0021859605005708
https://doi.org/10.1017/s0021859605005708
https://doi.org/10.1073/pnas.1004659107
https://doi.org/10.1073/pnas.1004659107
https://doi.org/10.1126/science.aaq0216

102 S. Sehgal et al.

Popp A, Lotze-Campen H, Bodirsky B (2010) Food consumption, diet shifts and associated non-CO2
greenhouse gases from agricultural production. Glob Environ Change [Internet] 20(3):451-462.
https://doi.org/10.1016/j.gloenvcha.2010.02.001

Poyatos-Racionero E, Ros-Lis JV, Vivancos JL, Martinez-Méfiez R (2018) Recent advances on
intelligent packaging as tools to reduce food waste. J Clean Prod [Internet] 172:3398-3409.
https://doi.org/10.1016/j.jclepro.2017.11.075

PremanandhJ (2011) Global consensus-Need of the hour for genetically modified organisms (GMO)
labeling. J Commer Biotechnol 17:37-44

Pretty J, Bharucha ZP (2014) Sustainable intensification in agricultural systems. Ann Bot [Internet]
114(8):1571-1596. https://doi.org/10.1093/aob/mcu205

Pretty J (2008) Agricultural sustainability: concepts, principles and evidence. Philos Trans R Soc
Lond B Biol Sci [Internet] 363(1491):447—-465. https://doi.org/10.1098/rstb.2007.2163

Ramachandran Nair PK, Mohan Kumar B, Nair VD (2009) Agroforestry as a strategy for carbon
sequestration. J Plant Nutr Soil Sci [Internet] 172(1):10-23. https://doi.org/10.1002/jpIn.200
800030

Raybould A, Quemada H (2010) Bt crops and food security in developing countries: realized
benefits, sustainable use and lowering barriers to adoption. Food Secur 2:247-259

Reaping the benefits: science and the sustainable intensification of global agriculture. The Royal
Society, London (2009)

Sajid A, Ayatullah, Khan AN, Igbal S, Abbas S, Natasha Kashif IA et al (2017) Socio-economic
constraints affecting sustainable rural livelihood. Arts Soc Sci J [Internet] 09(01). https://doi.
org/10.4172/2151-6200.1000324

Shafer SR, Walthall CL, Franzluebbers AJ, Scholten M, Meijs J, Clark H et al (2011) Emergence of
the global research alliance on agricultural greenhouse gases. Carbon Manag [Internet] 2(3):209—
214. https://doi.org/10.4155/cmt.11.26

Shafiee-Jood M, Cai X (2016) Reducing food loss and waste to enhance food security and envi-
ronmental sustainability. Environ Sci Technol [Internet] 50(16):8432-8443. https://doi.org/10.
1021/acs.est.6b01993

Sinha R, Cross AJ, Graubard BI, Leitzmann MF, Schatzkin A (2009) Meat intake and mortality:
a prospective study of over half a million people. Arch Intern Med [Internet] 169(6):562-571.
https://doi.org/10.1001/archinternmed.2009.6

Smith P, Martino D, Cai Z (2007) Agriculture. In: Climate change 2007: mitigation. In: Metz
B, Davidson OR, Bosch PR, Dave R, Meyer LA (eds) Contribution of Working Group III to
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, New York, NY

Smith P (2013) Delivering food security without increasing pressure on land. Glob Food Sec
[Internet] 2(1):18-23. https://doi.org/10.1016/j.gfs.2012.11.008

Stocking M, Murnaghan N (2001) Handbook for the field assessment of land degradation. Earthscan
Publications, London

Teixeira JA (2018) Grand challenges in sustainable food processing. Front Sustain Food Syst
[Internet] 2. https://doi.org/10.3389/fsufs.2018.00019

The state of food security and nutrition in the world 2022. FAO (2022)

Thomas P (2010) Healthy planet eating: how lower meat diets can save lives and the planet

Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S (2002) Agricultural sustainability and
intensive production practices. Nature [Internet] 418(6898):671-677. https://doi.org/10.1038/
nature01014

Tilman D, Balzer C, Hill J, Befort BL (2011) Global food demand and the sustainable intensification
of agriculture. Proc Natl Acad Sci USA [Internet] 108(50):20260-20264. https://doi.org/10.
1073/pnas.1116437108

Tuscano M, Lamine C, Bre-Garnier M (2021) Fostering responsible food consumption: a framework
combining practice theories and pragmatism applied to an institutional experimental tool. J Rural
Stud [Internet] 86:663—672. https://doi.org/10.1016/j.jrurstud.2021.05.029


https://doi.org/10.1016/j.gloenvcha.2010.02.001
https://doi.org/10.1016/j.jclepro.2017.11.075
https://doi.org/10.1093/aob/mcu205
https://doi.org/10.1098/rstb.2007.2163
https://doi.org/10.1002/jpln.200800030
https://doi.org/10.1002/jpln.200800030
https://doi.org/10.4172/2151-6200.1000324
https://doi.org/10.4172/2151-6200.1000324
https://doi.org/10.4155/cmt.11.26
https://doi.org/10.1021/acs.est.6b01993
https://doi.org/10.1021/acs.est.6b01993
https://doi.org/10.1001/archinternmed.2009.6
https://doi.org/10.1016/j.gfs.2012.11.008
https://doi.org/10.3389/fsufs.2018.00019
https://doi.org/10.1038/nature01014
https://doi.org/10.1038/nature01014
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1016/j.jrurstud.2021.05.029

Food Sustainability: Challenges and Strategies 103

Unilever PLC (2017) Five steps to reduce food loss and waste [Internet]. Unilever PLC. https://www.
unilever.com/news/news-search/2017/five-steps-to-reduce-food-loss-and-waste/. Cited 25 Aug
2023

United Nations: Department of Economic and Social Affairs: Population Division (2019) World
population prospects: highlights, key findings and advance tables. United Nations, New York,
NY

Vigsholm I, Arzoomand NS, Bogvist S (2020) Food security, safety, and sustainability—getting the
trade-offs right. Front Sustain Food Syst [Internet] 4. https://doi.org/10.3389/fsufs.2020.00016

del Valle MM, Shields K, Alvarado Vazquez Mellado AS, Boza S (2022) Food governance for
better access to sustainable diets: a review. Front Sustain Food Syst [Internet] 6. https://doi.org/
10.3389/fsufs.2022.784264

Vij S, Tyagi AK (2007) Emerging trends in the functional genomics of the abiotic stress response
in crop plants. Plant Biotechnol J [Internet] 5(3):361-380. https://doi.org/10.1111/j.1467-7652.
2007.00239.x

Vittersg G, Tangeland T (2015) The role of consumers in transitions towards sustainable food
consumption. The case of organic food in Norway. J Clean Prod [Internet] 92:91-99. https://
doi.org/10.1016/j.jclepro.2014.12.055

Wahbeh S, Anastasiadis F, Sundarakani B, Manikas I (2022) Exploration of food security challenges
towards more sustainable food production: a systematic literature review of the major drivers
and policies. Foods [Internet] 11(23):3804. https://doi.org/10.3390/foods 11233804

Wezel A, Herren BG, Kerr RB, Barrios E, Gongalves ALR, Sinclair F (2020) Agroecological
principles and elements and their implications for transitioning to sustainable food systems. A
review. Agron Sustain Dev [Internet] 40(6). https://doi.org/10.1007/s13593-020-00646-z

Willett W, Rockstrom J, Loken B, Springmann M, Lang T, Vermeulen S et al (2019) Food in the
Anthropocene: the EAT-Lancet Commission on healthy diets from sustainable food systems.
Lancet [Internet] 393(10170):447-492. https://doi.org/10.1016/s0140-6736(18)31788-4

Wolfenbarger LL, Naranjo SE, Lundgren JG, Bitzer RJ, Watrud LS (2008) Bt crop effects on
functional guilds of non-target arthropods: a meta-analysis. PLoS One [Internet] 3(5):e2118.
https://doi.org/10.1371/journal.pone.0002118

World agriculture towards 2030/2050, 2012World agriculture towards 2030/2050: the 2012 revision.
Food and Agriculture Organisation, Rome (2012)

Wrap W (2009) Household food and drink waste in the UK

Wunderlich SM, Martinez NM (2018) Conserving natural resources through food loss reduction:
production & consumption stages of the food supply chain. Int Soil Water Conserv Res 6(4):331—
339

Zimmermann A, Rapsomanikis G (2023) Trade and sustainable food systems. In: Science and
innovations for food systems transformation. Springer International Publishing, Cham, pp 685-
709


https://www.unilever.com/news/news-search/2017/five-steps-to-reduce-food-loss-and-waste/
https://www.unilever.com/news/news-search/2017/five-steps-to-reduce-food-loss-and-waste/
https://doi.org/10.3389/fsufs.2020.00016
https://doi.org/10.3389/fsufs.2022.784264
https://doi.org/10.3389/fsufs.2022.784264
https://doi.org/10.1111/j.1467-7652.2007.00239.x
https://doi.org/10.1111/j.1467-7652.2007.00239.x
https://doi.org/10.1016/j.jclepro.2014.12.055
https://doi.org/10.1016/j.jclepro.2014.12.055
https://doi.org/10.3390/foods11233804
https://doi.org/10.1007/s13593-020-00646-z
https://doi.org/10.1016/s0140-6736(18)31788-4
https://doi.org/10.1371/journal.pone.0002118

Responsible Consumption and Sustainable
Diets



Wild Edible and Wetland Plants )
of Manipur: Their Sustainable Food oo
Usage

Ringshangphi Khapudang, Lanchenbi Chanu Loukrakpam,
Sadhana Jadaun, Usha Sharma, and Saleem Siddiqui

1 Introduction

The wild edible plants (WEPs) and wetland plants (WLPs) refers to plants that have
one or more edible parts suitable for consumption as food when harvested at the
right stage and prepared correctly (Kallas 2010). They play a significant role in the
lives of the indigenous communities around the globe (Reyes-Garcia et al. 2005;
Mengistu and Hager 2008) by providing nourishment, dietary variety and medicinal
benefits (Fig. 1) (Ogle 2001; Pieroni and Price 2006). However, the current global
food production system heavily relies on a limited number of domesticated species
contributing to 90% of total food production (Misra et al. 2008). The over-reliance
on this small range of crops creates potential vulnerabilities in modern agriculture,
making it susceptible to abiotic and biotic pressures and the neglect of numerous wild
plants that grow naturally intensify the situation. The incorporation of wild plants in
the agricultural practices can crucially enhance the sustainability thereby mitigating
the potential of excessive reliance on these crops. The additional advantage is that
the usage of wild plants are deeply rooted in the tradition and culture of world’s
indigenous communities, where it contribute as a means of subsistence and income
generation (Purba and Silalahi 2021). The wild plants also offer the dietary diversity
by acting as a staple food and providing nutrition, where the plants provide essential
nutrients, vitamins and minerals surpassing that of cultivated vegetables. The wild
plants also exhibit medicinal or therapeutic properties owing to the biologically active
compounds, which are considered not only as food but also high quality nutraceutical.
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Fig. 1 Importance of WEPs and WLPs

These plants also contribute to the food security by serving as a buffer during the
scarcity of conventional food sources (Thakur and Belwal 2022). Apart from these,
it also provides an alternative source of income for the marginalized rural population
(Medhi et al. 2014).

Harnessing the potential of these plants can significantly enhance the sustainability
in agriculture where the need of inputs can reduce the impact on environment because
the broad array of genetic traits inherent to these plants can be used to develop new
crops through domestication. Despite the immense importance of these plants, it
remained widely unknown and underutilized due to its limitation to specific regions
or communities. With rapid decline of the traditional knowledge of these plants,
limited information on nutritional value and increasing dependence on the processed
foods, documenting the diversity, usage, conservation, management and sustainable
approach to these plants are crucial. By understanding the potential of these plants,
the stakeholders can collaborate to promote sustainable approaches and practices
that can facilitate the integration of these plants into the agroforestry and agricultural
systems to bolster their dietary value.

The state of Manipur (Fig. 2) is inhabited by various ethnic groups and commu-
nities of India following various cultural practices. The Naga, the Kuki and the Mizo
tribes in the hills of the state and the valley is populated by the Meitei and the Meitei
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Pangal (Khan et al. 2015). Manipur has an area of 22,327 km? where hill area accounts
for 67% of total land area which serves as a prime habitat of many wild plant species;
and wetland area of nearly 592 km? which are situated in lowlands comprising of
21 lakes, 2 ox-bows, 2 reservoirs, 130 water logged sites (ENVIS Centre 2015).
The region is also a part of the Indo-Burma biodiversity hot spot which is one of
the 25 globally recognized biodiversity hot spot (Singh et al. 2009), making it a
region blessed with rich endemism of wild plants. It was reported by Chatterjee et al.
(2006) that in Manipur there are 13,500 plant species of which 7000 are endemic.
Charkraborty et al. (2012) reported that some 2500 species of flowering plant exist
in the state.

This chapter aims to explore the main characteristics and consumption pattern
of some wild plants highlighting the rich diversity and traditional knowledge of
their dietary usage. By understanding these aspects, it facilitates the preservation
and conservation of these underutilised plants. The potential and future scope for
sustainability will also be addressed and discussed.

Nagaland .

|
~ 1\

/ 9 Do Forest

N / Open Foeest

L (/Nom Fersst
Water Bodies

Fig. 2 Map of Manipur
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2 Wild Edible Plants

The WEPs with diverse range play a vital role in food security for the ethnic commu-
nities of Manipur, particularly in remote villages. Traditionally, these ethnic commu-
nities rely on the seasonal WEPs to provide as the necessary source of nutrition. The
diverse climate variations of Manipur contribute to its abundant biodiversity which
is greatly valued and utilized by the indigenous people. The people of Manipur also
possess extensive knowledge about the flora and fauna and their traditional practices
often entail the use of forest resources. Furthermore, folk medicine is also preva-
lent among all the ethnic communities of the state (Deb et al. 2015). While limited
research studies have conducted on the nutritional quality and food processing poten-
tial of these sources, the existing research indicates that many common WEPs possess
high nutritional and nutraceutical properties. In fact, the nutrients such as vitamins,
minerals and antioxidant found in these plants often surpass those of commercial
crops (Sharma et al. 2013). The rough estimate of all the markets in the major four
districts of the state indicates the consumption of approximately 90 tonnes of wild
fruits and 90-200 tonnes of WEPs. These fruits and vegetables are not only regarded
as the source of sustenance but also believed to have medicinal and health promoting
properties. More than 250 different species of wild plants are used as food in this
region (Devi et al. 2010). The ethnic communities have developed traditional cuisines
that incorporate a wide variety of WEPs. Singju, Eromba/Eronba, Ooti, Chagaem-
pomba and Kangsoi are some of the traditional dishes that form an essential part
of their daily dietary habit which are often prepared by a combination of WEPs
and fermented fish called Ngari, chilli and other vegetables. While the preparation
method is similar, the utilization of these WEPs differs according to the communi-
ties based on their taste preference and dietary habit. Including one or more wild
edible plants is an integral aspect of the local cuisine. Some of the traditional dishes
prepared from them are as follows:

(1) Singju: It is traditional salad, a raw dish that combines various wild leafy
vegetables with fermented fish, chilli and other ingredients like cabbage
(Fig. 3a).

(i) Eromba/Eronba: This dish is cooked by boiling plants parts (stems, rhizomes,
leaves, inflorescences) and mashing with them potatoes or peas along with
chilli, fermented fish resulting in a gravy-like (Fig. 3b).

(iii) Ooti: The preparation involves boiling a mixture of vegetables (stems, leaves)
together with rice and a small amount of sodium bicarbonate (Fig. 3c).

(iv) Chagempomba: This traditional dish is cooked by boiling soyabean, rice, and
some of leafy vegetables (Fig. 3d)

(v) Kangsoi: This traditional stew is made by boiling a combination of leafy
vegetables and potatoes with chilli, salt, fermented fish and small dried fish
(Fig. 3e)
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D: éhagempomba E: Kangshoi

Fig. 3 Traditional Manipuri dish (a—e)

2.1 Classification of WEPs on the Basis of Plant Part Used

The WEPs constitutes a significant portion of around 40% of the vegetables and fruits
available in local market throughout the year. The WEPs exhibit diverse life forms
including trees, shrubs, herbs, climbers, creeper, weeds and hydrophytes. When it
comes to edible parts, leaves are the most dominant, followed by shoots and stems.
These parts are consumed as cooked vegetables through boiling, steaming or frying.

The WEPs have classified into following different groups on the basis of the plant
part that bear more economic importance and food use.

(i) Leafy Vegetables

Numerous WEPs are commonly ingested as a source of leafy vegetables. Konsam
etal. (2016) conducted a survey on the WEPs from the 20 major markets of Manipur
and reported that for 49% of the total wild plants, leaves were the widely consumed
part, being used as vegetable; herbal medicine in treatment of bronchitis, tooth ache,
diabetics, etc.; and also as poultry feed, fuel-wood and fencing material. Some of the
wild edible leafy vegetables are illustrated in Fig. 4. The information on different
types of wild edible plants, where the leaves are used as the major edible part, has
been presented in Table 1.
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3. Chuchurngmei 4. Heiba mana
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Fig. 4 Some wild leafy vegetables

(ii) Fruits

The fruits obtained from the edible wild plants plays an important function in
supporting livelihoods to indigenous people in Manipur. In Fig. 5, some of the wild
edible fruits are shown. Table 2 documents the fruits and seeds that are used by
the people for various purposes. In rural areas of Manipur, fruits of Tamarindus
indica, Zizphus mauritiana, Phyllanthus embilica, Spondias pinnata, Malus baccata
are extensively utilized in preparation of pickle, fruit curry called hei-thongba, etc.
(Khan et al. 2015; Salam et al. 2019). Similarly, for the preparation of indigenous
wine called AtingbalYu, Artocarpus heterophylulus, Averrhoa caramhola and Pyrus
indica are used. Apart from the dietary use of the fruits, the fruit trees are used as
charcoal, firewood, construction timber from Eugenia jambolana Lam., Artocarpus
heterophllus Lamk., A. lakoocha Roxb., Olea ferrguniea Royle., Terminalia chebula
Retz., Tamarindus indica L. and Ziziphus mauritiana Lam. Dyes from some of the
fruits such as Terminalia chebula Retz., Eugenia jambolana Lam., Rhus semialata
Murr., Punica granatum L. and Phyllanthus embilica L., are used in local handicraft
industries for colouring the traditional attire of men and women. Some of the wild
fruits are used to produce oil especially from the peels of Citrus limon (L.) Burm. f.
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Local names Scientific name Family Mode of utilization or
preparation
Anpuinu Hiptage sp. Malpighiaceae Consumed either raw or
steam with chutney
Ansah Spilanthes paniculata | Asteraceae Cooked along with other
Wall. ex DC. vegetables
Ansingteh Lycianthes laevis Solanaceae Cooked together either with
(Dunal) Bitter meat or rice
Anthru Momordica dioica Curcurbitaceae Cooked through boiling,
Roxb. ex Willd. commonly along with rice
known as “chagempomba”
Awaphadigom Eryngium foetidum L. | Apiaceae Used as a spice specially in
meat curry
BP mana/Khuthap | Clerodendrum Lamiaceae Consumed by boiling with
angouba colebrookianum Walp. salt or cooking them as
vegetables
Ching heiyen Antidesma acidum Phyllanthaceae Leaves are edible both in
Retz. their raw state and when
cooked as vegetables
Ching Yensil Antidesma diandrum | Euphorbiaceace Prepared and consumed as
(Roxb.) B.Heyne ex eromba, or cooked alongside
Roth. potatoes and dry fish
Chuchurngmei Sesbania sesban (L.) Leguminosae Raw leaves added in singju
Merr.
Heiba mana Exbucklandia populnea | Hamamelidaceae | Consumed raw in singju,
(R.Br. ex Griff.) eaten as cooked vegetable or
R.W.Br. used to make chutney
Heibi mana Vangueria spinosa Rubiaceae Leaves are added raw in
(Roxb. ex Link) Roxb. singju
Honghu Alocasia macrorrhizos | Araceae Cooked as a vegetables
(L.) G. Don
Huihu Derris wallichii Prain | Leguminosae Cooked with potatoes or as
eromba
Kanghumaan Meriandra bengalensis | Lamiaceae Used as a raw dressing for
(Roxb.) Benth. singju and eromba
Kongouyen Cissus javanica DC. Vitaceae Cooked by boiling together
with potatoes and dry fish
Lamthabi Cyclanthera pedata Cucurbitaceae Consumed by boiling them
(L.) Schrad. in water with a small amount
of salt (Champhut)
Moirang khanam | Clerodendrum Lamiaceae Steamed and subsequently
serratum (L.) Moon. used to make chutney
Monsaobi Chenopodium album L. | Amaranthaceae Cooked together with other

vegetables

(continued)
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Table 1 (continued)

R. Khapudang et al.

Local names Scientific name Family Mode of utilization or
preparation
Morok maan Solanum nigrum L. Solanaceae Either boiled and consumed
as such or cooked together
with meat or with rice
Mukthrubi Zanthoxylum Rutaceae Eaten raw with chilli, in
acanthopodium DC. fermented fish chutney or as
an additive in snail curry
(Tharoi thongba)
Naosekmanbi Zanthoxylum sp. Rutaceae Eaten raw as singju, cooked
as kangsoi or added in meat
curry
Oothum Wendlandia paniculata | Rubiaceae Tender leaves are consumed
(Roxb.) DC. as eromba along with black
pea or for preparation of
chutney
Sijou mana Eurya acuminata DC. | Pentaphylacaceae | Cooked as ooti,
chagempomba and eromba
Singjwal Zanthoxylum budrunga | Rutaceae Consumed raw in singju and
DC. cooked as vegetable dish
Sita phal Passiflora edulis Sims. | Passifloraceae Eaten as cooked vegetable,
added to meat curry
Toninkhok Houttuynia cordata Saururaceae Leaves are used as accessory
Thunb. additives or spice
Wah-vu Polygonum molle Polygonaceae Cooked and served as
D.Don vegetable dish
Yendang Cycas pectinata Cyadaceae Consumed raw in the form
Buch.-Ham. of singju and cooked before
being eaten as eromba

Source Konsam et al. (2016), Pfoze et al. (2011), Salam et al. (2012)

and fruits from Phyllanthus embilica L. However, the extraction from these fruits for
oil has reduced remarkably owing to readily available of oil products from external
market (Hazarika and Singh 2018).

(iii) Inflorescence

The consumption of wild edible flower has been a prevalent practice since the early
days of human civilization. People have incorporated these flowers into their diets
for various purposes such as for garnishing, used to make stir fried, dyes, etc. (Gupta
et al. 2018; Rop et al. 2012). These flowers are valued for their natural source of
antioxidant and recognized for their diverse biochemical properties including anti-
bacterial, anti-inflammatory, antimicrobial, anti-cancerous, anti-fungal etc. (Kumari
and Bhargava 2021). In times of famine, the integration of edible wild flower in
dietary routine enhances the variety of consumable food options as well as helps
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Fig. 5 Some wild edible fruits

alleviate food insecurity. While numerous inflorescences are edible, there remains a
lack of proper identification and documentation which is crucial for understanding
their usefulness (Gupta et al. 2018). Some of the edible inflorescence are shown in
Fig. 6. The information on various flowers of wild plants used as dietary source is
presented in Table 3.

(iv) Shoots, Stems, Rhizomes and Tubers

The use of a wide varieties of shoots, stems, rthizomes and tubers of wild plants are
reported. Meitei et al. (2022) reported on that the rhizomes of Zingiberaceae were
the most widely used as WEPs. It was also reported the use of tubers, stem pith and
pseudostem as WEPs. Konsam et al. (2016) reported the use shoots and stem (22%) as
the second highest consumed edible parts of the WEPs. Kongouyen (Cissus javanica),
Torong Khongnang (Ficus benghalenisis), Solunche/Jyan/Gariyangei (Elastostema
lineolatum) are among the highly consumed WEPs due to its unique taste, high
abundance, high market value and ease of processing. Khan et al. (2015) also reported
the medicinal value of the tender stems as WEPs. Premlata et al. (2020) reported the
uses of bamboo shoots consumed as food in the various parts of Manipur in the
form of dried, fresh, pickled, boiled and fermented form. The use of shoots, stems
rhizomes and tubers of WEPs has been documented in Table 4.

(v) Wild Edible Mushrooms

Wild mushrooms are a potential food reservoir amidst the dwellers of the forest rural
villages for their nourishment. Wild edible mushroom are consumed as vegetables
and are highly regarded as potential provider of fibers, proteins, phenols, vitamin
D2, antioxidant properties as well as essential macronutrients like magnesium and
potassium (Valverde et al. 2015). The United Nations and the FAO have acknowl-
edge the importance in integrating the edible wild mushroom as a source for human
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Table 2 Dietary use of some wild edible fruits
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Local name Scientific name Family Mode of utilization
Ching heiyen Antidesma acidum Retz. | Phyllanthaceae | Eaten as raw
Chingonglei Leucaena leucocephala | Fabaeceae Eaten raw as an
(Lam.) de Wit ingredient of singju,
cooked as eromba
Chorphon Elaeocarpus floribundus | Elacocarpaceae | Eaten raw, pickled,
Blume cooked, fruit beer
Heibi Meyna spinosa Roxb. ex | Rubiaceae Fruits are eaten raw
Link
Heibong Ficus auriculata Lour. Moraceae Eaten raw
Heibung Garcinia pedunculata Clusiaceae Eaten as raw or cooked
Roxb. ex Buch.-Ham. as hei thongba, dried
Heijampet Rubus ellipticus Sm. Rosaceae Eaten raw
Heijuga Juglans regia L. Juglandaceae Eaten raw
Heikhathei (Tangkhul) | Prunus salicina Lindl. Rosaceae Eaten raw and used to
make fruit beer
Heikru Phyllanthus emblica L. | Phyllanthaceae | Eaten raw, pickles.
Dried, fruit beer
Heimang Rhus chinensis Mill. Anacardiaceae | Eaten raw or powdered,
juice or candy
Heinoujam Averrhoa carambola (1.) | Oxalidaceae Eaten raw and made into
Merr. jam and candy
Heirikkokthong Artocarpus lacucha Moraceae Ripe fruits are eaten raw
Buch.-Ham. whereas unripe fruits
cooked as vegetables
Heirit Ficus semicordata Moraceae Eaten raw, fruit beer
Buch.-Ham. ex Sm.
Heithup Docynia indica (Colebr. | Rosaceae Eaten raw, used as
ex Wall.) Decne. pickle, roasted, candy,
fruit beer
Jam Syzygium cumini (L.) Myrtaceae Eaten raw and jam
Skeels
Kathai Hodgsonia heteroctita Cucurbitaceae | Chutney made from the
Hk.f. and Th (Syn. H. dried seeds
macrocarpa (Bl.) Cogn.
In DC)
Lam khamen Solanum torvum Sw. Solanaceae Cooked as vegetables
Lam naspati Pyrus pashia Rosaceae Eaten raw
Buch.-Ham. ex D.Don
Mange Tamarindus indica L. Leguminosae | Eaten raw
Nonganghei Myrica esculenta Myricaceae Eaten raw or pickled or

Buch.-Ham. ex D.Don

fruit beer

(continued)
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Table 2 (continued)

Local name Scientific name Family Mode of utilization

Saharthei (Tangkhul) Prunus cerasoides Rosaceae Eaten raw
Buch.-Ham. ex D.Don

Theikanthei (Tangkhul) | Prunus napaulensis Rosaceae Eaten raw and used to
(Ser.) Steud. make fruit beer

U-thanjing Castanopsis tribuloides | Fagaceae Seed are roasted and
A.DC. eaten

Sources Khan et al. (2015), Konsam et al. (2016), Salam et al. (2019)

- D

4.Nongmangkha 5.Pakhangba Leiton 6. Pheija Maton

Fig. 6 Some wild edible inflorescences

nourishment, recognizing as a sustainable practices to address the increasing dietary
requirements and food insecurity (Toshinungla et al. 2016). Apshahana and Sharma
(2018) conducted a market survey at Senapati hill district of Manipur revealing that
altogether 8 varieties of macrofungi associated with seven families were found to be
traded and consumed. They are mostly used as chutney, salads, in preparing soup
and other various dishes. Salam and Jamir (2018) also conducted a market survey in
Ukhrul district of Manipur and found 14 varieties of edible wild mushrooms associ-
ated with 8 genera under 7 families. Muragkar and Subbulakshmi (2005) reported on
the dietary status of wild edible mushroom, where it was reported that the mushrooms
contained protein (6.12 g/250 g), fat (0.172 g/250 g), sodium (0.077 mg/250 g) and
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Table 3 Dietary use of some wild inflorescences

R. Khapudang et al.

Local name Scientific name Family Mode of use
Kanghumaan Meriandra bengalenis | Lamiaceae Used as dressing in eromba or
(Roxb.) Benth. singju
Lam Phlagacanthus Acanthaceae Cooked as vegetable, boiled with
Nongmangkha | curviflorus (Nees) Nees rice
Laphu Musa balbsiana Colla | Musaceae Cooked as eromba or used as
ingredient of singju
Leibak kundo Portulaca oleracea L. | Portulaceae Cooked along with dried fish
Lidanipa Rhododendron Ericaceae Eaten raw and nectar is brew to
(Mao-Naga) arboreum Smith make wine
Mayanglambum | Leucas aspera (Willd.) | Lamiaceae Cooked as vegetable
Link
Mayangton Ocimum canum (Sims.) | Lamiaceae It is consumed raw in the formed
of chutney called morok metpa or
as condiments in eromba
Mukthrubi Zanthoxylum Rutaceae Used as spice
acanthopodium DC.
Nongmangkha | Phlagocanthes Acanthaceae Eaten as fried or as a sweet
thysiformis Nees. chutney
Pakhangba Euphoria hirta L. Euphorbiaceae | Eaten raw or cooked
Leiton
Pheija Maton Wendlandia glabrata Rubiaceae Eaten as raw in singju or made
DC. chutney or cooked as eromba
Sarei mapan Amomum sp. Zingiberaceae | Cooked as vegetable
Siing Zingiber officinalis Zingiberaceae | Used as spices and condiments
Roscoe
Yaipan Curcuma angustifolia | Zingiberaceae | Cooked as vegetable
Roxb.
Oosingsha Litsea cubeba (Lour.) Lauraeceae Raw used as chutney cooked as
mapan Pers. eromba

Source Devi et al. (2009), Thockchom et al. (2016)

zinc (3.72 mg/250 g). The information on wild edible mushroom used as dietary
source and their mode of utilization is presented in Table 5.

3 Wetland Plants

Wetlands are often referred to as “Wealth lands” or Biological supermarkets due to
their vast food chain and diverse biodiversity, which they support (Moirangleima
2010). Despite covering only about 2.5% of Manipur’s geographical area, nearly
99% i.e., 153 sites are situated in the valley and the other two wetland situated at
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Local name | Scientific name Family Mode of utilization
- Ensete glaucum (Roxb.) | Musaceae Pseudostem are cooked as
vegetables
- Hedychium ellipticum Zingiberaceae | Rhizomes cooked as vegetables
Buch.-Ham. ex Sm.
Laiwa Chimonobambusa Poaceae Cooked as eromba or as kanghou
callosa (Munro) Nakai (stir fried)
Langban Exallage auricularia (L.) | Rubiaceae Young shoots are cooked as
koukha vegetables
Laphu Musa balbisiana Colla Musaceae Pseudostem are cooked as eromba or
used as an ingredient of singju
Moubi-wa | Melacanna baccifera Poaceae Eaten boiled (Champhut) or with
(Roxb.) kurz. meat
Naat Cephalostachyum Poaceae Apical shoots are used to make
capitatum Munro fermented product ‘Soidon’
Nunggarei | Asparagus racemosus Asparagaceae | Shoots are cooked or eaten raw,
Willd. tubers are cooked
Oinam Paederia foetida L. Rubiaceae Young shoot are cooked as
vegetables
Sembang Cyperus rotundus L. Cypereace Tuber is boiled or eaten raw
kaothum
Sinthupi Dysoxylum gobara Meliaceae Tender stem are boiled and strain,
(Buch.-Ham.) merr. cooked as vegetables
Takhellei Hedychium spicatum Sm. | Zingiberaceae | Rhizomes cooked as vegetables
Hangampal
Toninkhok | Houttuynia cordata Saururaceae Roots are used as condiments or
Thunb. spice
Ui Dendrocalamus Poaceae Shoots are used to make fermented
manipureanus Naithani product called ‘soibum’ and is used
& Bisht to prepared eromba
Unap/ Dendrocalamus Poaceae Shoots are used to make fermented
Wanap hamiltonni Nees & Arn. product called ‘soibum’ and is used
ex Munro to prepared eromba
Utang Bambusa tulda Roxb. Poaceae Shoots are cooked as ushoi ooti and
usoi kangsu
Watankhoi | Dendrocalamus hookeri | Poaceae Shoots are cooked as ushoi ooti and

Munro

usoi kangsu

Source Premlata et al. (2020), Meitei et al. (2022)
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Table 5 Wild edible mushroom and their mode of utilization

R. Khapudang et al.

Local name Scientific name Family Utilization mode
Sipovar Agaricus campetris L. | Agaricaiae Eaten fried or cooked
with meat
Shiokkhanavar Auricularia polytricha | Auriculariaceae Eaten fried or with dal
(Mont.) Sacc.
Shiokkhanavar Auricularia delicata Auriculariaceae Cooked with dal
(Tangkhul)/Uchina (Fr.) Henn.
(Meitei)
Chengum Lactarius princeps Russulaceae Cooked as vegetable with
khomthokpi dry fish
Uyen Laetiporus sulphureus | Polyporaceae Consumed in the form of
(Fr.) Murr. Eromba mashed with
fermented fish
Thangjiyen Lentinula edodes Polyporaceae Cooked as vegetables in
(Tangkhul)/Uyen (Berk.) Pegler mixed with other
(Meitei) vegetables
Thangjiyen Lentinula lateritia Polyporaceae Eaten as Eromba (mashed
(Berk.) Pegler with fermented fish)
Uyen Lentinus conatus Berk. | Polyporaceae Cooked with pork meat
Uyen Lentinus Polyporaceae Cooked with meat
squarrossulus Mont.
Uyen Pleurotus flabellatus | Polyporaceae Consumed as simple
(Berk. and Br.) Sacc boiled vegetables along
dry fish
Uchekkhong Ramaria sanguinea Clavariaceae Eaten fried or cooked
(Tangkhul) (Pers.) Quel. with fish
Lengphong Schizophyllum Schizophyllaceae Cooked with fish or pork
(Tangkhul)/ commune Fr.
Kanglayen (meitei)
Varlang Termitomyces Tricholomataceae | Cooked with fish
clypeatus Heim
Shipungvar Termitomyces Tricholomataceae | Eaten fried or cooked
(Tangkhul)/Narin eurrhizus (Berk.) with meat
(Meitei) Heim

Source Salam et al. (2019), Khan et al. (2015)

hill district (ENVIS Center 2015). Loktak lake is largest among these wetlands, with
an area of 286 km?, and holds global significance as it is recognized as Ramsar
site. Wetlands are exceptionally valuable and highly productive ecosystem on global
scale. They play an important function at ensuring health, welfare as well as safety
to the communities residing in and around them as these wetlands provide edible
plants, useful vegetation, fish and even edible insects for household consumption
and medicinal purposes (Fig. 7). Moreover, these local inhabitants sell the abundant
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Fig. 7 Some wetland plants

edible plants and fishes at local market to generate revenue and sustenance (Trisal
and Manihar 2002).

3.1 Dietary Use of Wetland Plants

A large number of edible WLPs that are supplied by these wetlands acts as a signif-
icant function in the lives of the indigenous people. WLPs serve various purposes
including food and medicine and also contribute to aesthetic, income, fodder and
handicrafts (Meitei and Prasad 2015). As a result, the WLPs hold high socio-cultural
significance (Trisal and Manihar 2002).
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The traditional Manipuri dishes like eromba, kangsoi, kangsu, shak, singju and
Ooti also rely heavily on fresh edible plants from these wetlands. Eromba is made by
cooking Alpinia nigra, Colocasia esculenta, H. coronarium, chilli and potato. After
boiling, the vegetables are then smashed and combined with fermented fish called
‘Ngari’. In preparation of Kangshoi, includes Jussiaea repens, Crotalaria juncea and
Persicaria chinensis shoots boiled with onion, potatoes, chilli, fermented fish and
spices. Kangsu is made by boiling Persicaria posumbu, Centella asiatica, potato,
chilli and mashing them with fermented fish. Shak involves boiling tender shoots of
Ipomoea aquatica with fish, potato and spices. Singju, a salad, combines Alocasia
cucullata, Ipomoea aquatica, Neptunia oleracea, Oenanthe javanica with fermented
fish and chilli. Ooti includes Alternanthera philoxeroides and Colocasia esculenta
leaves boiled with green peas, chilli, spices, fermented fish and sodium bicarbonate.
These dishes are an integral part of the daily meals of the local population (Meitei
and Prasad 2015). Some of the widely available WLPs of Manipur are shown in
Fig. 7. The information on dietary usage of some wetland plants and their mode of
utilization is presented in Table 6.

Edible WLPs also provide nutrition to the local inhabitants. The carbohydrate
content on the selected species contain between 3.4 and 32.5%, the protein content
ranges around 2.6-20.2%, total phosphorus content ranges from 0.4 to 0.991%,
sodium, potassium ranges from 0.017 to 0.24% and 0.018 to 0.417%, respectively
(Jain et al. 2011). Additionally, edible wetland plant Lemanea australis exhibited
high micro-nutrient (copper, zinc) content i.e., 31.20 and 62.40 ppm, respectively
(Jain et al. 2011).

In addition to being a dietary sources, some WLPs also possess medicinal prop-
erties such as the root extract of Argyreia nervosa is used to treat rheumatism and
nervous disorders while a paste made from Cynodon dactylon shoot is applied on
cuts, wounds and used in treatment of dropsy and epilepsy. Furthermore, Z. lati-
folia inflorescence extract is used in treating indigestion (Meitei and Prasad 2015).
So, the wetlands not only sustain the local communities’ nutritional needs but also
contributes to their well-being through traditional medicine practices.

4 Importance and Future Scope

Harvesting and selling of WEPs and WLPs directly from their natural habitats may
seem cost-effective and effortless, but it possess a serious threat of shortage and
even extinction for these plants due to reckless collection (Srivastava et al. 2010).
To ensure the sustainable utilization of these wild plants, two conservation strategies
are crucial: domestication and processing (Joshi et al. 2015).

(i) Domestication: Domestication of wild plants is a logical solution to conserve
the threatened wild species and ensure their sustainability. However, it is a
challenging process to cultivate these wild plants due to lack of knowledge on
suitable agrotechniques and only a tiny fraction (0.5%) of plant species has been
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Table 6 Dietary usage of some wetland plants of Manipur and their mode of utilization

Local name Scientific name Family Mode of utilization or
preparation
Heikak Trapa natans Linn Trapaceae Fruits are consumed either
cooked or raw; while petiole are
eaten as eromba and singju
Huikhong Viola pilosa Blume Violaceae Shoots are consumed with dried
fish
Esing Ikaithabi | Neptunia oleracea Lour. | Mimosaceae Shoots are either consumed as
eromba or raw as singju
Ishingkambong | Zizania latifolia Turcz. | Poaceae Infected inflorescence is
ex Stapf. roasted over fire and consumed
with molasses and rice
Kabo-napi Alternanthera Amaranthaceae | Tender shoots are cooked as a
philoxeroides Griseb. traditional dish called as ooti
together with many other
vegetables together
Kanghoo Alpinia galanga Willd. | Zingiberaceae Rhizomes are cooked and
smashed with fermented fish,
chilli and served as a meal
during both lunch and dinner
Kengoi Persicaria posumbu Polygonaceae Aerial parts of the plant cooked
(Buch.-Ham. ex D.Don) together with dry fishes and and
H. Gross consumed as food
Kokthum Eleocharis dulcis Linn. | Cyperaceae Root cooked with molasses &
eaten as snacks
Kolamni Ipomoea aquatica Convolvulaceae | The shoots are cooked and
Forsk. consumed
Komprek Oenanthe javanica Apiaceae Shoots & leaves are highly
(Blume) DC. regarded and preferred spices
for the preparation of singju
Komprek Enhydra fluctuans Lour. | Asteraceae Shoots are either consumed as
tujombi eromba or raw as singju
Koukha Sagittaria sagittifolia Alismataceae Roots are cooked and consumed
Linn. with molasses, and also used in
preparation of eromba and also
consumed as snacks fried in oil
Langbankoukha | Hedyotis auricularia Rubiaceae Tender shoots are cooked and
Linn. prepared as ooti
Lok-lei Hedychium coronarium | Zingiberaceae Rhizomes are cooked and
Koenig prepared as eromba
Namra Amomum aromaticum | Zingiberaceae Rhizomes are used as a

Roxb.

constituent in the preparation of
eromba

(continued)
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Table 6 (continued)

R. Khapudang et al.

Local name Scientific name Family Mode of utilization or
preparation
Nung-sam Lemanea australis Rhodophyceae | The dried and roasted filaments
Atkins are used to prepared chutney
(When roasted over fire the
plant produce characteristic
fishy smell making it suitable as
fish substitute)
Paan Colocasia esculenta (L.) | Araceae Both the corm and leaves are
Schott cooked and consumed as ooti
Peruk Centella asiatica (Linn.) | Apiaceae Whole plant is consumed as
Urban kangsu (Traditional dish
prepared by boiling and
mashing with potato and
fermented fish)
Pullei Alpinia nigra (Gaertn.) | Zingiberaceae Rhizomes are boiled along with
Burtt potato and used to prepared
eromba that is mashed with
potato, fermented fish and chilli
Singhut Narenga Poaceae Fungus infected inflorescence
kambong porphyrocroma Bor is roasted over fire and then
mashed with molasses and rice
before being consumed
Singju-paan Alocasia cucullata Araceae Corm is cooked with fermented
Schott soybean and consumed or
prepared traditional salad called
as singju
Thambal Nelumbo nucifera Nymphaeaceae | Flower, tender shoot, leaf and
Gaertn. roots are consumed raw as
salad; additionally the root is
cooked with molasses and eaten
as snacks
Thangjing Euryale ferox Salisb. Nymphaeaceae | Fruit is either cooked or eaten
raw as eromba; leaf petiole is
used in salad
Tharo-angangba | Nymphaea nouchali Nymphaeaceae | Petiole used in the preparation
Burma f. and consumed as singju
Tharo-angouba | Nymphaea alba Linn Nymphaeaceae | Petiole used in the preparation
and consumed as singju
Yelang Polygonum barbatum Polygonaceae Shoots are either cooked or
Linn eaten raw as singju
Yempat Plantago erosa Wall Plantaginaceae | The leaves are occasionally

cooked as vegetables

(continued)
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Table 6 (continued)

Lo

cal name Scientific name Family Mode of utilization or
preparation

Ye

nsil Oxalis corniculata Linn | Oxalidaceae Plant is cooked with seeds of
pea (Pisum sativum) and
consumed

Ye

rum-keirum | Stellaria media (L.) Vill | Caryophyllaceae | Shoots are cooked and
consumed as vegetable

Source Meitei and Prasad (2015), Jain et al. (2011), Devi et al. (2022)

(ii)

successfully domesticated (Kala 2006). In Manipur, the constraint are also due
small land holdings in the hill areas where most WEPs are sourced. Though a
few these wild plants such as Eurayle ferox (Thangjing), Saggitaria sagitifolia
(Kaokha), Hibiscus canabinus (Shougri), have been successful commercialised,
but most of them are still collected from the wild. The factors determining for the
domestication also depends on the commercial value, palatability and shelf-life
(Pfoze et al. 2011; Gangte et al. 2013).

Processing: Processing of these plants into finished products is another method
for conservation. By processing, the shelf-lives of these plants can be increased
and also allow to overcome seasonality, perishability issues, thereby reducing
the dependence on imported food products and contributing to food security and
income generation. Most common techniques of traditional food processing
in Manipur is sun drying and natural fermentation along with some tradi-
tional method of pickling. Some of the processed WEPs are sundried wild
mushroom species such as Schizophyllum commune (Kanglayen), Lentinula
edodes (U-yen), Auricularia auricularia (Uchina). With regard to the wild
fruits, Spondias pinnata (Heining), Rhus sp. (Heimang) are used in pickling and
making candy with brown sugar respectively. Emblica officinalis (Heikru), Eleo-
carpus floribundus (Chorphon), Micrococus paniculata (Heitup) and Gracinia
penduculata (Heibung) are boiled and sundried or to made candy or mouth
freshener. Starchy WLPs like Sagittaria sagitifolia (Koukha), Nymphaea rubra
(Lemphu), Cyperus escluntus (Kaothum), Trapa bispinous (Heikak) are boiled
and sold as ready to eat items (Sarangthem et al. 2019). Fermented food prod-
ucts from WEPs are fermented bamboo shoots such as Dendrocalamus hamil-
tonii (soibum) and Teinostachyum wightii (soidon), fermented seeds of Hibiscus
cannabinus (shougri) known as Gankhiangkhui and fermented wild Brassica
sp. (Ankamthu) are major fermented WEPs in the local markets of Manipur
(Wahengbam et al. 2020). These traditional fermented foods harbours GRAS
(generally regarded as safe) microorganisms with potential source of therapeutic
enzyme and other health benefits (Singh et al. 2014).

Despite the benefits of these wild plants consumption, challenges remain in

encouraging cultivation and establishing processing industries (Fig. 8). Indigenous
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Fig. 8 Challenges faced in conservation and sustainable use of WEPs and WLPs

people in rural areas as well as in tribal areas may be reluctant to switch to culti-
vation due to various reasons including lack of resources, knowledge (Salam et al.
2012). Additionally, the infrastructure for processing industries in Manipur is limited
affecting the consistent quality and quantity of processed wild plants. A significant
concern is the large number of endangered plant species in Manipur. Deforestation,
cultivation practices, mining, urbanization and other human activities have led to
habitat loss and endangerment of many plant species. Propagation and cultivation
techniques are urgently needed to reduce the pressure on these plants and prevent
their extinction. To unlock the economic potential of Manipur’s bio-resources, there
is aneed for scientific institutions focused on research that can convert these plants to
value added products, biotechnological intervention and documentation for sustain-
able development and proper utilization of these bio-resources (Sarangthem et al.
2019).

5 Conclusion

Wild edible plants and wetland plants of Manipur acts as a significant purpose in the
sustenance of the indigenous communities while offering valuable economic oppor-
tunities. However, the sustainable utilization along with value addition relies on
effective conservation and management efforts involving local communities, indus-
tries and government initiatives. Implementing standardized cultivation techniques
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for high value species can boost income generation and encourage continued culti-
vation. Promotion of value added techniques with low inputs and technology, along
with cost effective processing and packaging technologies can foster a viable small
scale industry. This approach will not only ensure better nutritional security but also
create employment opportunities in the state. Encouraging research and develop-
ment in this field can enhance and validate the traditional knowledge of the existing
wild plants. Despite the challenges in remote hill areas due to lack of infrastruc-
ture, exploiting the potential of these plants can act as a sustainable means for
socio-economic development in these areas and in the state too.
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Onion Bulbs: Store House of Potential )
Phytochemicals for Sustaining Health L

Hira Singh, Anil Khar, R. K. Dhall, and Shilpa Gupta

1 Introduction

Being an important bulbous vegetable and condiment crop, onion (Allium cepa L.)
has been grown for 5000 years because of its uniqueness. Across the globe, bulb
onion crop is cultivated in all climatic conditions (Singh et al. 2021b; Khar and Singh
2020). For proper bulb development with specific quality parameters, photoperiod
and temperature play critical roles. Since ancient times, several traditional plant-
based remedies are being used to cure many human ailments and passed on from
one generation to another generation. India has enriched well-established traditions
and legacy to use plant-based folk medicines which are well documented in Indian
literature. Such practices are regional, local, religious and ethnic group-based (Singh
et al. 2022).
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Meaning of the above
“The consumption of onion makes the man healthy,
stout and energetic. His voice turns to melodious
and body skin becomes lustrous”

The importance of onion bulbs is evident from the Charka-Samhita—a well-
known medicinal treatise written during the sixth century. It would be great to mention
here that Indian literature documented the onion therapeutic properties in ‘Palan-
dukalp’ as bulb onions are valuable for upkeeping of good health, the energetic and
physical strength of the body, and glowing skin (Kolekar et al. 2021; Singh 2017).
This bulb crop possessed wide diversity in terms of bulb shape, colour, dry matter
content, pungency and other bioactive compounds.

Queen of French cuisine, Julia Child narrated “It is hard to imagine a civiliza-
tion without onions”. Onion bio-functional and bioactive compounds are playing a
great role in maintaining physical well-being of the human body (Ali et al. 2000).
Onion bulbs are used to avoid various seasonal ailments and other related health
issues, singly or in combination with other plant-based products. Getting cue from
the available traditional knowledge, nutritionists and food scientists assessed further
its medicinal and healing properties for a modern society based on the scientific
background (Arshad et al. 2017; Suleria et al. 2013; Block 1992; Cazzola et al.
2011; Gulsen and Ayaz 2010). Moreover, World Health Organization (WHO) also
documented the use of extracts obtained from onion bulbs to treat cough, cold, bron-
chitis, relieving hoarseness, appetite loss, asthma, and atherosclerosis. Having higher
concentrations of flavonoids and powerful antioxidants, onion bulbs have become a
fascinating and interesting vegetable crop (Griffiths et al. 2002).

Taxonomic Classification

Kingdom: Plantae
Division: Magnoliophyta
Class: Liliopsida
Order: Asparagales
Family: Amaryllidaceae
Genus: Allium

Species: cepa

Edible Parts: Bulb and leaves
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As per the NHRDF survey, the highest consumption of onion bulbs per capita per
day was documented at 56.58 g in Punjab followed by 55.93 g in Himachal Pradesh
and 51.34 g in Haryana, while the lowest was recorded at 37.68 g in Tamil Nadu,
40.82 g in Delhi and 41.71 g in Bihar. The national average consumption had been
estimated as 45.63 g only. Mountainous state of Himachal Pradesh was recorded to
be the minimum-producing state of bulb onions in India (Bhaskar et al. 2018).

Several medicinal properties of onion bulbs have been well mentioned in the
Garuda Purana and by India’s great sage Atreya (Kameshwari 2013). Further,
Ayurveda anticipates onions as versatile and multipurpose uses for example cardio-
vascular diseases, promoting expectoration, diabetes, hypertension, and for reduc-
tion of phlegm (Singh et al. 2023a; Kapoor 2018; Nadkarni 1954; Bakhru 1993;
Verotta et al. 2015). As documented in Charaka Samhita and Susruta Samhita, onion
bulbs enhance strength and immunity. Yogi Bhajan mentions the therapeutic worth
of the combination of three herbs such as onion bulbs, garlic bulbs, and ginger. This
combination he called trinity roots (Khalsa and Tierra 2010). Being a strong antiox-
idant flavonoid, quercetin makes onion bulbs so special and this compound is found
near the bulb skin. This compound has been exploited traditionally for preventing
several health ailments, for example, regulation of higher blood pressure or lowering
of hypertension, diabetes, antibacterial properties, immune stimulant, cardioprotec-
tive, anti-inflammatory, antioxidant potential, reducing stroke risk and neuropathy,
controlling levels of cholesterol, dyspepsia treatment and anticancer (Batiha et al.
2020). Intake of dietary plant-based flavonoids has potential to reduce the risk of
chronic human diseases (Carter and Tourtellotte 2007; Jiang et al. 2006; Choucair
et al. 2006; Scalbert and Williamson 2000). Natural diversity in the concentration of
various nutrients and phytochemicals is because of genotypic architecture, maturity
stage, part of the plant, and storage conditions (Singh et al. 2022, 2023a; Patil et al.
1995).

2 Onion Bulbs as Folk Medicines and Health Functions

In the old literature, medicinal uses of onion bulbs are clearly documented for
multiple purposes. With peculiar properties and possessing of an array of biochem-
ical compounds, onion bulbs are used to cure colds, sour throat, cough, asthma,
and so on (Singh and Khar 2021; Arshad et al. 2017; Suleria et al. 2013; Cazzola
et al. 2011; Gulsen and Ayaz 2010; Block 1992). Now, it is strongly projected to
fascinate immense attention and focus on the health advantages of bulb onions and
their invariable applications and consumption to prevent and manage various chronic
ailments and diseases. Onion bulbs are enriched with a wide array of diverse phyto-
chemicals and phytonutrients having beneficial bio-functional, comprising of sulfur
compounds (Zamiri and Hamid 2019; Moreno-Rojas et al. 2018), polysaccharides
(Ma et al. 2018), phenolics (Ren et al. 2017; Lee et al. 2017; Viera et al. 2017)
and saponins (Dahlawi et al. 2020; Lanzotti et al. 2012). Mixing onion juice with
sugar is used to get relief from cough, sour throat, and cold in the children. Being a
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great source of diverse amino acids like methionine, tryptophan, cysteine, glutamine,
asparagine, isoleucine (Gulsen and Ayaz 2010), onion bulbs have immense immunity
booster potential as well as anti-asthmatic activities (Arshad et al. 2017; Stajner and
Varga 2003).

2.1 Anticancer Properties

Allium species have potential concerns owing to their advantageous properties against
cancer. This property is associated due to the presence of various bioactive and
functional compounds including organosulfur compounds, saponins and flavonoids
(Nohara and Fujiwara 2017; Asemani et al. 2019). Intake of onions in the diet,
lowers the risk of various cancers such as gastric cancer (Turati et al. 2015), breast
cancer (Desai et al. 2020), colorectal cancer (Wu et al. 2019), and digestive system
cancer (Guercio et al. 2016). Various scientific studies were conducted to assess the
anticancer properties of bulb onions (Nile et al. 2021; Desai et al. 2020; Yasmin
et al. 2017; Zhao et al. 2017; Ravanbakhshian and Behbahani 2018). Further, it was
observed that the onion extract anticancer potential was augmented by encapsulating
on nano chitosan in multiple cancer cell lines (Alzandi et al. 2022). Moreover, it was
also documented that dietary intake of fresh onion bulbs declined blood glucose on
fasting and enhanced sensitivity towards insulin in doxorubicin-treated breast cancer
patients (Jafarpour-Sadegh et al. 2017). It could be concluded that bulb onions have
exceptional anticancer activities. However, its anticancer potential should be further
systematically tested and validated by conducting intensive clinical trials.

2.2 Onion Bulbs and Vitamin C

Being a water-soluble vitamin, this vitamin has achieved great attention from food,
nutrition, and plant researchers owing to its strong antioxidant activities (Campos
et al. 2009). During COVID-19 (SARS-CoV2) pandemic, this vitamin got unex-
pected popularity among common people as an important immunity booster (Carr
and Rowe 2020; Kumari et al. 2020; Singh et al. 2022). The deficiency of Vitamin
C results to cause scurvy, anaemia, bleeding gums, neurotic disturbances, muscle
degeneration, poor healing of wounds, etc. (Igbal et al. 2004). Among vegetables,
bulbs of onion contain a good amount of Vitamin C (Mitra et al. 2012). Elhassaneen
and Sanad (2009) quantified Vitamin C concentrations of 14.63 and 13.84 mg per
100 g of fresh bulb onion portion of red and white varieties, respectively.

Singh et al. (2022) estimated the concentration of Vitamin C in the fresh onion
bulbs from forty-five Indian commercial cultivars and observed significant variability
for Vitamin C among selected cultivars was recorded. The concentration ranged from
4.94 to 45.05 mg/100 g on a fresh weight basis (FW) and also observed bulb colour
influenced the availability of Vitamin C in the fresh bulbs. The Vitamin C levels
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were relatively low in the white-coloured bulbs compared to light-red coloured bulbs.
The variety having red coloured bulbs ‘NHRDF-Red’ (L-28) possessed the highest
amount of Vitamin C (45.05 mg/100 g of FW), followed by ‘RO-59° (31.01) and
Bhima Dark Red (20.48 mg/100 g). About 9 times difference was determined among
the highest and lowest amount recorded. Scientifically, it is well documented that
several factors like genotype, physiological stage of the bulb, and seasonal conditions
influence the quantity of several phytochemicals significantly possessed by bulbs
(Bilyk et al. 1984; Crozier et al. 1997; Sellappan and Akoh 2002).

2.3 Rich Source of Potassium: Hypertension and Blood
Pressure

Globally, non-communicable diseases (NCDs) such as hypertension, diabetes, and
so on are becoming the great cause of death and count for 80 percent deaths because
of NCDs in lower to middle economic countries (WHO 2010). Predominantly, NCDs
comprising of diabetes, cardiovascular or heart diseases, cancer and chronic misfunc-
tioning of lungs are the responsible for major untimely and unnatural mortalities.
Among all, hypertension or elevated blood pressure, is also considered as silent
killer because of non-observable symptoms in several persons which is now become
a major health issue worldwide (WHO 2013). An unhealthy and unbalanced diet is
a major factor among various causing NCDs and other metabolism-based disorders.
This is listed as the major cause of hypertension. According to WHO, the population
from lower to middle-income countries intake table salt much higher than the recom-
mended level which is associated with trans-fatty acids and saturated fats. Since the
1980s, the intake of fat has been increasing swiftly in these countries (WHO 2010).
According to the WHO, high sodium and low potassium in the Western diet are impli-
cated in the pathogenesis of high blood pressure, which is the basic and foremost
cause of myocardial infarction and death. A population-based approach and precision
nutrition are needed to prevent and cure IA. Besides genetics, unhealthy diets, lack
of exercise, and highly saturated fatty foods have been considered leading factors
for causing hypertension. Naturally, sodium content is more in foods, especially
processed and snacks. To counter this, identification and selection of plant-based
food having higher potassium/sodium ratio is need of the hour. Compared to other
vegetables, bulb onions could be a good alternative option since their bulbs possess
higher potassium content.

The twenty-first century is working on the principle of “Food as Medicine” and
onion bulbs would assuredly play a bigger role in the coming future. Since antiquity,
onion bulbs played a significant role in the upkeep of good human health; being
used as culinary purposes in every Indian kitchen. Bulbs are possessing augmented
levels of Vitamin C, dietary fiber, folic acid, as well as possess a good amount of
calcium, iron, zinc, and potassium, whereas lesser contents of sodium and fat (Nile
and Park 2013; Abhayawick et al. 2002; Nemeth and Piskula 2007; Singh et al.
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2022). Potassium plays a significant role in maintaining balance of water content,
heartbeat regulation and neurotransmission (Khan et al. 2019). In US, Metrani et al.
(2020) computed 13,550.1 g/g potassium in red-coloured bulbs. Proper balance
of sodium and potassium is utmost important for proper and normal cellular func-
tioning in the body. Since enhancing risks of high blood pressure and hypertension
(Zhang et al. 2013; Park et al. 2016), cardiovascular diseases (Cook et al. 2009; Yang
et al. 2011) and obesity (Ge et al. 2016; Jain et al. 2014), high dietary sodium and
low potassium intake become a challenging global public health issue. The scien-
tific reports displayed that ratio of both electrolytes is powerfully associated with
blood pressure and heart functioning (Park et al. 2016; Cook et al. 2009; Okayama
et al. 2016). Furthermore, it is reported that the Na:K ratio of dietary intake was an
independent risk factor for many metabolic-based disorders. It was suggested that a
modified ratio including lower sodium and higher potassium dietary intake to prevent
metabolic syndromes (Li et al. 2018). The genetic variability in the concentration of
sodium and potassium in the fresh bulbs of onion could be a great contribution to the
population suffering from high blood pressure and hypertension eventually leading
to cardiovascular diseases (Singh et al. 2023a).

Globally, a large population is suffering from various mental and physical health
issues which are unmanageable medical treatment costs, mainly due to unhealthy
and lethargic lifestyle, non-communicable diseases (NCD), and metabolic disorders.
Among NCD, cardiovascular and coronary diseases particularly hypertension/high
blood pressure, heart attack, heart stroke/cerebrovascular and arteries dysfunction
are widespread (Mendis et al. 2011). Mortality frequency because of various coro-
nary and cardiovascular diseases have been increasing considerably (Krishnamurthi
et al. 2015) and hypertension was considered to be the foremost risk factor (Roger
et al. 2012). Astonishingly, about 60% of heart stroke was documented owing to
hypertension (WHO 2002; Appel et al. 2011).

Bibbins-Domingo et al. (2010) documented that a decline in intake of sodium in
the diet by about 1200 mg/day decreased 32,000-66,000 heart strokes in the United
States of America (USA) only. Scientifically, it is established that a decline in sodium
dietary intake could decrease the risk of several cardiovascular diseases (Jayedi et al.
2019). The potassium has potential for inhibiting the free radicals in the human body
(McCabe et al. 1994). Currently, dietary potassium is gaining popularity because of
rising hypertension, high BP, and cardiovascular diseases globally. Henceforward,
the identification of plant-based diets having higher potassium concentration and
lower sodium amounts could be of immense attention and focus from the public
health point of view.

A wide genotypic diversity in sodium, potassium concentrations and their ratio
were estimated in the Indian tropical short-day onions. Yellow bulb-coloured varieties
such as Pusa Sona and Arka Pitamber exhibited the highest K content. Twenty-three
cultivars exhibited higher potassium content than the grand mean value (4679.26 mg
per 100 g of fresh weight), which clearly pointed out that Indian onion genotypes
possess higher content of potassium. However, this aspect was not even touched to
explore a great source of dietary potassium. The results obtained suggested that onion
crops may offer a potential source of potassium to fulfill the recommended dietary
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allowance (Singh et al. 2023a). Further, they recorded the potassium: sodium ratio
significantly highest in yellow bulbs than in red and white bulb-coloured varieties.

2.4 Cough, Sore Throat and Asthma

Onion juice is used to relieve and prevent bleeding nose and throat infections. To get
relief from malaria fever, Verotta et al. (2015) suggested taking onions with black
pepper. For curing cough, an equal mixture of juice of onion and honey (Bakhru 1993;
Kapoor 2018) is the best and cheap remedy. Eating raw onion bulbs or drinking fresh
onion juice with table salt is a good folklore remedy to treat tuberculosis because of its
antimicrobial properties. Inhaling the vapours after or during the crushing of onions is
advised as a traditional remedy for getting relief from sore throat, respiratory-related
diseases, and lung infections. Licking of a combination mixture of honey and onion
juice is used for asthmatic cough. For sneezing and running noses, intake of onion
bulbs or juice is a traditional remedy in Indian villages (Singh et al. 2022). In liter-
ature, it is well documented that onion juice has potential anti-asthmatic properties
(Stajner and Varga 2003).

Scientific studies revealed that onion bulbs could relax tracheal smooth muscle
(Memarzia et al. 2019), reduce lung inflammation (Ghorani et al. 2018), ameliorate
allergic asthma (El-Hashim et al. 2020), and attenuate lung damage (Zaki 2019). It
is verified that onion bulbs and their bio-functional compounds could reduce inflam-
mation in the lungs and provide protection against respiratory diseases. Henceforth,
onions and their biochemical properties might have the utmost potential to combat
COVID-19 virus infection, yet needs further systematic clinical investigation (Zhao
et al. 2021).

2.5 Onion as a Cardiovascular Protectant

The bulb onions are a potential vegetable crop that has the potential to reduce cardio-
vascular diseases and heart attack risks. Consumption of fresh onions is recom-
mended to reduce triglyceride and cholesterol levels, and lower high blood pressure
and hypertension, while increased HDL levels helped to lower CVD, strokes, and
diabetes (Singh et al. 2022). Scientific investigations displayed that bulb onions
could inhibit platelet aggregation and improve lipid profile (Zhao et al. 2021) and
effectively reduce total cholesterol levels (Kang et al. 2016). Further, they reported
that quercetin extract elicited high levels of fecal cholesterol and reduce athero-
genic index values in high-cholesterol diet-fed mice, with upregulation of LDLR
and cholesterol 7-a-monooxygenase (CYP7A1), indicating the cholesterol-lowering
effect of onion via fecal excretion. The anti-hyperlipidemic properties of fermented
onion and its volatile oils had a positive effect on hyperlipidemia animals (Yang et al.
2018, 2019). To explore this crop as a cardiovascular protectant, more systematic
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and focused animal-based investigations and clinical studies are required for a clear
understanding of associated mechanisms of onion bulbs and their bio-functional
compounds.

3 Future Prospective

During the latter half of the twentieth century, there has been a paradigm shift in
folklore and traditional medicines toward synthetic drugs and with this change,
lots of traditional knowledge related to herb-based medicines has been lost. Nowa-
days, common people and nutritionists have displayed utmost interest and atten-
tion towards herb-based functional foods and folklore remedies to evade various
side effects of synthetic medicines for several health problems such as headaches
and migraines, allergies, insomnia, arthritis, and anxiety/depression. Undoubtedly,
it could be concluded that the use of herb-based phytocompounds and nutraceuti-
cals is better than taking chemical-based drugs for specific diseases. Still, system-
atic and focused scientific efforts are required to mine out the unexplored health-
beneficial properties. Exploitation of modern omics tools, induced mutagenesis, and
gene editing technology could be quite convenient to develop new cultivars having
specific properties to cure a specific disease (Khar and Singh 2020; Singh et al. 2021a,
b; Khar et al. 2022). Under scarcity of resources and lack of modern molecular labo-
ratory, development of F; hybrids utilizing cytoplasmic male sterility system could
be the best alternative and verified method having higher levels of phytonutrients and
bioactive compounds (Singh et al. 2023b). Further, for boosting onion production,
widely adapted F; hybrids with higher quantities of phytochemicals and functional
compounds to address sustainable development goals and to ensure nutritional (Singh
and Khar 2021).

4 Conclusions

Post COVID pandemic, the demand of diet enriched with nutrients and bio-functional
compounds having therapeutic properties is considerably increased to fight against
several non-communicable and lifestyle-based diseases such as hypertension, cardio-
vascular, diabetes, cancer, and lower immunity. Furthermore, plant-based specific
diet supplements are in higher demand owing to its fewer side effects, toxicity and
are cheaper. Being a strong antioxidant, onion quercetin has the potential to fight
against various health ailments such as free radical scavenging, aging, and inflam-
mation. With the advancement of nutrition and food science, prevention of many
health issues and diseases through consuming fruits and vegetables are explored
exponentially owing to their peculiar biochemical properties in the form of strong
antioxidant activities, higher Vitamin C contents, flavonoids, anthocyanins, and so
on. Bulb onions are well suitable for this multipurpose for centuries across the globe.
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Fig. 1 Boxplot distribution of Vitamin C concentration on the basis of bulb colour (Source Singh
et al. 2022)

Being a rich source of flavonoids, polyphenols, dietary fibre, thiosulfates, minerals,
essential amino acids, and organosulfur, the onion crop has anticancer, antimicrobial,
antidiabetic, strong antioxidant, and cardiovascular protectant properties. Because of
the burgeoning population specially in lower-middle income countries, intensifying
of various new diseases and pandemics, heightened healthcare costs, and awareness
of quality and healthy life, all policymakers and related scientists have to emphasize
specific phytochemicals and broadly preferred and accepted herbs which have a long
history of use for maintenance of health like bulb onion. The twenty-first century
is working towards the principle of “Food as Medicine” and systematic research on
onion bulbs would undoubtedly play a great role in the future (Figs. 1 and 2; Table 1).
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Table 1 An overview of onion used as therapeutic and medicinal purposes

Purpose

References

Oral cavity hygiene to kill germs and treating
toothache

Kim (1997), Dorant et al. (1996)

Treating cough, sour throat, flu, cold and asthma

Arshad et al. (2017), Verotta et al. (2015),
Suleria et al. (2013), Cazzola et al. (2011),
Gulsen and Ayaz (2010), Block (1992)

Jaundice in children

Nadkarni (2002)

Treating acne, pimples, blackheads and burns.
Anti-inflammatory, antiallergic and antimicrobial
activities. Also used for cosmetic purposes

Aburjai and Natsheh (2003)

Boosting immunity and anti-asthmatic properties

Stajner and Varga (2003), Arshad et al.
(2017)

Antithrombotic, antimicrobial, hypolipidemic,
antiarthritic, hypoglycaemic, antitumor activities

Ali et al. (2000)

Ascorbic acid or Vitamin C as a strong
antioxidant and immunity enhancer

Singh et al. (2022)

Onion juice for treating earache and running ears

Brooks (1986)

Onion as an exceptional aphrodisiac tonic

Gupta and Bhaskar (2020)

Hypertension; high blood pressure: regulating
autonomic functioning of the body

Alare et al. (2020)

(continued)
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Purpose

References

Curing of stomach pain, remove stomach gas and
bloating

Bhaskar et al. (2018)

For preventing intestine obstructions,
gastrointestinal infections, nausea and
constipation

Kapoor (2018), Nabavi et al. (2019)

Rich source of potassium and lower
concentration of sodium

Singh et al. (2023a)

Anticlotting properties

Kendler (1987), Kleijnen et al. (1989)

Onion juice for curing colic in new born babies
and infants

Veretta et al. (2015)

Antiparasitic properties against Cryptosporidium
parvum, Giardia, Entamoeba gingivalis,
Leishmaniasis spp., Trichomonas vaginalis,
Blastocystis hominis etc.

Cheraghipour et al. (2019)

Improving sexual debility/weakness

Nibodhi (2010)

For hair falls and baldness

Brooks (1986), Dweck (1997), Bhil et al.
(2020), Kolekar et al. (2021)

For getting relief from piles and haemorrhoids

Nadkarni (2002), Kapoor (2018)

Anticancer properties

Challier et al. (1998), Calucci et al. (2003),
Arshad et al. (2017)

References

Abhayawick L, Laguerre JC, Tauzin V, Duquenoy A (2002) Physical properties of three onion
varieties as affected by the moisture content. J Food Eng 55:253-262
Aburjai T, Natsheh FM (2003) Plants used in cosmetics. Phytother Res 17:987-1000

Alare K, Alare T, Luviano N (2020) Medicinal importance of garlic and onions on autonomic
nervous system. Clin Pharmacol Biopharm 9:2

Ali M, Thomson M, Afzal M (2000) Garlic and onions: their effect on eicosanoid metabolism and
its clinical relevance. Prostaglandins Leukot Ess Fatty Acids 62(2):55-73

Alzandi AA, Naguib DM, Abas ASM (2022) Onion extract encapsulated on nano chitosan: a
promising anticancer agent. J Gastrointest Cancer 53:211-216

Appel LJ, Frohlich ED, Hall JE, Pearson TA, Sacco RL, Seals DR et al (2011) The importance
of population-wide sodium reduction as a means to prevent cardiovascular disease and stroke.
Circulation 123:1138e43

Arshad MS, Sohaib M, Nadeem M, Saeed F, Imran A, Javed A, Amjad Z, Batool SM (2017) Status
and trends of nutraceuticals from onion and onion by-products: a critical review. Cogent Food
Agric 3:1280254

Asemani Y, Zamani N, Bayat M, Amirghofran Z (2019) Allium vegetables for possible future of
cancer treatment. Phytother Res 33:3019-3039

Bakhru HK (1993) Herbs that heal. Orient Paperbacks, Delhi, India, pp 132-136

Batiha GES, Beshbishy AM, lkram M et al (2020) The pharmacological activity, biochemical
properties, and pharmacokinetics of the major natural polyphenolic flavonoid: quercetin. Food
9(3):374



142 H. Singh et al.

Bhaskar P, Tailor AK, Sharma HP, Singh RK, Gupta PK (2018) Medicinal, nutraceutical values and
consumption pattern of onion (Allium cepa) in India: an overview. Int J Curr Microbiol Appl
Sci 6:2629-2638

Bhil MMS, Bhamare MMB, Jadhav MPT, Borse MJC, Chaudhari MVA (2020) Formulation and
evaluation of hair setting gel by using onion oil, Baheda. Int J Res Writ 3(1):91-99

Bibbins-Domingo K, Chertow GM, Coxson PG, Moran A, Lightwood JM, Pletcher MJ et al
(2010) Projected effect of dietary salt reductions on future cardiovascular disease. N Engl J
Med 362:590e9

Bilyk A, Cooper PL, Sapers GM (1984) Varietal differences in distribution of quercetin and
kaempferol in onion (Allium cepa L.) tissue. J Agric Food Chem 32:274-276

Block E (1992) The organosulfur chemistry of the genus Allium. Implications for organic sulfur
chemistry. Angew Chem Int Ed Engl 31:1135-1178

Brooks D (1986) An onion in your ear. J Laryngol Otol 100(9):1043-1046

Calucci L, Pinzino C, Zandomeneghi M, Capocchi A (2003) Effects of gamma-irradiation on the
free radical and antioxidant contents in nine aromatic herbs and spices. J Agric Food Chem
51:927-993

Campos FM, Ribeiro SMR, Della LCM, Pinheiro-Sant’ Ana HM, Stringheta PC (2009) Optimization
of methodology to analyze ascorbic and dehydroascorbic acid in vegetables. Quim Nova 32:87—
91

Carr AC, Rowe S (2020) The emerging role of vitamin C in the prevention and treatment of
COVID-19. Nutrients 12:3286

Carter JH, Tourtellotte WG (2007) Early growth response transcriptional regulators are dispensable
for macrophage differentiation. J Immunol 178(5):3038

CazzolaR, Camerotto C, Cestaro B (2011) Anti-oxidant, anti-glycant, and inhibitory activity against
a-amylase and a-glucosidase of selected spices and culinary herbs. Intern J Food Sci Nutr
62:175-184

Challier B, Pernau J, Viel J (1998) Garlic, onion and cereal fibre as protective for breast cancer: a
French case study. Eur J Epidemiol 14:739-747

Cheraghipour K, Marzban A, Ezatpour B, Moradpour K, Nazarabad VH (2019) The role of onion
(Allium cepa) in controlling parasitic diseases: a mini review. Herb Med J 175-180

Choucair N, Laporte V, Levy R, Tranchant C, Gies J-P, Poindron P et al (2006) The role of calcium
and magnesium ions in uptake of b-amyloid peptides by microglial cells. Int ] Immunopathol
Pharmacol 19:683

Cook NR, Obarzanek E, Cutler JA et al (2009) Joint effects of sodium and potassium intake on
subsequent cardiovascular disease: the trials of hypertension prevention follow-up study. Arch
Intern Med 169:32-40

Crozier A, Lean MEJ, McDonald MS, Black C (1997) Quantitative analysis of the flavonoid content
of commercial tomatoes, onions, lettuce, and celery. J Agric Food Chem 45:590-595

Dahlawi SM, Nazir W, Igbal R, Asghar W, Khalid N (2020) Formulation and characterization of
oil-in-water nanoemulsions stabilized by crude saponins isolated from onion skin waste. RSC
Adv 10:39700-39707

Desai G, Schelske-Santos M, Nazario CM, Rosario-Rosado RV, Mansilla-Rivera I, Ramirez-
Marrero F et al (2020) Onion and garlic intake and breast cancer, a case-control study in Puerto
Rico. Nutr Cancer Int J 72:791-800

Dorant EVDB, van den Brandt PA, Goldbohm RA, Sturmans FERD (1996) Consumption of onions
and a reduced risk of stomach carcinoma. Gastroenterology 110:12-20

Dweck AC (1997) Indian plants. Cosmet Toilet 112:37-51

El-Hashim AZ, Khajah MA, Orabi KY, Balakrishnan S, Sary HG, Abdelali AA (2020) Onion bulb
extract downregulates EGFR/ERK1/2/AKT signaling pathway and synergizes with steroids to
inhibit allergic inflammation. Front Pharmacol 11:551683

Elhassaneen YA, Sanad MI (2009) Phenolics, selenium, vitamin C, amino acids and pungency levels
and antioxidant activities of two Egyptian onion varieties. Am J Food Technol 4:241-254



Onion Bulbs: Store House of Potential Phytochemicals for Sustaining Health 143

Ge Z, Zhang J, Chen X et al (2016) Are 24 h urinary sodium excretion and sodium:potassium
independently associated with obesity in Chinese adults? Public Health Nutr 19:1074-1080
Ghorani V, Marefati N, Shakeri F, Rezaee R, Boskabady M, Boskabady MH (2018) The effects of
Allium cepa extract on tracheal responsiveness, lung inflammatory cells and phospholipase A2
level in asthmatic rats. Iran J Allergy Asthma Immunol 17:221-231

Griffiths G, Trueman L, Crowther T, Thomas B, Smith B (2002) Onions—a global benefit to health.
Phytother Res 16:603-615

Guercio V, Turati F, La Vecchia C, Galeone C, Tavani A (2016) Allium vegetables and upper
aerodigestive tract cancers: a meta-analysis of observational studies. Mol Nutr Food Res 60:212—
222

Gulsen G, Ayaz E (2010) Antimicrobial effect of onion (Allium cepa) and traditional medicine. J
Anim Vet Adv 9:1680-1693

Gupta PK, Bhaskar P (2020) Medicinal values: onion and garlic. 23rd Bulletin, published by
National Horticultural Research and Development Foundation, New Delhi

Igbal K, Khan A, Khattak MAK (2004) Biological significance of ascorbic acid (vitamin C) in
human health-a review. Pak J Nutr 3:5-13

Jafarpour-Sadegh F, Montazeri V, Adili A, Esfehani A, Rashidi MR, Pirouzpanah S (2017)
Consumption of fresh yellow onion ameliorates hyperglycemia and insulin resistance in breast
cancer patients during doxorubicin-based chemotherapy: a randomized controlled clinical trial.
Integr Cancer Ther 16:276-289

Jain N, Minhajuddin AT, Neeland 1J et al (2014) Association of urinary sodium-to-potassium ratio
with obesity in a multiethnic cohort. Am J Clin Nutr 99:992-998

Jayedi A, Ghomashi F, Zargar MS, Shab-Bidar S (2019) Dietary sodium, sodium-to-potassium
ratio, and risk of stroke: a systematic review and nonlinear dose-response meta-analysis. Clin
Nutr 38:1092-1100

Jiang F, Li WP, Kwiecien J, Turnbull J (2006) A study of the purine derivative AIT-082 in G93A
SOD1 transgenic mice. Int J Immunopathol Pharmacol 19:489

Kameshwari MS (2013) Chemical constituents of wild onion Urginea indica Kunth Liliaceae. Int J
Pharm Life Sci 4:2414-2420

Kang HJ, Pichiah BT, Abinaya RV, Sohn HS, Cha YS (2016) Hypocholesterolemic effect of
quercetin-rich onion peel extract in C57BL/6J mice fed with high cholesterol diet. Food Sci
Biotechnol 25:855-860

Kapoor LD (2018) CRC handbook of Ayurvedic medicinal plants. CRC Press

Kendler BS (1987) Garlic (Allium sativum) and onion (Allium cepa): a review of their relationship
to cardiovascular disease. Prev Med 16:670-685

Khalsa KPS, Tierra M (2010) The way of ayurvedic herbs. Motilal Banarsidass Publishers, Delhi,
India, pp 60-62

Khan N, Ahmed MJ, Shah SZA (2019) Comparative analysis of mineral content and proximate
composition from chilli pepper (Capsicum annuum L.) germplasm. Pure Appl Biol 8:1338-1347

Khar A, Zimik M, Verma P, Singh H, Mangal M, Singh MC, Gupta AJ (2022) Molecular marker-
based characterization of cytoplasm and restorer of male sterility (Ms) locus in commercially
grown onions in India. Mol Biol Rep 49(6):5535-5545

Khar A, Singh H (2020) Rapid methods for onion breeding. In: Accelerated plant breeding, vol 2.
Springer, Cham, pp 77-99

Kim JH (1997) Anti-bacterial action of onion (Allium cepa L.) extracts against oral pathogenic
bacteria. J Nihon Uni Sch Dent 39:136-141

Kleijnen J, Knipschild P, ter Riet GT (1989) Garlic, onions and cardiovascular risk factors. A review
of the evidence from human experiments with emphasis on commercially available preparations.
Br J Clin Pharmacol 28:535-544

Kolekar YS, Tamboli FA, More HN, Mulani SA, Mali NP (2021) Medicinal plants used in cosmetics
for skin and hair care. Int J Pharm Chem Anal 8:36-40



144 H. Singh et al.

Krishnamurthi RV, Moran AE, Feigin VL, Barker-Collo S, Norrving B, Mensah GA et al (2015)
Stroke prevalence, mortality and disability-adjusted life years in adults aged 20-64 years in
1990-2013: data from the global burden of disease 2013 study. Neuroepidemiology 45:190e202

Kumari P, Dembra S, Dembra P, Bhawna F, Gul A, Ali B, Sohail H, Kumar B, Memon MK, Rizwan
A (2020) The role of vitamin C as adjuvant therapy in COVID-19. Cure 12:e11779

Lanzotti V, Romano A, Lanzuise S, Bonanomi G, Scala F (2012) Antifungal saponins from bulbs
of white onion, Allium cepa L. Phytochemistry 74:133—-139

Lee SG, Parks JS, Kang HW (2017) Quercetin, a functional compound of onion peel, remodels
white adipocytes to brown-like adipocytes. J Nutr Biochem 42:62-71

Li X, Guo B, Jin D, Wang Y, Jiang Y, Zhu B, Chen Y, Ma L, Zhou H, Xie G (2018) Association
of dietary sodium: potassium ratio with the metabolic syndrome in Chinese adults. Br J Nutr
120:612-618

Ma YL, Zhu DY, Thakur K, Wang CH, Wang H, Ren YF et al (2018) Antioxidant and antibacterial
evaluation of polysaccharides sequentially extracted from onion (Allium cepa L.). Int J Biol
Macromol 111:92-101

McCabe RD, Bakarich MA, Srivastava K, Young DB (1994) Potassium inhibits free radical
formation. Hypertension 24:77e82

Memarzia A, Amin F, Saadat S, Jalali M, Ghasemi Z, Boskabady MH (2019) The contribution of
beta-2 adrenergic, muscarinic and histamine (H-1) receptors, calcium and potassium channels
and cyclooxygenase pathway in the relaxant effect of Allium cepa L. on the tracheal smooth
muscle. J Ethnopharmacol 241:112012

Mendis S, Puska P, Norrving B (2011) Global atlas on cardiovascular disease prevention and control.
World Health Organization, Geneva, Switzerland

Metrani R, Singh J, Acharya P, Jayaprakasha K, Patil SB (2020) Comparative metabolomics profiling
of polyphenols, nutrients and antioxidant activities of two red onion (Allium cepa L.) cultivars.
Plants 9(9):e1077

MitraJ, Shrivastava SA, Rao PS (2012) Onion dehydration: areview. J Food Sci Technol 49:267-277

Moreno-Rojas JM, Moreno-Ortega A, Ordonez JL, Moreno-Rojas R, Perez-Aparicio J, Pereira-Caro
G (2018) Development and validation of UHPLC-HRMS methodology for the determination of
flavonoids, amino acids and organosulfur compounds in black onion, a novel derived product
from fresh shallot onions (Allium cepa var. aggregatum). LWT-Food Sci Technol 97:376-383

Nabavi SM, Suntar I, Barreca D, Khan H (2019) Phytonutrients in food: from traditional to rational
usage. Woodhead Publishing

Nadkarni KN (1954) Allium cepa Linn and Allium sativum Linn. In: Puranik MV, Bhatkal GR (eds)
The Indian Materia Medico, 3rd edn. (Part 1). Popular Book Depot, Bombay, p 63

Nadkarni KM (2002) Indian Materia medica, vol 1. Popular Prakashan, Mumbai, India, pp 63-64

Nemeth K, Piskula MK (2007) Food content, processing, absorption and metabolism of onion
flavonoids. Crit Rev Food Sci Nutr 47:397-409

Nibodhi (2010) Annapurna’s Prashad. Mata Amritanandamayo Mission Trust, Amritapuri, India,
p 105

Nile SH, Park SW (2013) Total phenolics, antioxidant and xanthine oxidase inhibitory activity of
three colored onions (Allium cepa L.). Front Life Sci 7:224-228

Nile A, Gansukh E, Park GS, Kim DH, Nile SH (2021) Novel insights on the multi-functional
properties of flavonol glucosides from red onion (Allium cepa L.) solid waste—in vitro and in
silico approach. Food Chem 335:127650

Nohara T, Fujiwara Y (2017) Antitumor sulfur compounds from Allium species (onion, welsh onion,
and garlic). Nat Prod Commun 12:1235-1236

Okayama A, Okuda N, Miura K et al (2016) Dietary sodiumto-potassium ratio as a risk factor for
stroke, cardiovascular disease and all-cause mortality in Japan: the NIPPON DATAS80 cohort
study. BMJ Open 6:e011632

Park J, Kwock CK, Yang YJ (2016) The effect of the sodium to potassium ratio on hypertension
prevalence: a propensity score matching approach. Nutrients 8:482



Onion Bulbs: Store House of Potential Phytochemicals for Sustaining Health 145

Patil BS, Pike LM, Hamilton BK (1995) Changes in quercetin concentration in onion (Allium cepa
L.) owing to location, growth stage and soil type. New Phytol 130:349-355

Ravanbakhshian R, Behbahani M (2018) Evaluation of anticancer activity of lacto- and natural
fermented onion cultivars. Iran J Sci Technol Trans Sci 42:1735-1742

Ren FY, Reilly K, Kerry JP, Gaffney M, Hossain M, Rai DK (2017) Higher antioxidant activity,
total flavonols, and specific quercetin glucosides in two different onion (Allium cepa L.) varieties
grown under organic production: results from a 6-year field study. J Agric Food Chem 65:5122—
5132

Roger VL, Go AS, Lloyd-Jones DM, Benjamin EJ, Berry JD, Borden WB et al (2012) Heart disease
and stroke statistics—2012 update. Circulation 125:e2¢220

Scalbert A, Williamson G (2000) Dietary intake and bioavailability of polyphenols. J Nutr 8:2073—
2085

Sellappan S, Akoh CC (2002) Flavonoids and antioxidant capacity of Georgia-grown Vidalia onions.
J Agric Food Chem 50:5338-5342

Singh AK (2017) Early history of crop introductions into India: I. Allium (L.) Spp. Asian Agri-
History 21(3)

Singh H, Khar A (2021) Perspectives of onion hybrid breeding in India: an overview. Indian J Agric
Sci 91(10):1426-1432

Singh H, Khar A, Verma P (2021a) Induced mutagenesis for genetic improvement of Allium genetic
resources: a comprehensive review. Genet Res Crop Evol 68:2669-2690

Singh H, Verma P, Lal S K, Khar A (2021b) Optimization of EMS mutagen dose for short day
Indian onion. Indian J Hort 78(1):35—40. https://doi.org/10.5958/0974-0112.2021.00005.0

Singh H, Verma P, Kumar A, Khar A (2022) Screening of forty-five Indian short-day onion cultivars
for Vitamin C content to ensure nutritional security. Indian J Hort 79:160-167

Singh H, Lombardo M, Goyal A, Khar A (2023a) Genotypic variation in Na, K and their ratio in 45
commercial cultivars of Indian tropical onion: a pressing need to reduce hypertension among
the population. Front Nutr 10:1098320. https://doi.org/10.3389/fnut.2023.1098320

Singh H, Sekhon BS, Kumar P, Dhall RK, Devi R, Dhillon TS, Sharma S, Khar A, Yadav RK,
Tomar BS, Ntanasi T, Sabatino L, Ntatsi G (2023b) Genetic mechanisms for hybrid breeding in
vegetable crops. Plant 12:2294

Stajner D, Varga IS (2003) An evaluation of the antioxidant abilities of Allium species. Acta
Biologica Szeged 47:103—-106

Suleria HAR, Butt MS, Anjum FM, Saeed F, Khalid N (2013) Onion: nature protection against
physiological threats. Crit Rev Food Sci Nutr 1-17

Turati F, Pelucchi C, Guercio V, Vecchia CL, Galeone C (2015) Allium vegetable intake and gastric
cancer: a case-control study and meta-analysis. Mol Nutr Food Res 59:171-179

Verotta L, Macchi MP, Venkatasubramanian P (2015) Connecting Indian wisdom and western
science: plant usage for nutrition and health, vol 15. CRC Press

Viera VB, Piovesan N, Rodrigues JB, Mello RD, Prestes RC, dos Santos RCV et al (2017) Extraction
of phenolic compounds and evaluation of the antioxidant and antimicrobial capacity of red onion
skin (Allium cepa L.). Int Food Res J 24:990-999

WHO (2002) The world health report 2002: reducing risks, promoting healthy life. World Health
Organization, Geneva, Switzerland

WHO (2010) Global status report on noncommunicable diseases. Geneva, World Health Organiza-
tion. http://whqlibdoc.who.int/publications/2011/9789240686458_eng.pdf

WHO (2013) World Health Organization: a global brief on hypertension. http://apps.who.int/iris/
bitstream/handle/10665/79059/WHO_DCO_WHD_2013.2_eng.pdf?sequence=1

Wu X, Shi J, Fang WX, Guo XY, Zhang LY, Liu YP et al (2019) Allium vegetables are associated
with reduced risk of colorectal cancer: a hospital-based matched case-control study in China.
Asia Pacific J Clin Oncol 15:e132—-e141

Yang Q, Liu T, Kuklina EV et al (2011) Sodium and potassium intake and mortality among US
adults: prospective data from the Third National Health and Nutrition Examination Survey. Arch
Intern Med 171:1183-1191


https://doi.org/10.5958/0974-0112.2021.00005.0
https://doi.org/10.3389/fnut.2023.1098320
http://whqlibdoc.who.int/publications/2011/9789240686458_eng.pdf
http://apps.who.int/iris/bitstream/handle/10665/79059/WHO_DCO_WHD_2013.2_eng.pdf?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/79059/WHO_DCO_WHD_2013.2_eng.pdf?sequence=1

146 H. Singh et al.

Yang C, Li LH, Yang LG, Lu H, Wang SK, Sun GJ (2018) Anti-obesity and hypolipidemic effects
of garlic oil and onion oil in rats fed a high-fat diet. Nutr Metab 15:43

Yang WS, Kim JC, Lee JY, Kim CH, Hwang CW (2019) Antihyperlipidemic and antioxidative
potentials of onion (Allium cepa L.) extract fermented with a novel Lactobacillus casei HD-010.
Evid Based Complement Altern Med 2019:3269047

Yasmin T, Ali MT, Haque S, Hossain M (2017) Interaction of quercetin of onion with axon guid-
ance protein receptor, NRP-1 plays important role in cancer treatment: an in silico approach.
Interdiscip Sci Comput Life Sci 9:184-191

Zaki SM (2019) Evaluation of antioxidant and anti-lipid peroxidation potentials of Nigella sativa
and onion extract on nicotine-induced lung damage. Folia Morphol 78:554-563

Zamri N, Abd Hamid H (2019) Comparative study of onion (Allium cepa) and leek (Allium ampelo-
prasum): identification of organosulphur compounds by UPLC-QTOF/MS and anticancer effect
on MCF-7 cells. Plant Foods Hum Nutr 74:525-530

Zhang Z, Cogswell ME, Gillespie C et al (2013) Association between usual sodium and potassium
intake and blood pressure and hypertension among U.S. adults: NHANES 2005-2010. PLoS
ONE 8:1002-1004

Zhao YL, Fan DM, Zheng ZP, Li ETS, Chen F, Cheng KW et al (2017) 8-C-(E-phenylethenyl)
quercetin from onion/beef soup induces autophagic cell death in colon cancer cells through
ERK activation. Mol Nutr Food Res 61:1600437

Zhao X-X, Lin F-J, Li H, Li H-B, Wu D-T, Geng F, Ma W, Wang Y, Miao B-H, Gan R-Y (2021)
Recent advances in bioactive compounds, health functions, and safety concerns of onion (Allium
cepa L.). Front Nutr 8:669805



Nutritional Care for Cancer )
with Sustainable Diets: A Practical Guide @@

Bushra Shaida, Mayuri Rastogi, and Aditi Rikhari

1 Introduction

The word “cancer” is derived from the Latin (originally Greek) word for “crab” due
to the fact that cancer sticks to any part that it seizes upon in a persistent manner,
much like the crab. Cancer is a complicated disease that has emerged as a result of
numerous genetic alterations that cause unchecked cell growth with the propensity
to metastasize (Saha 2022). Deoxyribonucleic acid (DNA), the genetic component
of cells, undergoes alterations that are associated with cancer. Each DNA gene codes
for a particular enzyme or protein (Nenclares and Harrington 2020). Protooncogenes,
which are involved in healthy cell growth, and tumor suppressor genes, which make
proteins that regulate cell growth, are two key genes that are crucial for cell prolifera-
tion. Apoptosis, also known as programmed cell death, is the process by which extra
or damaged cells are also eliminated from the body, keeping the body in balance.
These genes’ mutations encourage unchecked cell proliferation (D’arcy 2019). The
most recent figures on the cancer burden worldwide were issued by the International
Agency for Research on Cancer (IARC). In 2020, there was 19.3 million new cases of
cancer and 10.0 million cancer-related deaths. (IARC 2020). According to the most
recent data from the World Health Organization (WHO)-International Agency for
Research on Cancer (IARC)-GLOBOCAN, 2020, India has cancer mortality rates
of 784,821 and incidence rates of 1,157,294 per 100,000 people (Fig. 1). Before the
age of 75, the risk of acquiring cancer was 9.6%, and the risk of dying from it was
6.8%.

More than 60% of newly diagnosed cancer cases and more than 70% of cancer-
related fatalities are caused by the 10 most prevalent cancer forms. With 11.7% of all
new cases, female breast cancer is the most frequent cancer in the world, followed by
lung cancer (11.4%), colorectal cancer (10.0%), prostate cancer (7.3%), and stomach
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2020)

cancer (5.6%). The most common type of cancer that results in death (representing
18.0% of all cancer deaths) is lung cancer, which is then followed by colorectal
cancer (9.4%), liver cancer (8.3%), stomach cancer (7.7%), and female breast cancer
(6.9%) (GLOBOCAN 2020).

Nutrition and diet are essential for the birth, management, and prevention of
cancer. Dietary management for cancer aims to meet the increased calorie and protein
needs to prevent loss of weight, muscle mass, and fat mass; improve the immune
system; and meet the nutrient requirements because cancer patients unintentionally
lose weight and exhibit some degree of malnutrition. Thus in the current chapter
dietary management of cancer and its development will be discussed.

2 Development of Cancer

The cancer development is a process involving initiation, promotion and progression.
When a carcinogen enters a cell as a result of exposure to it, the process is said to
have begun. After then, the cellular DNA (deoxyribo nucleic acid) is modified by
this carcinogen. Promotion occurs when cancer development is accelerated and cells
start to multiply uncontrollably. The third phase of tumor formation is referred to as
progression. It could spread to different organs or tissues. Thus, metastasis refers to
the expelled of cells that spread to other places of the body. Cancer development is
not just an event, it is a multistage process (Wodarz and Nithke 2007).

Chemical or physical events can start a chain reaction. The chemical reaction
could happen if a carcinogen enters the cell and modifies the genetic code. When
radiation bombards the cell and changes happen in genetic content, the physical
event might take place. Whatever the cause, the cell’s system for producing proteins
alters, causing the DNA to make an unusual structural protein. The cells then start
to grow uncontrollably and form a tumor (Fig. 2). Excessive cellular multiplication,
invasiveness, and autonomy are key features of cancer. Metastasis refers to the active
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Fig. 2 Development of cancer

invasion process. Specific surface receptors, enzymes, protein synthesis, and energy
consumption are needed for metastasis (Baba and Catoi 2007).

2.1 Properties of Cancer Cells

The body’s normal cells and cancer cells are very different from one another. When
a series of mutations (changes) causes the cells to continue to proliferate and divide
uncontrollably, normal cells turn into malignant ones. Cancer cells can invade neigh-
boring tissues and move to distant areas of the body, unlike normal cells that stay in
the area where they first appeared (Fig. 3). When DNA-based genes undergo specific
alterations (mutations) that lead the cells to act improperly, cancer cells begin to
emerge. These alterations could result from genetics or environmental factors like
smoking or UV exposure. Additionally, mutations may occur at random. Normal cells
frequently go through stages in which their appearance gets progressively more aber-
rant as they develop into cancer. Before cancer, these stages may include hyperplasia
(enlarged) and dysplasia (growing incorrectly) (Szlasa et al. 2020).
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3 Risk and Etiological Factors in Cancer

Sedentary lifestyles and diets rich in fat and sugar but low in fruits, vegetables,
legumes, and whole grains are contributing to an increase in cancer risks. The risk is
increasing in developing countries as a result of the urban poor’s fast urbanization of
rural areas. Itis well recognized that migration causes a loss of traditional agricultural
practices and nutritional practices, as well as an increase in the use of manufactured
foods and beverages. Another significant contributor to the rising cancer hazard is
obesity.

Numerous danger factors are continually present in human life. First and foremost,
must keep in mind that different types of cancer will have different etiological or risk
factors (Table 1).

The fundamental cause of malignancies is typically the lack of control over cellular
reproduction as it normally occurs. This loss of cell control is caused by a number of
causes. They include stress factors as well as genetic factors, environmental variables,
nutritional factors, carcinogens, radiation, and oncogenic viruses (Friedenreich et al.
2021). Let us find out more about these cancer etiological risk factors.

3.1 Genetics

Genes can direct the development of some malignancies. One or more regulatory
genes in the cell nucleus cause gene mutations. Although it could be inherited,
environmental variables also affect how it manifests. A person’s risk of having cancer
is higher than it would be in the absence of a genetic predisposing factor such as a
family history of the disease (Hemminki et al. 2021).
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3.2 Environmental Factors

Cancer is known to be brought on by a number of environmental causes, including
smoking, sun exposure, and water and air pollution.

3.3 Dietary Factors: Carcinogenic

Food ingredients may also cause cancer. However, it is unknown to what extent
nutrition has arole in the development of cancer. In regions of the world where people
consume large amounts of foods that have been highly smoked, pickled, or salt-
cured, which contain carcinogenic nitrosamines, there is a high prevalence of cancers,
particularly stomach cancers. A high incidence of various malignancies, particularly
those of the mouth and throat, has also been linked to alcohol. Alcoholic beverages
like beer and scotch may also contain harmful nitrosamines. The carcinogen urethane,
which is created during fermentation, may be present in other alcoholic beverages
including wine and brandy (Bryan et al. 2012). Cancer’s genesis has been linked
to nitrosamines. A wide range of substances known as nitrosamines are created
when substituted amides, urea’s, and guanidine are nitridated. Since nitrosamines
are direct-acting carcinogens, their activation happens by spontaneous hydrolysis
rather than an enzymatic process.

The relationship between dietary factors and the etiology of various malignancies
has been demonstrated in a number of laboratory and epidemiological investigations.
The majority of tumor forms have been demonstrated to be inhibited by severe caloric
restriction in animals. However, cutting calories will not stop tumors from growing.
Numerous epidemiological studies have demonstrated a link between high calorie
intake in people and a higher risk of endometrial and gall bladder cancer (Tahergorabi
etal.2016). According to certain epidemiological research, consuming a lot of protein
may increase your risk of developing cancer. For instance, colon and breast cancers
are more common in developed countries. High intakes of total protein or animal
protein have been linked by some researchers to an increased risk of these particular
malignancies (Craig 2010).

It is thought that animal tumor formation is influenced by both the kind and
quantity of fat.

Humans who consume a lot of fat may be more likely to develop colon and breast
cancer. High fat intake, increased intestine anaerobic bacteria, and biliary steroid
release have all been proposed as potential mechanisms (Long et al. 2017). These
anaerobic bacteria have the ability to make estrogens. In mammary tissues, estrogens
are thought to have the potential to cause cancer. Additionally, intestinal bacteria
convert bile acids into secondary bile acids like deoxycholate and lithocholate. These
might cause cancer in the colon. Another hypothesis holds that cis fatty acids are
less cancer-causing than trans fatty acids (Virsangbhai et al. 2020).
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3.4 Non-dietary Factors: Carcinogenic

There are number of agents that can cause genetic damage and induce neoplastic
transformation of cells. They fall into the following categories.

® Oncogenic viruses
e Chemical carcinogens
e Radiant energy.

3.4.1 Oncogenic Viruses

There are specific viruses known to disrupt the operations of the regulatory genes.
Oncogenic viruses are those that cause cancer. These viruses are thought to be the
second most significant risk factor, according to several studies. Numerous DNA and
RNA viruses have been shown to cause cancer in animals.

e DNA viruses: There are three types of DNA virus which can cause human cancers
i.e. EBV, HBV and HPV.

e Epstein-Barr virus (EBV): This virus belongs to herpes family and can lead
to Burkitt’s lymphoma which is a B-lymphocyte tumour. The tumour cannot be
caused by the EBV virus alone. EBV consistently promotes the growth of beta
cells in patients with immunological dysregulation. It has been discovered that
EBV and nasopharyngeal cancer are tightly related.

e Hepatitis B Virus (HBV): Hepatitis B virus infection is found to be closely
associated with formation of liver cancer.

e The human papilloma virus (HPV) is a benign squamous papilloma that causes
many warts. The warts can become cancerous in some cases. Cervical squamous
cell cancer has been linked to HPV, according to research.

3.5 Chemical Carcinogens

It has been established that certain chemicals cause cancer. Some are naturally
occurring elements of microorganisms and plants. Some of them are industrially
produced synthetic goods. Based on a substance’s capacity to bind to DNA, chemical
carcinogens can be divided into two broad types.

Genotoxic substances are those that bind to DNA, whereas epigenetic substances
are those that are carcinogenic but show no sign of binding to DNA. Alkylating agents,
acylating agents, and aromatic amines are a few of the main chemical carcinogens.
Some other chemical carcinogens include aflatoxin B1, betel nuts, nitrosamines and
amides, vinyl chloride, nickel, and chromium insecticide and fungicide. Cancer is
also known to be caused by tobacco, smoking, and drug misuse.
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3.6 Radiant Energy

Radiant energy, whether it takes the form of UV light from the sun or ionizing
electromagnetic and particle radiation, has the ability to alter all cell types in vitro
and cause neoplasia in vivo in both humans and lab animals.

e Ultraviolet rays: Epidemiological studies have found plenty of proof that expo-
sure to the sun’s ultraviolet rays increases the risk of developing squamous cell
carcinoma, basal cell carcinoma, and melanocarcinoma of the skin (Braun-Falco
et al. 2012)

¢ Jonizing radiation: Ionization radiation causes cancer in the same way as electro-
magnetic (X, gamma) and particulate (protons, neutrons, and particles) radiations
do. It has been proven that radiation, even when used therapeutically, causes
cancer.

3.7 Stress Factors

It is not novel to think that emotions may contribute to cancer. But evaluating these
relationships is incredibly challenging. The surprising reality is that greater correla-
tions between cancer and quantifiable stressors are being observed. Clinicians and
academics have noted that emotional trauma and cancer appear to be strongly corre-
lated. This correlation has two significant physiological factors, it is certain. One is
harm done to the immune system and thymus gland. The neuroendocrine effects,
which are mediated by the hypothalamus, pituitary, and adrenal cortex, come in
second (Moreno-Smith et al. 2010). To confirm the link between stress factors and
cancer, specific studies in this area must be conducted.

4 Metabolic Alterations and the Cancer-Related
Nutritional Problems

In several studies it has been demonstrated that malignancy development (cancer) is
responsible for a variety of metabolic abnormalities that are connected with changes
in the patient’s body composition and nutritional status. These alterations can be seen
as a variety of clinical consequences, which are often classified under the umbrella
term Cancer Cachexia (Shyh-Chang 2017).
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4.1 Cancer-Related Metabolic Changes

Patients with advanced cancer, as previously studied, have deep anorexia, early
satiety, changes in the function of organs/glands/body parts, many deficiencies related
to nutrition, and losses in weight. Further the source of the symptoms is unknown,
this have been proven to be connected with the patient’s metabolic condition. There
are changes in energy expenditure, carbohydrate, and protein consumption. Protein
and fat metabolism, acid—base balance, enzyme activity, and endocrine functions
are all examples of metabolic processes. There is a general rise in metabolic rate.
For example, it may be 10% more than the normal level. However, there are differ-
ences among patients with gastrointestinal malignancies. Some people may be hyper
metabolic, but patients with colon and rectal cancer may not. As a result, it is
understandable that there may be differences amongst patients. Glucose intoler-
ance has been observed in cancer patients. This is attributed to increased insulin
resistance as well as decreased insulin secretion. There are also numerous reports
indicating an increased rate of endogenous glucose generation in cancer patients.
Weight loss is connected with higher production paired with other carbohydrate
modifications. Cancer patients have been found to have a higher rate of Cori cycling
(Bobrovnikova-Marjon and Hurov 2014).

4.2 Cori Cycle

Glucose produced by the tissues in periphery metabolized as lactate in this cycle,
it is then re synthesized as glucose in the liver. In this procedure energy consumed
because it requires 6 ATP to synthesize only 2 ATP. As a result, if all tumour cells
more lactate is released, more energy will be squandered for glucose re-synthesis.
As aresult, this is believed that Cori Cycling could be one of the important variables
in the development of weight reduction. According to many research findings, the
majority of weight loss in cancer patients is attributable to depletion in fat deposits.
It includes higher lipolytic (fat breakdown) rates driven by decreased food intake,
suppression of lipolysis due to the stress response to disease, and tumour-produced
lipolytic agents (Lelbach et al. 2007).

Elevated lipid levels are not significant in cancer patients, but they may occur in
conjunction with specific tumours. In cancer patients who had lost a large amount of
weight, the rate of fat oxidation was shown to be greater than the rate of carbohydrate
oxidation.

The following modifications in protein metabolism have been found.

e Whole-body turnover rates increase by 0.1.
As the condition progresses, catabolic (breakdown) rates of muscle protein
increase, resulting in weight loss.
Lower plasma branched-chain amino acids.
Skeletal muscle mass is diminished.
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e Albumin is the liver’s main secretory protein. Hypoalbuminemia is caused by its
depletion, which is prevalent in cancer.
e Negative nitrogen balance occurs despite adequate ingestion.

Severe metabolic alterations can result in progressive weight loss, protein energy
deficiency anaemia, and other protein, fat, and carbohydrate metabolism problems.
Cancer cachexia is the name given to this syndrome. Aside from metabolic alterations,
there are other changes that are thought to be endogenous host responses. Advanced
cancer patients have fluid and electrolyte abnormalities. Severe vomiting/diarrhoea,
as well as alterations in the enzyme system, can cause a variety of symptoms.

The host’s immune functions may be compromised, resulting in increasing malnu-
trition. These are ascribed to the production of mediators originating from immune
system cells, which are known as cytokines. Cytokines are polypeptides that regu-
late cell proliferation, differentiation, metabolism, and activation. These regulatory
polypeptides have a specific relationship with three areas of cancer. One is the inhi-
bition of cytokines by activated oncogenes, the loss of tumour suppressor genes, the
growth of drug resistance, and the loss of intimate cell-to-cell contact. Secondly, these
regulators’ have roles in tumour growth and the development of numerous cancer
metabolic disorders. Third, certain cytokines are being used in anti-tumour therapy
(Waldmann 2018). Many cancer patients have loss of taste and appetite. The factors
that influence taste and scent are highly complex. There have been few studies that
show there is no aberration in taste perception. Despite the fact that these variations
occur in the research. One should not dismiss the loss of taste and appetite in cancer
patients based on these findings.

These are also contributing causes to their weight loss. One of the most preva-
lent metabolic consequences is hypercalcemia. Nausea, muscle weakness, extra
urination, and high blood pressure are common symptoms. Anorexia, lethargy,
bewilderment, and stupor lead to coma (Hariyanto and Kurniawan 2021). Certain
types of tumours, on the other hand, lower calcitriol concentration in conjunction
with hypophosphatemia, resulting in oncogenic Osteomalacia. Muscle weakness of
different severity and back pain have been common complaints.

5 Cancer-Related Clinical Manifestations and Nutritional
Issues

Cancer causes changes in the metabolism of carbohydrates, protein, fat, fluids,
and various micronutrients. Changes in metabolism, as well as changed structural/
functional capability, result in cancer cachexia, increased morbidity, and death. Main
medical signs and symptoms connected with a cancer patient’s nutritional status
include:

e Anorexia accompanied by increasing weight loss and malnutrition.
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e Changes in taste can result in decreased or altered meal intake. Changes in protein,
carbohydrate, and lipid metabolism.
Increased energy consumption despite losing weight.
Reduced food intake and malnutrition as a result of mechanical bowel obstruction
at any level, gastrointestinal dysmotility caused by various malignant tumours.
e Malabsorption caused by a lack of or inactivation of pancreatic enzymes, bile salts,
or a failure of food to mix with digestive enzymes; fistulous bypass of the small
bowel; and malignant cell infiltration of the small intestinal wall, lymphatics, and
mesentery.
Enteropathy with protein loss.
Tumour-induced metabolic disorders.
Chronic blood loss anaemia with bone marrow suppression.
Electrolyte and fluid difficulties linked with chronic vomiting caused by intestinal
blockage or intracranial tumours, intestinal fluid losses via fistulas or diarrhoea.

6 Nutritional Assessment and Screening

Nutritional screening and assessment techniques can be helpful in detecting malnu-
trition in cancer patients at an early stage. Nutritional screening must be the first step
of cancer therapy and should be done as early as possible like at the time of diag-
nosis or hospital admission. The screening should be done regular intervals with the
aim to detect vulnerable patients who are at risk of malnutrition. A good screening
test for malnutrition should be quick and simple to use, affordable, extremely sensi-
tive, and must have excellent precision. Thus, selection of an appropriate assess-
ment tool should be the first approach for any effective intervention and nutritional
therapy for cancer patients. Although, various screening and assessment tools as
been used till now, however, the most commonly used tools are MUST (Malnutri-
tion Understanding Screening Tool), MNA (Mini Nutritional Assessment) and NRS
(Nutritional Risk Screening) for screening malnutrition. These tools consist of series
of questionnaire associated with malnutrition and anthropometric measurements
(Castillo-Martinez et al. 2018).

When the risk of malnutrition is present, more precise, and comprehensive assess-
ment tool are administered to determine the course intervention therapy. Nutritional
Assessment tools include, clinical observations, nutritional intake, psychological
conditions, biochemical measurements, and functional status of patients. The most
reliable and widely used assessment for cancer patients are SGA (Subjective Global
Assessment) and PG-SGA (Patient Generated-Subjective Global Assessment). The
assessment should be done in accurate intervals to obtain body changes during
the course of treatment. Nutritional assessment tools include the questionnaire and
screening of following aspects:

e Physical Examination: This includes, functional status, body strength, and
skeleton mass, respiratory strength, immune function and grip strength.
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Biochemical Assessment: This includes, measurement of blood parameters,
Albumin levels, and haematological parameters.

Anthropometric measurement: This includes, body mass index, mid upper arm
circumference, body composition, fat mass, lean body mass, and weight change
over a period of time.

6.1 Dietary and Medical History

Includes, nutrient intake, food and fluid intake, gap between the intake and recom-
mendations, socio-economic status, food availability and accessibility, History of
prior illness and high risk possibility (Fig. 4).

7 Nutritional Intervention and Counselling

The method of nutrition therapy to be adopted is chiefly depends on the location of
cancer in addition to gastrointestinal functionality, ability of oral intake and stages
of cancer. A complex outcome of cancer-related, nutrition- and/or metabolic-factors
leads to nutritional decline. The adverse symptoms can be reduced by proper eating,

z

Multidisciplinary Team (MDT) approach

«Complete at diagnosis
= Use a validated tool (e.g. MST)
s Incorporate intoHER/EMR

=Use avalidatedtool (e.g. SGA)

= Communicated resultsto MDT.
«Initiate early Physicians
«Recommend nutritional strategies, exercise, and others Dietitians

Nursing

*Re-evaluate at regular intervals
= Notify MDT of any Patient changes

Fig. 4 Multidisciplinary approach for nutrition intervention
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that enhance overall health, assist cancer survivorship and an outcome of effective
cancer therapy. While adopting nutrition intervention, oral route should always be
adopted first. If the oral intake is insufficient or not possible due to surgery or cancer
invasion, artificial nutritional therapy must be adopted. Enteral Nutrition (EN) should
be adopted to maintain gut integrity, if intestinal functions are maintained. Depending
on the digestibility and tolerance, polymeric or elemental feeding should be adminis-
tered in regular intervals. Enteral nutrition, can also be adopted along with oral diet,
if oral intake alone is not as per recommendations. In case of thoracic cancer, Head
or neck cancer, PEG or Jejunostomy feed should be adopted. In some cancer cases
like, short bowel syndrome, intestinal obstruction, intestinal haemorrhage, where,
enteral nutrition is not possible or not enough to provide micro and macro nutrients
as per requirements, Parenteral Nutrition (PN) must be adopted as early as possible
to prevent muscle catabolism and further malnourishment. PN can also be administer
as supplemental route of Nutrient Administration (SRNA). SRNA, provide the bene-
fits of optimum energy intake, muscle mass maintenance, prevent tissue depletion
during cancer therapy and reduces morbidities.

Nutritional counselling, also plays an important role in providing optimum nutri-
tion. An effective nutrition counselling should be done based on dietary pattern,
psychological status, presence of food allergy or/and intolerances, dietary intake,
present weight, and clinical parameters. Nutritional counselling acts as an interven-
tion, for adequate diet intake, improved mental conditions and feeling of wellbeing
in the patients (Valentini et al. 2012). Furthermore, it also allows decline in recovery
time after cancer therapy.

8 Nutrient Requirements

8.1 Energy

The energy demands during cancer are higher due to hypercatabolic state,
preserve tissues and encourage weight gain. It might not be possible to promote
an intake above 2000 kcal per day due to some of the restrictive factors connected
with food consumption (cancer cachexia). Malnourished patients can, however, be
encouraged to ingest about 35-40 kcal/kg body weight per day (30004000 kcal/
day) with the aid of appetite stimulants and/or nutrition support systems (enteral
tube feeding). The negative effects of chemotherapy and cancer cachexia can also be
reduced with a high energy diet (Young 1977; Table 2).
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Table 2 Tips for better nutrition for cancer patients

Add liquid foods Snack more

e.g., nutritious soup, broth or pre-made Go for snacks that are easy to prepare and eat like
liquid meal sandwiches or crackers

Soften foods Include protein-rich food

Add milk, cream, or butter to soften the e.g., lean meat, poultry, fish and seafood, eggs,
texture, or cook porridge instead of rice beans, lentils, and soy products

Try frozen foods Add calories to drink

e.g., frozen yogurt, and ice cream-high in | e.g., opt for fresh fruit juice instead of drinking
calories and do not require chewing water

8.2 Protein

Cancer patients recommended to take high protein (1.5-1.8 g/kg/day) to prevent
negative nitrogen balance and muscle wasting. However, due to adverse physiological
effects of chemotherapy or radiotherapy, most of the patients are not able to meet
their healthy individual (0.8—1 g/kg/day) requirements. In case of reduced oral intake,
or deprived gut function, parenteral nutrition therapy must be adopted to provide
essential amino acids and albumin. While oral intake, emphasis should be given on
inclusion of high biological value proteins like, eggs, dairy, meats and poultry. Renal
and liver parameters should be monitored closely while planning high proteins.

8.3 Fat Requirement

Due to enhanced mobilization of free fatty acids from adipose tissues, and making
diet palatable and calorie dense, 18-20% calories should be planned from fats
sources. Emphasis should be given on medium chain triglycerides and essential
fatty acids. Hard to digest fats like animal fats and hydrogenated fats should be
restricted. However, cream, butter, coconut oil can be incorporated to improve texture
and palatability of diet. Eicosapentaenoic acid (EPA) showed a positive impact on
reducing inflammation, and improved body composition.

8.4 Carbohydrate

An adequate amount of carbohydrate (55-60%) is required to prevent protein utiliza-
tion for energy production. To make the foods energy dense, and easy digestible,
simple carbohydrate should be adopted with small interval meal pattern. If the
gastrointestinal function is impaired, low fibre diet should be planned to prevent
digestive disturbances. In case of hyperglycaemia, soluble fibre rich food like
legumes, and cereals must be planned.
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8.5 Micronutrients

Due to the poor dietary intake and adverse physiological cancer therapy European
Society for Clinical Nutrition and Metabolism (ESPEN) recommends supplemen-
tation dosage for both chemotherapy and radiotherapy (Muscaritoli et al. 2021).
Vitamin and mineral supplementation in high doses, can be avoided in case of
absence of particular deficiency. Vitamin B complex are essential for energy produc-
tion and tissue recovery. Vitamin C, E and A are potential antioxidants, required for
scavenging free radicals, and promote tissue integrity and cell differentiation. Zinc
and selenium are two minerals that are extremely important, and supplementation
should be used to significantly boost their intake. Inclusion of phytochemicals rich
food sources like fruits, carrots, soybeans and Indian spices also have significant
symptomatic relieve.

8.6 Fluids

To prevent gastrointestinal disturbances or infections, optimum fluid intake are
recommended to dispose of metabolic by products of cancer therapy. To prevent
the development of cystitis, 2-3 L water is required. In case of swallowing difficulty,
thick shakes and beverages should be planned to meet daily’s nutrient requirements.

9 Conclusion

Results from observational studies showed that meal pattern and food choices may
influence cancer progression, risk of recurrence, and overall survival in people who
have been treated for cancer.

e Inorder to ensure proper food intake, meal schedules are essential. Cancer patients
frequently regret their ability to eat less as the day goes on. This could be due to
delayed gastric emptying, decreased gastric secretions, and mucosal atrophy. In
such cases, small frequent meals are recommended.

e Use of flavours and seasoning can be used to enhances taste sensation and
enhanced food intake.

e Chemotherapy may cause meat dislikes in some patients. Since lean meats
(chicken, seafood, etc.) have a milder flavour than red meats (lamb, hog, buffalo,
etc.), lean meats can taken over red meat.

e In case of dysphagia, mouth ulcers, lesions in oesophagus due to chemotherapy,
easily digestible full liquid diet should be given.

¢ To improve calorie dense foods, Milk shakes, custards, puddings, cheese, cream
soups, dextrose should be encouraged to consume in small intervals.
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e The enteral or parenteral nutrition can be adopted if oral intake alone is not
fulfilling nutritional needs. Amino acids and glucose based PN formulas provide
30-35 kcal/kg/day and 2-2.5 gm protein as supplementary. For enteral nutrition,
milk or soy based commercial feeds can be adopted.

e Supplements can be considered for supportive and fast recovery in case of nutrient
biochemical deficiencies.

e The bioactive components must be added in the diet of the patients so that body
will have the immunity to fight the disease.
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Aarti Yadav, Rekha Mehrotra, and Preeti Verma

1 Microbes Role in Food

Microbes have been an integral part of the human diet from production to consump-
tion from thousands of years. The fermentation process carried out by microbes
has been utilized globally in different ways. There are several traditional cuisines
including various form of breads, cheese, wine, fermented fish, vegetables and meat
etc. exhibiting the key role of microbes in food. However, with increasing population
demands the problem to maintain the nutritional and proteins demands have pushed
the current food system to a crisis. The existing food structure is highly pressurized
and unable to keep the pace with our rising population and meet its demands for
nutrition and protein (Graham and Ledesma- Amaro 2023; Rockstrom et al. 2020).
Furthermore, the existing issues of climate changes, land quality degradation, intox-
ication of water bodies and lands to be used for agriculture, aqua culture and animal
husbandry has shown an additive effect on scarcity for availability of nutritive food
(Change et al. 2019; Sun et al. 2022).

Agriculture, aquaculture and animal husbandry facing consequences with the limi-
tations of land, increased diseases and parasitic infections, abnormal use of chem-
icals and insecticides, compromised nutritional availability and climate change are
leading to critical set back to the food industry. The fact that micro-organisms have
the ability to complement, assist, advance and replace the current conventional food
options such as agricultural produce, meat etc, making them the best suited alternative
for sustainable microbial food revolution (Choi et al. 2022). Microbes are resilient
to environmental conditions and have potential to be in their native state as well
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as genetically engineered to recycle leftover inexpensive noncompetitive nutritional
sources such as agricultural waste and feedstocks for their own growth thus reducing
several issues of waste management, stubble burning (Javourez et al. 2021; Gao et al.
2020). Additionally, they have an excellent nutritional profile helping in escalating
the issues with malnourished diets (Linder 2019). Heading towards sustainable food
system is the need of the hour. Microorganism having beneficial outcomes can play
arole in sustainable food production and agriculture. Although microbes have been
a part of the food production from ages, the health benefits of microbes and ecolog-
ical savings have been revealed lately taking into consideration the importance and
potential to enhance, improve or even replace the currently available alternatives and
be a part of sustainable food system.

Microbes from generation to generation have been used to improve the quality,
texture, taste of our various food items such as cheese, alcoholic beverages, curd,
yogurt, kanji, sauerkraut, pickles, kombucha, butter, buttermilk etc (Tamang et al.
2016; Marullo and Dubourdiew 2022). These food items have been extensively
studied and has not only shown to be associated with alleviating various life style
disorders such as irritable bowel syndrome, crohn’s disease, cardiovascular issues
etc but also nutritive for aquaculture (Sharif et al. 2021; Marco et al. 2017). Thus,
not only improving the quality of life but also saving other associated expendi-
tures (Sharif et al. 2021; Marco et al. 2017). Using this traditional knowledge with
the recent advances various value-added products have been synthesized (Fig. 1)
as nutritional food sources such as single cell proteins, probiotic drinks, vegan meat
(Jones etal. 2020; Banks et al. 2022; Yuan et al. 2019; Wang et al. 2021). Nonetheless,
these advancements despite having numerous benefits face some challenges such as
ecological and economic stability, scalability, advancements in the existing strains for
better production (Sen et al. 2019). Metabolic engineering, high throughput methods,
omics approaches for characterization and genetic engineering may ameliorate some
these set backs to a great extent (Pan and Barrangou 2020; Helmy et al. 2022). Thus,
advancement in microbial food revolution can ignite its application and usage.

2 Microbial Food Product:

Microbes have gained significant attention as a sustainable alternative to traditional
animal and plant-based food sources due to their potential to address global food
challenges. Some of the key aspects of microbes as sustainable food are microbial
food product are primary source of protein that plays key role in health supplements.
Currently microalgae are being used in the form of capsule, supplements or liquid
form. Certain microbes, such as bacteria, fungi, and algae, can be rich in proteins,
vitamins, minerals, and other essential nutrients. They have the advantage of effi-
cient resource utilization which requires fewer resources, including water, land, and
energy, compared to traditional livestock and crop production (Sousa et al. 2008).
This makes them more sustainable and less environmentally impactful. Further culti-
vation of microbes can be performed using diverse feedstocks, including agricultural
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Fig. 1 Schematic showing the roles microbes play in different sectors

waste/biomass, organic byproducts, and even non-arable land. Food out of thin air is
the new concept towards sustainable food production where in minimal requirements
one can obtain significant produce to overcome the futuristic needs (Ercili-Cura et al.
2020). This versatility reduces the competition for resources with traditional agri-
culture and expands the potential for sustainable food production. Having short life
cycles microbes can reproduce quickly that can be grown in controlled environments,
such as bioreactors or fermentation tanks, with minimal space requirements. This
fast growth rate allows for higher yields in a shorter time compared to traditional
agriculture. Moreover, microbes can be genetically modified or selectively bred to
enhance specific traits, such as protein content, nutritional composition, and flavour
profile. This customization allows for the production of tailored food products to
meet specific consumer needs and preferences.
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3 Microbes as Source of Food for Human

3.1 Single Cell Protein and Microbe Powder:

Single-cell protein (SCP) refers to protein-rich biomass/ microbe powder also known
as microbial biomass refers to the dried and powdered form of microbial cells such as
bacteria, fungi, yeast, or algae Fig. 2 (Choi et al 2022) which can serve as a valuable
source of dietary protein, is a potential ingredient for human food production.

It is a rich source of essential nutrients, including proteins, amino acids, vitamins,
minerals, and fatty acids (Ciani et al. 2021). Some SCP are used as whole cell
preparations, while in others the cell wall may be broken down to make the protein
more accessible (Ritala et al. 2017). The single cell protein spirulina has gained
importance as superfood for leading a healthy life. A range of commercially available
spirula tablet, capsule and powder can be observed showing one aspect towards use of
SCP as substitute towards traditional nutritional requirements (Fig. 3). Depending on
the type of microbes used, the nutritional composition can vary. For instance, certain
microbial species may have a higher protein content, making them a valuable source
of plant-based protein. Microbe powder can possess functional properties that make
it suitable for various food applications (ERDOGAN et al. 2022). For instance, it
can act as a thickener, emulsifier, or stabilizer in food formulations. The composition
and characteristics of the microbial biomass determine its functional potential.

Spirulina, Chlorella sp., Fucus

AI ga e ) Laminaria, Sargassum Spirogyra

5 ™ % Aeromonas hydrophylla, A. hydrophila
Ba cte r|a > Acinetobacter calcoaceticus, Alcaligenes
4 Bacillus sp. Cellulomonas

b
F - S Aspergillus, Fusarium graminearum,
u ng I Rhizopus chienensis

Hansenula polymorpha, Candida

Y/ea S,t D utilis

Fig. 2 Sustainable food product (SCP) obtained from various microbial sources
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Fig. 3 Commercially produced spirulina as powder and tablet forms

3.2 Fungi- Mushrooms as Vegan Meet

Fungi, particularly mushrooms, have gained popularity as a vegan alternative to
meat due to their unique texture, umami flavor, and nutritional benefits. Mushrooms
have a meaty texture and a rich, umami flavor, making them a suitable substitute for
meat in various dishes. Their fibrous texture allows them to mimic the chewiness
of certain meats, providing a satisfying eating experience. Mushrooms offer several
nutritional benefits. They are low in calories, fat, and cholesterol and contain essential
nutrients such as protein, fiber, vitamins (B-complex vitamins, vitamin D), minerals
(iron, selenium, potassium), and antioxidants. While not as protein- dense as meat,
certain mushroom varieties, like shiitake and oyster mushrooms, contain notable
amounts of protein. Mushrooms can be incorporated into recipes that traditionally
use meat, providing a plant-based alternative. For instance, portobello mushrooms
can be grilled and used as a burger patty, while minced mushrooms can be used as a
substitute for ground meat in dishes like tacos, Bolognese sauce, or meatballs. Mush-
room cultivation generally requires fewer resources compared to traditional livestock
farming. They can be grown on agricultural waste products like sawdust, straw, or
wood chips, reducing the demand for land, water, and feed resources. Additionally,
mushroom cultivation has a lower carbon footprint and generates less greenhouse
gas emissions compared to animal agriculture. Studies suggest that mycoprotein is
associated with a reduction in LDL cholesterol levels (Turnbull et al. 1990). Quorn™
a well-known company produces a range of meat substitutes using mycoprotein—a
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type of protein derived from filamentous fungi. Mycoprotein is produced through a
fermentation process using a fungus called Fusarium venenatum.

4 Industrial Production of Microbial Foods

There are several companies that are actively involved in microbial food production.
Some of the notable firms are:

Quorn: Quorn is a well-known company that specializes in producing meat substi-
tutes made from mycoprotein, a type of filamentous fungi. They offer a variety
of products, including burgers, sausages, nuggets, and deli slices.

Perfect Day: Perfect Day is a company that utilizes microbial fermentation to
produce animal- free dairy products. They create dairy proteins, such as whey
and casein, by fermenting genetically modified yeast, offering a sustainable and
vegan alternative to traditional dairy.

Clara Foods: Clara Foods is focused on producing animal-free egg proteins using
microbial fermentation. They aim to create sustainable and cruelty-free egg prod-
ucts, including liquid eggs and egg whites, by fermenting yeast with the desired
protein characteristics.

Geltor: Geltor is a company that specializes in producing animal-free collagen
and gelatin using microbial fermentation. Their technology allows them to create
sustainable, cruelty-free collagen and gelatin for various applications, including
food, cosmetics, and pharmaceuticals.

Solar Foods: Solar Foods is developing a novel approach to produce food using
microbes and renewable energy. They use a type of bacteria called hydrogen-
oxidizing bacteria to convert hydrogen and carbon dioxide into a protein-rich
powder called Solein, which can be used as a food ingredient.

Biomilg: Biomilq is focused on producing cultured breast milk using micro-
bial fermentation. They aim to provide a sustainable and ethical alternative to
traditional dairy-based infant formula by culturing human mammary cells and
producing milk without the need for animal farming.

MycoTechnology: MycoTechnology is a company that utilizes fungi-based
fermentation to address taste and nutritional challenges in the food industry. They
have developed technology to reduce bitterness and enhance flavor profiles in
food and beverages, utilizing fungi as a natural alternative to traditional additives.
Air Protein: Air Protein is a company focused on using microbial fermentation
to convert carbon dioxide into a protein-rich food source. They utilize a type of
microbe called hydrogenotrophs to create protein. This approach has the potential
to produce food without the need for arable land or conventional agriculture.
Algama: Algama is a company that utilizes microalgae to create sustainable food
products. They have developed products like plant-based mayonnaise and other
sauces using microalgae as a key ingredient.
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Motif Ingredients: Motif Ingredients is a food technology company focused
on developing animal-free and sustainable food products using fermentation
and microbial processes. They work on creating proteins, fats, and other food
components that can replace traditional animal-based ingredients.

These companies represent a growing sector of microbial food production, demon-
strating the potential for sustainable and innovative alternatives to conventional food
sources.

5 Sustainable Approach

The development of novel processing and storage techniques such as lyophilization,
preservatives etc have provided us with new sustainable nutritive food prepared with
micro-organisms imparting numerous health benefits. Due to resilient and micro-
scopic nature of these microbes they can be cultivated from a small scale to a biore-
actor level without being impacted by climatic changes. The composition can vary
greatly depending on the microflora and the settings used for the cultivation. It is crit-
ical to choose the species carefully keeping the safety concerns. Moreover, microbes
have sufficient levels of necessary amino acids that cannot be synthesized by humans
and must be obtained through diet (Jach et al. 2022; Yamada et al. 2005). Dietary
fibres are essential keeping the balance of gut microflora (Wastyk et al. 2021). Algae
are known rich source of cellulose, polysaccharides and other dietary fibres which
can be used by human gut flora (Moreira et al. 2022). Further, yeast and fungi are
rich in mannans and glucans promoting the growth of gut flora and immune system
(McFarlin et al. 2013; Cuskin et al. 2015).

6 Future Prospects and Conclusions

Microorganisms are now frequently consumed in diet more research needs to be
undertaken on their nutritional profile, digestibility of all the components, as high
ribonucleic acid concentration have been associated with kidney stones. Food devel-
oped with microbes could transform the present food structure with sustained ethical
and sustainable innovation. The future solutions for food safety and scarcity heavily
rely on the success of microbial revolution of food.
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A Holistic Approach: Exploring Pre, Pro, | m)
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in Sustainable Diets

Ragini Surolia, Muskan Tyagi, and Anuradha Singh

1 Introduction

Sustainable diets support food security, encourage a healthy lifestyle for both the
present and future generations, and have little detrimental impact on the environ-
ment. Diets that are sustainable safeguard biodiversity and ecosystems, are acces-
sible to all people, equitable in terms of economic opportunity and affordability,
provide appropriate nutrition, are safe and functioning properly, and make the best
use of human and natural resources (Burlingame 2012). A sustainable diet focuses
on protecting and preserving biodiversity while promoting and achieving overall
population well-being in terms of physical, mental, and social aspects. (Vassilakou
et al. 2022). Our health and the quality of the food we eat are both directly impacted
by pollution and environmental decline (Iribarne-Duran et al. 2022). Since many
environmental pollutants accumulate in breast milk, there is growing evidence that
we are exposed to them at high levels from birth (Zhao et al. 2019). Additionally,
environmental contamination is linked to the emergence of new diseases, including
those with autoimmune roots (Di Nisio et al. 2019).

Sustainable diets are an approach to eating that considers the long-term health of
both individuals and the planet. They aim to minimize the negative environmental
and social consequences associated with food production and consumption, while
also meeting nutritional requirements. Sustainable diets ensure access to sufficient,
safe, and nutritious food for all individuals. Food is essential to many parts of our life,
and the production, distribution, use, and waste of food has in fact had a considerable
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detrimental influence on the environment, public health, and climate change (Fanzo
et al. 2018; Lindgren et al. 2018; Ritchie and Roser 2020).

A sustainable diet focuses on promoting both human health and the health of
the planet. It entails making food decisions that support food and nutrition security,
minimize adverse effects on the environment, and advance a healthy lifestyle for both
the present and the coming generations. To achieve these goals, sustainable diets often
incorporate the use of various components such as prebiotics, probiotics, synbiotics,
postbiotics and paraprobiotics. Prebiotics are indigestible fibers that promote the
growth of beneficial bacteria in the gut, while probiotics are live microorganisms
that confer health benefits when consumed. A sustainable diet that incorporates
synbiotics, the combination of prebiotics and probiotics, can synergistically enhance
guthealth (Thakur 2016). Moreover, the metabolic byproducts produced by beneficial
microorganisms, known as postbiotics, further contribute to these improvements. By
integrating these elements into their diets, individuals have the potential to enhance
gut health, minimize food waste, optimize nutrient utilization, and promote a food
system that is both environmentally sustainable and socially equitable.

2 Prebiotic

Prebiotics, which are indigestible fibers that promote the growth of beneficial bacteria
in the gut, can be a valuable component of a sustainable diet (You et al. 2022).
Prebiotics are a type of dietary fiber that provide nourishment to beneficial bacteria in
the gut. They play a crucial role in supporting gut health and promoting a balanced and
diverse gut microbiome. A healthy gut microbiome helps regulate immune responses,
promoting a well-functioning immune system. By including prebiotic-rich foods in
adiet, such as fruits, vegetables, whole grains, and legumes, individuals can promote
their overall health and well-being.

Prebiotics can help reduce food waste by increasing the utilization of edible parts
of plants that may otherwise be discarded (Surolia and Singh 2022a, b). For example,
parts like peels, stems, and leaves of fruits and vegetables often contain high amounts
of prebiotic fibers. These parts can be used to extract the valuable bioactive compound
that can be used as a prebiotic.

Many prebiotic-rich foods are derived from plants, such as chicory root, Jerusalem
artichoke, garlic, onions, and bananas. Growing and consuming these plant-based
foods supports sustainable agriculture practices. Plant-based diets generally have a
lower environmental impact compared to diets heavy in animal products. Numerous
underutilized fruits and vegetables possess or have the potential to contain significant
amounts of pectin, a complex polysaccharide. Pectin exhibits remarkable structural
diversity, which makes it highly versatile and applicable in various contexts. Its wide-
ranging properties and characteristics enable pectin to be utilized in a diverse array
of applications (Surolia and Singh 2022a, b). A diverse diet that includes a variety
of prebiotic-rich foods supports biodiversity and ecosystem health. Encouraging the
consumption of different fruits, vegetables, whole grains, and legumes helps maintain
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genetic diversity within crop species and supports the preservation of traditional and
heirloom varieties. Additionally, sustainable farming practices that prioritize the use
of prebiotic-rich crops can enhance soil health and biodiversity on farmlands.

Prebiotics contribute to the efficient utilization of resources in the food system.
Since they are indigestible by humans, they pass through the digestive system
relatively intact. However, they provide nourishment for beneficial gut bacteria,
promoting their growth and activity. By supporting the proliferation of these
microbes, prebiotics optimize the use of nutrients and energy, improving overall
resource efficiency (Dai et al. 2022).

2.1 Sources of Prebiotic

Prebiotics, which are indigestible fibers that promotes the growth of healthy microbes
in the gut, can be an important part of a sustainable diet. A healthy gut microbiome
has been linked to a number of positive benefits on nutritional absorption, immune
system performance, and digestion. By including prebiotic-rich foods in a diet, such
as fruits, vegetables, whole grains, and legumes, individuals can promote their overall
health and well-being. They naturally exist in different dietary food products (Fig. 1),
including garlic, sugar beet, asparagus, chicory, onion, Jerusalem artichoke, banana,
barley, honey, tomato, rye, chia seeds, soybean, human’s and cow’s milk, peas, wheat,
beans, etc., and recently, microalgae and seaweeds. They are produced on an indus-
trial basis due to their low concentration in foods. The basic materials lactose, sucrose,
and starch are also used to make some prebiotics.

Incorporating prebiotic-rich foods into a diet can support both individual health
and the sustainability of the food system. It’s important to choose a diverse range of
prebiotic sources, prioritize organic or regenerative farmed options, and consider the
overall ecological footprint of the food choices made to maximize the sustainability
benefits.
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Fig. 1 Sources of prebiotic
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3 Probiotic

Probiotics are live microbes, such as bacteria or yeasts, that have been shown to
provide health advantages when taken in sufficient quantities (You et al. 2022),
can be associated with a sustainable diet in several ways as Probiotics promote a
healthy gut microbiome by restoring or maintaining a balance of beneficial bacteria
in the digestive system. A healthy gut microbiome is essential for proper digestion,
nutrient absorption, and overall gastrointestinal health (Vera-Santander et al. 2023).
By supporting gut health, probiotics contribute to overall well-being and can reduce
the need for medical interventions or medications, aligning with the principles of
sustainability.

The use of probiotics can potentially help reduce the need for antibiotics (Anee
etal. 2021). Probiotics have been shown to help prevent or alleviate certain gastroin-
testinal infections and may enhance the immune response. The addition of probiotics
to antibiotic therapies seems to help preserve alpha diversity and lessen the effects
of antibiotic use on the makeup of the gut microbial community (Fernandez-Alonso
et al. 2022). Probiotics can be derived from sustainable sources, such as fermented
foods or cultured strains. Fermentation processes used to produce probiotic-rich
foods can contribute to reducing food waste by preserving perishable ingredi-
ents (Marco et al. 2021). Additionally, incorporating fermented foods into a diet
promotes traditional food preservation techniques, supporting local food economies
and traditional food practices.

3.1 Sources of Probiotic

Sources of the probiotic-rich foods (Fig. 2) are yogurt, buttermilk, fermented pickles,
sourdough bread, miso soup, kimchi, cottage cheese, tempeh, kefir, etc. Although
beneficial bacteria are typically linked to our stomach, especially the large intestines,
our body contains a variety of additional locations where they might be located.
Including mouth, skin, vagina, gut, urogenital tract, and lungs.

Probiotics can be beneficial for the health and well-being of livestock animals
(Anee et al. 2021). They are used in animal agriculture to promote gut health,
reduce stress, and enhance nutrient absorption in animals (Al-Shawi et al. 2020).
By improving animal welfare through probiotic supplementation, sustainable diets
can support more ethical and humane practices in livestock production. Sustainable
diets often prioritize plant-based foods and reduce reliance on resource-intensive
animal products. Incorporating probiotic-rich fermented plant-based foods, such as
kimchi or sauerkraut, can provide beneficial bacteria (Leeuwendaal et al. 2022) while
reducing the environmental footprint associated with intensive animal agriculture.
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Fig. 2 Sources of probiotic

It’s important to note that while probiotics have potential benefits in promoting
a sustainable diet, other factors such as sourcing of ingredients, packaging mate-
rials, and the overall ecological footprint of the production process should also be
considered to maximize sustainability.

4 Synbiotic

A mixture of living microorganisms and substrate(s) specifically used by host
microorganisms that benefits the host’s health” is now the updated definition of synbi-
otic (Swanson et al. 2020a, b). Synbiotics refer to the combination of probiotics and
prebiotics in a single product or dietary approach (Yadav et al 2022). While synbi-
otics themselves are not inherently a sustainable diet, they can be part of a sustain-
able dietary pattern. Synbiotics when the substrate is suggested to be utilised by the
co-administered microorganisms preferentially are consider as Synergistic synbi-
otics and Synbiotics made up of a probiotic and a prebiotic and designed to target
the body’s own bacteria are categorized as Complementary synbiotics (Swanson
2020). Table 1 lists the several synbiotic combinations and their results.

Synbiotics promote a healthy gut microbiome by providing a combination of
beneficial bacteria and the necessary fibers to support their growth. A healthy gut
microbiome has been linked to various health benefits, including improved digestion,
enhanced immune function, and potential reductions in the risk of certain diseases.
By supporting gut health, synbiotics can contribute to overall well-being, which is a
key component of a sustainable lifestyle (Surolia et al. 2022).

The use of synbiotics can potentially help reduce the need for antibiotic use. Probi-
otics can aid in the restoration of the balance of good bacteria in the gut, which can be
upset by antibiotic treatments. By promoting a healthy gut microbiome, synbiotics
may help strengthen the immune system and reduce the risk of infections, poten-
tially minimizing the need for antibiotics (Pela 2022). This aligns with the goal of



R. Surolia et al.

INACL Ut S[2A9] ¢-VINOH

supn8pod snjjng

(120T) Te 10 neAeoA PU® ‘JAD AI-VINOH ‘[9A9] UI[NSUL pOoNpay | ‘Snsoutunyyd 7 ‘snjiydopion snjj1onqoiony SO4
amssaid [eLIole UBOW pue 2dU[eAdId
QWIOIPUAS JT[OQBIOW 9SBAIOAP “V-IN.L
“IdH ‘YD1 ‘[onsafoyd [e1o], ‘Aysodipe [e1a0sIA

(1207) 0I901D) | UI JUSWIAAOIAW] ‘Q0UAIJWINOIID ISTEM PISEIIOP wamad T wnavpuvjd 7 ‘snpydopiov T urnuI ‘SO

(0207) Te 10 InodueIuLIy

SOWAZUQ JUBPIXONUE. JO ASBAIOU]

snjiydopron 7

Jopmod uowreuur)

(1207) wrerassuy

ordoad
959q0 UT Paonpar jou sem [ING pue JyStom £poq
9s00N[3 poo[q Furise] PIseaIddp Auedyrusig

wnpifiq g ‘snpydowsdyy S ‘wnivjuvyd 7

SOPLIEYIOLSOSI[0-0)ONL]

(0207) Ie 1 WLy

(SDI[0d QANRIAI[())
DN Y syuaned ur swoldwAs pare3nin

sapydoutiayy sno20003dasls ‘wunduoj ‘aaalq
WNLL2IODQOPIIY ‘SNILDSING T ‘SNSOUUDY.L
" ‘snpydopiov " ‘12502 snJj190qOIIVT

SOpIIBYI0Ls0SI[0-0J0NT]

(6107) 'Te 10 UMy ITewes|y

paaoxduir sey oseasIp [omoq
K1ojewwegur Yim sjuaned ur AJIAoR [eouID

§1220203d2.43§ “winavjuvyd
$N]]19DqOIIDT “UINIIIDS SNID0I04IIUT

(SOH) SepLRYLSO3I[0-03oNL,]

(€200) T8 199Ny

SII09 PIIBIA[Y

06d71 wn.ivyuvd snjj1ovqoIILT

§apopa PNUNUIT WOLY
paureiqo (2[qn[os)saIqy Arejor

(¢z07) s131D

UDOIYD UT UOBZIUO[OD D]]2UOUIDS dONPIY

s1juqns snjjovg

SOPLIEYD0LSOSO-UBUURIA

(6102) 190UBD UOJ09 JO uonjuaraxd
‘[© 19 [IAe[eWN)EEpPUNYD) pue eyd[e 1010BJ SISOIOU JOWN) Ul UOTIONPAY ISIH-N.L9 N wnivupyd snjjovqoiovy wn3 eIOROY
(0207) pZeX neweyon BUIYISE J1319[[e 0] dsuodsal ur 9A1OIH DO SNSOUWDYA SNJJIODGOIIDT Jopmod oroung,
QOUAIRJY auwoonQ urens onorqoid 21qy onoIqaid

182

SOUWIODINO 1Y) PUB SUOBUIQUIOD O1OIqUAS T J[qeL,



A Holistic Approach: Exploring Pre, Pro, Syn, Post and Paraprobiotics ... 183

reducing the environmental impact of antibiotic use in both human health and live-
stock farming. The production of synbiotics can be aligned with sustainable agricul-
tural practices. For instance, probiotics can be derived from sustainable sources such
as fermented foods or cultured strains. Prebiotics can be sourced from plant-based
ingredients, preferably from organic or regeneratively farmed crops. Emphasizing
the use of sustainable and locally sourced ingredients in synbiotics supports the prin-
ciples of sustainable food production and reduces the carbon footprint associated
with long-distance transportation.

Synbiotic products can be formulated to have a longer shelf life, reducing the
risk of spoilage and minimizing food waste (Seyedzade Hashemi et al. 2022). By
extending the shelf life, synbiotic products can help prevent unnecessary food losses
and reduce the environmental impact of food waste. This contributes to the efficient
use of resources and supports the goal of a sustainable food system. It’s important
to note that while synbiotics can be part of a sustainable diet, the use of synbiotics
can further enhance their alignment with sustainable principles.

5 Concept of Postbiotic

Postbiotic is a relatively new and emerging concept in the field of nutrition and
health. They refer to the metabolic byproducts produced by beneficial bacteria during
fermentation or growth. These byproducts include short-chain fatty acids, enzymes,
peptides, vitamins, organic acids, and other bioactive compounds. A sustainable diet
focuses on promoting both human health and the health of the planet. It typically
involves consuming foods that are nutritious, environmentally friendly, and ethically
produced. Postbiotics can play a role in promoting a sustainable diet.

The concept of postbiotics highlights the importance of secretory components
produced by probiotic Lactobacillus strains in promoting beneficial effects in the
host. The term “postbiotics,” specifically refer to the secreted substances that
contribute to these positive effects. These components include proteins, peptides,
organic acids, and other small molecules, indicating the diverse nature of the
substances involved. Furthermore, by noting that they can be released by live bacteria
or as a result of bacterial lysis, these components become available to exert their
physiological benefits in the different ways (Teame et al. 2020).

Postbiotics have been shown to support a healthy gut microbiome, which is essen-
tial for overall health and well-being. A diverse and balanced gut microbiota can
improve digestion, enhance nutrient absorption, and strengthen the immune system
(Wegh et al. 2019). By consuming foods rich in postbiotics or taking postbiotic
supplements, individuals can promote gut health, which is an important aspect of a
sustainable diet. Postbiotics, such as organic acids and antimicrobial peptides, have
natural preservative properties (Thorakkattu et al 2022). They can inhibit the prolif-
eration and activity of harmful bacteria and extend the shelf life of foods. This can
reduce food waste and contribute to sustainable food production and consumption.
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Postbiotics offer an alternative approach to promoting health and preventing diseases
without relying solely on antibiotics.

Many postbiotics are produced during the fermentation of foods, such as yogurt,
sauerkraut, kimchi, and kefir. These fermented foods are not only rich in benefi-
cial bacteria but also provide a natural source of postbiotics (Vera-Santander et al.
2023). Including fermented foods in a sustainable diet can offer health benefits
while reducing the environmental footprint associated with intensive agricultural
practices. Postbiotics can enhance the bioavailability of certain nutrients in food.
For example, they can improve the absorption of minerals like calcium, iron, and
magnesium (Zolkiewicz et al. 2020). By optimizing nutrient utilization, postbiotics
can contribute to a more sustainable food system by reducing the need for excessive
food production.

It is important to emphasize that the field of postbiotics is still in its early stages,
and more research is needed to fully understand their impact on human health and
sustainability. However, the initial findings suggest that postbiotics can play a role in
promoting a sustainable diet by supporting gut health, reducing food waste, and opti-
mizing nutrient utilization several advantages, sources and applications of postbiotics
was shown in Fig. 3.

6 Concept of Paraprobiotics

Paraprobiotics, which are defined as “inactivated microbial cells (non-viable micro-
bial cell either intact or broken) that confer a health benefit to the human or animal
consumer,” have the power to control both the adaptive and innate immune systems.
They also have anti-inflammatory, antioxidant and, antiproliferative properties, and
they have an antagonistic effect on pathogens.

Studies have demonstrated that the cell surface components of Lactobacilli, which
are categorized as paraprobiotics, have significant implications in their interactions
with host cells. The initial interaction between these components and the host cells
is of great importance, as it sets the stage for subsequent physiological responses,
as they play a crucial role as effector molecules during the initial interaction with
host cells. These components, collectively referred to as paraprobiotics, encompass
various elements such as peptidoglycan, teichoic acid, cell-wall polysaccharides,
cell surface-associated proteins, and proteinaceous filaments. It has been reported
that these components are responsible for facilitating beneficial effects on the host
(Teame et al. 2020).

More studies are required to completely comprehend the mechanisms of action
and possible health advantages of paraprobiotics, which are currently in the early
stages of research. Their advantage includes having a longer shelf life and a lower
risk of probiotic sepsis and antibiotic resistance because as the probiotic organisms
they don’t need to be kept in a cold chain to stay alive. (Shripada et al. 2020). Various
characteristics, advantages and sources of Paraprobiotic was shown in Fig. 4.
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Fig. 3 Postbiotic: advantages and sources and applications

7 Difference in the Concept of Postbiotic and Para

Probiotic

It is crucial to distinguish between the ideas of postbiotics and paraprobiotics by
limiting their definition. The terms “postbiotic” and “paraprobiotic” are related to
different aspects of probiotics but have distinct meanings as shown in Fig. 5. Postbi-
otics are the beneficial substances or metabolic byproducts that probiotic microbes
make while growing and metabolizing. Short-chain fatty acids, enzymes, organic
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Fig. 4 Paraprobiotics: Properties, advantages and sources

acids, bacteriocins, peptides, polysaccharides, and cell wall constituents are only
a few examples of the various chemicals that can be included in these molecules.
Postbiotics can be obtained from live probiotic bacteria or through the fermentation
process, where the bacteria release these substances into the surrounding environ-
ment (Aguilar-Toala et al. 2018). They have been demonstrated to have qualities that
improve health, such as immunological modulation, anti-inflammatory actions, and
improved gut barrier performance. Postbiotics are bioactive substances that can be
employed alone or as parts of therapeutic therapies.

Paraprobiotics, also known as non-viable probiotics or ghost probiotics, refer to
inactivated or non-viable microbial cells or their components that still retain some
beneficial properties (Barros et al 2020). Paraprobiotics can be pure cell surface
components such as peptidoglycan, teichoic acid, polysaccharides, or proteins or
they can be heat-killed bacteria, cell wall fragments, secreted metabolites, or cell
wall-killed bacteria. Despite not having the capacity to replicate or metabolize, some
substances can nonetheless interact with host cells and cause-specific physiological
reactions. Paraprobiotics are believed to modulate the host immune system, exert
anti-inflammatory effects, and enhance gut barrier function. They are typically more
stable and have a longer shelf life compared to live probiotics, making them suitable
for various applications in food, supplements, and therapeutic products (Cuevas-
Gonzalez et al. 2020).
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8 Conclusion

The integration of prebiotics, probiotics, synbiotics, postbiotics and para probiotic
in sustainable diets offers a holistic approach to address both human health and
environmental sustainability. By promoting beneficial gut bacteria, these compo-
nents enhance nutrient absorption, immune function, and reduce the risk of chronic
diseases. Moreover, the adoption of sustainable diets that incorporate these elements
contributes to minimizing food waste, improving resource efficiency, and reducing
the environmental impact of food production. However, further studies are required
to support the positive effects of paraprobiotics and postbiotics. Postbiotics refer to
the beneficial substances produced by live probiotic bacteria or through their fermen-
tation process, whereas paraprobiotics encompass the inactivated microbial cells or
their components that still retain beneficial properties. Both postbiotics and parapro-
biotics offer potential therapeutic benefits, but their mode of action and applications
may differ. Collectively, prebiotics, probiotics, synbiotics, postbiotics, and parapro-
biotics have diverse health effects that contribute to overall well-being and poten-
tially aid in preventing or managing certain conditions. In conclusion, the various
biotics, including prebiotics, probiotics, synbiotics, postbiotics, and paraprobiotics,
have distinct mechanisms of action and health effects. When used individually or in
combination, they have the potential to support gut health, modulate immune func-
tion, reduce inflammation, enhance metabolic processes, and contribute to overall
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well-being. To completely comprehend the unique mechanisms and ideal uses of
each biotic group for focused health advantages, more research is required. We can
build a future where people and the earth are healthier by adopting these holistic
strategy.
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Functional Properties and Health )
Benefits of Underutilized Crops L
and Plants in Northern India

Kirti Gautam and Renu Khedkar

1 Introduction

With the growing populace and rapid depletion of natural resources, it has become
essential to discover the opportunities of the usage of more native indigenous plant
resources. In today’s scenario, agriculture is one of the foremost assets of renewable
wealth. There are many plant species nonetheless mendacity unexplored and underex-
ploited. Therefore, there was targeted interest via way of means of the researchers on
exploiting opportunity or underutilized plant species for multifarious use. “Underuti-
lized (UU) Plants” are plant species that are used historically for food, fiber, fodder,
oil, or medicinal properties, however have not begun to be followed via way of means
of large-scale agriculturalists. Underutilized food can be defined as “food that is less
readily available, less commonly used, or not used frequently, or reserved for an
area” (William and Haq 2002). Unused or neglected Plants species are often old
native plant species still in use at the local, national, or even international level, but
potentially additionally contributing to range of food sources relative to the present
(Thakur 2014; Thakur et al. 2018).

UU plants are those that, in most of the cases, may and have historically been
utilized for food and different other large-scale purposes (Mayes et al. 2011). Global
Facilitation Unit (GFU) for underutilized species explains ‘“Underutilized plant
species have potential to contribute to food security and health including nutrition,
income generation and environmental services.” These little used Plants are also
referred to as “little children”, “orphans”, “promising” and “little used” (Thakur
2014). In terms of marketing and research, underutilized Plants are plant species that
are less well-known, but are well-adapted to marginal and stress environments.
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People are aware of their indigenous potential and ethno botanical data, but they
are unaware of their commercial significance and market value. Insufficiently sub-
structured policies, laws, and programmes, as well as a lack of attractive traits,
inadequate marketing, and a lack of understanding about their wide range of uses,
result in underutilized Plants, which generate minimal income. Research on their
genetic variety assessment and plant breeding is limited or nonexistent. As a result,
they are vulnerable to displacement by other species, resulting in their disappearance
or low occurrence as well as the loss of traditional knowledge about them (Gugal and
Kotiyal 2022). These Plants are grown, exchanged, and eaten in the local community.
Depending on the type of Plants and the area, the popularity of various horticulture
Plants varies, but it can be boosted through exposure. A vital source of vitamins,
the mountain horticultural plant has long gone overlooked by metropolitan people.
Nowadays, people are becoming more aware of the potential of these species and
variations to improve food and nutrition security for people living in poor areas of the
world (Gajanana et al. 2010; Gugal and Kotiyal 2022). In the case of mountainous
locations, this is related to the identified dietary features of the Plants, the biodi-
versity, and the richness in know-how guiding of the food. Because they are easier
to grow and tougher in nature, they will produce a harvest even under adverse soil
and climate conditions. Most of them are a great source of vitamins, minerals, and
other nutrients such as carbs, proteins, and lipids. Since this under-utilized Plants
has been consumed for a long time, locals are aware of its culinary and therapeutic
benefits. Aside from that, they are inexpensive and easily accessible. As the demand
for food changes (rediscovery of nutritional and culinary value, therapeutic value—
full ethno-biology), Underutilized plants and crops can overcome the restrictions on
the wider production and use of the poor. Underutilized plant species have different
past, present or potential use value, but their current uses are limited relative to their
economic potential (Gruere et al. 2006). In developing countries, despite the poten-
tial to diversify diets and provide micronutrients such as vitamins and minerals, they
still receive little attention in research and development, export through develop new
resources.

Underutilized crops and plants are capable to play a variety of roles in improving
India’s food security, including (Mayes et al. 2011);

Part of a focused effort to help the poor maintain livelihoods and incomes,

A way of reducing the risk of over-reliance on a very limited number of key staple
foods,

A way to increase the sustainability of agriculture by reducing inputs,
Increasing the quality of food;

A way of preserving and celebrating cultural and nutritional diversity.

To address the increased demand for food, a method of exploiting marginal and
unoccupied land for agricultural purposes has been developed. Therefore, due to
their untapped potential, these Underutilized plants and crops will be investigated to
combat food security.
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2 Unveiling the Underutilized Plants of India

As we continue to unearth the hidden treasures of the North West Himalayas, let us
now explore some of the underutilized Plants in India that combine nutrition with
tremendous market potential (Fig. 1; Table 1). Few underutilized Plants are identi-
fied and their details such as physiochemical, phytochemical properties, traditional
uses, pharmacological properties, and their market potential have been discussed as
follows.

1. Buckwheat 2. Horse Gram

7. Rhododendron Arboreum 9. Citrus sinensis

10. Cleome viscosa

Fig. 1 Underutilized plants and crops in Northern India
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2.1 Rhododendron arboreum (Buransh)

Rhododendron is a popular plant that is grown for its beauty, medicinal properties,
and cultural significance (Verma et al. 2020; Sharma et al. 2022). The genus Rhodo-
dendron contains over 1,000 species, and many of them are native to Asia. The R.
arboreum is an evergreen small tree that is found in the Himalayas. It has pink to
purple flowers that are edible. The flowers are often eaten raw or processed into
juices or squash. Rhododendrons are also used in traditional medicine. The leaves
and flowers of some species have been used to treat a variety of ailments, including
fever, diarrhoea, and dysentery. The bark of some species is used to make a tea that
is said to be beneficial for the heart.

Rhododendrons are beautiful and versatile plants that can be grown in a variety of
climates. Rhododendrons are also a valuable source of food and medicine for many
people around the world.

Here are some additional facts about Rhododendron arboreum:

It is the state tree of Uttarakhand, India.

It is the national flower of Nepal.

It is a popular ornamental plant in many parts of the world.

The flowers are edible and can be eaten raw or processed into juices or squash.
The leaves and flowers have medicinal properties and have been used to treat a
variety of ailments.

e The bark of some species can be used to make a tea that is said to be beneficial
for the heart.

The taxonomic classification of the R. arboreum is as follows (Rawat et al. 2018);
Kingdom: Plantae

Phylum: Magnoliophyta

Class: Angiospermae

Order: Ericales

Family: Ericaceae

Genus: Rhododendron

Species: Rhododendron arboreum

Sub species (Bhattacharyya 2011):

® R. arboreum spp. arboreum (red or rose red flowers) found in Western Himalayas.

® R. arboreum spp. cinnamomeum (white, pink, or red flowers) found in Central
Himalayas.

® R. arboreum spp. delavayii (red flowers) found in Eastern Himalayas.

® R. arboreum spp. nilagiricum (red flowers) found in Nilgiri.

R. arboreum, depicted (Figs. 2 and 3) is a tree with branching, reaching heights
of up to 10 m. The leaves are evergreen, smooth on the upper surface, and display
silvery scales on the lower surface. They are approximately 8.5 cm long, oblong-
lanceolate, leathery, and cluster at the end of the branches. The flowers grow in
corymb with a terminal inflorescence. The calyx consists of 5-8 lobes, and the
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Fig. 2 Rhododendron
arboreum tree

corolla is campanulate, tubular, with 5-8 lobes. Stamens are inserted at the corolla’s
base. The ovary is positioned superiorly and is multilocular, leading to a cylindrical
capsule with scales and numerous winged seeds. The bark is pale brown and tends to
flake. The tree typically flowers from March to May, while fruiting occurs between
April and November (Madhvi et al. 2019). Propagation is achieved using cuttings
and seeds. For optimal growth, R. arboreum prefers moist loam without lime, but
it can also thrive in rocky soil conditions if sufficient soil-moisture and humus are
present.

2.1.1 Physiochemical Properties

Rhododendron possesses a variety of minerals, including manganese, iron, zinc,
copper, sodium, chromium, cobalt, cadmium, molybdenum, nickel, lead, and arsenic.
These minerals are essential for maintaining various physicochemical processes vital
for life (Kumar et al. 2019). Notably, manganese, copper, selenium, zinc, iron, and
molybdenum serve as crucial cofactors within the structure of specific enzymes,
playing indispensable roles in numerous biochemical pathways (Table 2). Addition-
ally, sodium plays a vital role in preserving the osmotic balance between cells and
interstitial fluid. A Research presents valuable insights into the physical characteris-
tics, proximate composition, and mineral content of Rhododendron flowers collected
from various regions in northern part of India (Devi and Vats 2017). The average petal
length was measured at 4.92 £ 0.50 cm, with slight variations among the flowers
from the different regions. Similarly, the average weight of the flowers was found to
be 24.45 + 5.02 g per flower, showing variations in various regions. The fatty acid
compositions of stem wood, the major constituents are butanoic acid, 4-heptanoic
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Fig. 3 R. arboreum flower

acid, and pentanoic acid. Flowers contain approximately sixteen different amino
acids (Shrestha 2009). The details are as follows.

These studies emphasize the nutritional value and potential of Rhododendron
flowers as a valuable food resource, with variations in their composition attributed
to diverse agro-climatic conditions in the regions of northern India.

2.1.2 Phytochemical Properties

Various phytochemicals have been successfully identified and isolated from different
parts of R. arboreum through various research studies. Painuli et al. (2012) reported
a total of 34 compounds, with major compounds like beta-amyrin, heptadecane,
22-stigmasten-3-one, tetradecane, methyl ester, linoleic acid, linoleyl alcohol, beta-
citronellol, dodecane, L-ascorbic acid, 2,6-dihexadecanoate, alpha-amyrin, and
dibutyl phthalate. These compounds were detected using GC-MS analysis of
the methanolic leaf extract. In another study of the ethanolic leaf extract, 13
compounds were identified (Table 3), with major compounds including geraniol
formate, 1-hexadecene, 1,2,3-propanetriyl ester, 1-octadecanol, and docosanoic
acid. Gautam et al. (2014) reported 26, 24, and 17 compounds in the chloro-
form, ethyl acetate, and hexane fractions, respectively. Notably, two flavonoids,
namely 3-Hydroxy-4-(5-hydroxy-7-methoxy-4-oxo-4H-chromen-2-yl) phenyl (-
D-glucopyranoside and (8S)-8,9-Dihydro-13,16-dimethoxy-10H-8,11-epoxy-4,7-
etheno-1,3-benzodioxacyclododecin-10-one, along with two flavonoid glycosides,
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Table 2 Physiochemical properties of R. arboretum (Madhvi et al. 2019)
‘Wood (stem) Leaves
Physicochemical parameters Value (%) Parameters Value (%)
Ash content 0.75 Moisture content 0.78
Extractives 4.39 Total ash 1.6
Hollocelluloses 69.82 Acid insoluble ash 0.32
Hemicelluloses 22.00 Sulphated ash 0.0214
Alpha-celluloses 47.98 Water soluble extractives 12.00
Pentosans 16.84 Alcohol soluble extractives 9.65
Lignins 24.88
Flower
Physicochemical parameters Value (%) Minerals Value (ppm)
Moisture 79.40 £ 0.10 Mn 50.2
Ash 2.30 £ 0.05 Fe 405
Crude fat 1.52 +£0.08 Zn 32
Crude fiber 2.90 £ 0.05 Cu 26
Total nitrogen 0.58 + 0.07 Na 385
Total protein 1.68 £ 0.05 Cr 08
Carbohydrate 12.20 £ 0.12 Co <0.5
Organic matter 97.70 £ 0.20 Cd <1
Insoluble ash 1.29 £ 0.05 Mo <0.5
Soluble ash 1.15 £ 0.08 Ni 2

Pb 3

As <0.5

Rutin and Pectolinaroside (=5-Hydroxy-6-methoxy-2-(4-methoxyphenyl)-4-oxo-
4H-chromen-7-yl 6-O-(a-L-rhamnopyranosyl)-f-D-glucopyranoside, and a phenol
derivative, terephthalic acid dimethyl ester, were reported in the leaves.

Harborne and Williams (1971) employed two-dimensional chromatography to
isolate phenolic compounds from alcoholic leaf extracts. They successfully iden-
tified several compounds, including gossypetin, kempferol, azaleatin, caryatin,
quercetin, and leucoanthocyanidins. Additionally, HPTLC confirmed the pres-
ence of compounds like quercetin, rutin, and coumaric acid in the methanolic
flower extract, gallic acid in the leaves, and three triterpenoids (ursolic acid, B-
sitosterol, and lupeol) in both the flowers and leaves. Moreover, RP-HPTLC anal-
ysis revealed phenolic compounds such as quercitrin, syringic acid, epicatechin, and
quercetin-3-O-galactoside in the methanolic leaf extract.
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2.1.3 Traditional Uses

The stem wood of Rhododendron arboreum serves as a valuable source of fuel. Addi-
tionally, it is utilized in the production of various wooden products such as handles,
packsaddles, and gift boxes (Table 4). These items demonstrate the versatility and
usefulness of the wood derived from this tree. The striking and beautiful flowers of R.
arboreum find applications in house decorations (Ranjitkar et al. 2014; Chettri and
Sharma 2009; Kumar and Sharma 2009). Their vibrant colours and attractive appear-
ance make them a popular choice for adding aesthetic value to homes and various
settings. Apart from their visual appeal, the flowers of Rhododendron arboreum
possess a sweet—sour taste. They can be consumed raw or processed into chutneys
or juice. The juice derived from the flowers is known to have refreshing properties.
Additionally, itis believed to provide relief in cases of headache, stomach-ache, fever,
nosebleeds, diabetes, and rheumatism (Semwal et al. 2010; Sharma and Samant 2014,
Krishnaetal. 2014). The dried flowers of Rhododendron arboreum can be ground into
a powder, which is utilized as a medicinal remedy to treat bloody dysentery (Sharma
et al. 2010). The bark of the tree is also used for its healing properties, specifically
in aiding the recovery of cuts and wounds (Rana et al. 2015; Bhattacharyya 2011).
The multi-faceted uses of Rhododendron arboreum, ranging from its wood as a fuel
source and for various wooden products, to the aesthetic and medicinal uses of its
flowers, highlight the significance of this plant in the local communities of the North
West Himalayas region (Madhvi et al. 2019). It serves as a valuable resource that
contributes to livelihoods, cultural practices, and traditional healthcare systems.

2.1.4 Pharmacological Uses

Various compounds extracted from Rhododendron arboreum leaves exhibit remark-
able pharmacological properties. The medicinal properties of R. arboreum have been
extensively documented in various studies (Madhvi et al. 2019).

a. Adaptogenic activity

The methanolic extract contains a significant quantity of quercetin and gallic acid,
as revealed by HPTLC analysis, contributing to potent anti-stress activity. These
compounds are likely responsible for this activity when compared to hydroethanol
and aqueous extracts (Roy et al. 2014). Karki et al. (2023) studied the adaptogenic
activity of R. arboretum flower extract on mice and rats using anoxia stress and
swimming endurance stress-induced models. The ethanolic extract at doses of 200
and 400 mg/kg showed significant adaptogenic activity in the animals.

b. Antidiarrheal activity

The ethyl acetate fraction of the flower shows a dose-dependent reduction in the
number of diarrheal faeces (24.55-73.65%) in magnesium sulfate-induced diarrhea
(Vermaetal.2011). Italso decreases gastrointestinal transit of Charcoal Meal (91.36—
66.03%), inhibits intestinal contents (2.64 + 0.37 to 1.43 &£ 0.29), and reduces the
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Table 4 Traditional uses of R. arboretum
Part of R. arboreum | Form Ailment/Use Locality (state/
country)
Flower Flower bud Vegetable Uttarakhand
Drink containing To cure blurry vision | Southern China/
honey and asthma China
Myanmar
Aqueous extract Food colouring agent | Himachal Pradesh/
India
Raw flower Sauce and jam making | J&K/India
Dried flower fried in | To stop blood Tamil Nadu/India
ghee dysentery
Crushed flower Used to stop nasal Himachal Pradesh/
bleeding India
Flower juice To cure menstrual
disorder
Sold as health tonic Uttarakhand/India
To cure heart related
issues, stomach
disorder, fever
Used when fish bone | Sikkim/India
stucks in the throat
Juices and squash Cure diabetes Uttarakhand/India
Leaves Young leaves To cure headache by
applying on forehead
Dried leaves To get rid of external
parasites
Dried leaf tincture To cure rheumatism Homeopathy
and gout
Bark Bark and leaves To cure the roughness | Manoor Valley/
of skin Pakistan
Bark juice To cure liver disorders, | Alai Valley/Pakistan
cough cold, piles
Stem wood ‘Wood To make gift boxes, Arunachal Pradesh/
pots, gunstocks etc. India
As fuel
Root Decoction of root To cure early stage of | Nagaland/India

cancer

Source Madhvi et al. (2019)
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weight of intestinal contents (3.87 &= 0.45 to 2.21 £ 0.67) in castor oil-induced enter
pooling. The fraction significantly inhibits the number of diarrheal faeces (24.48—
71.07%) in castor oil-induced diarrhoea at the above concentrations (Verma et al.
2011).

¢. Anti-inflammatory and Antinociceptive activity

Flower extracts of R. arboreum exhibit significant anti-inflammatory activity against
phlogistic agents induced hind paw edema in rats, with the aqueous extract showing
the highest activity compared to the 50% ethanol and methanol extracts (Agarwal
and Kalpana 1988). The acetone extract of R. arboreum leaves at 3000 ug/ml demon-
strates 50.56% erythrocyte membrane stabilizing activity, attributed to tannins,
saponins, and flavonoids, including hyperin (Nisar et al. 2016).

d. Antioxidant and Antimutagenic activity

The hexane, chloroform, and ethyl acetate fractions of R. arboreum leaf extract
reduce the production of nitric oxide radicals, prevent deoxyribose degradation, and
inhibit lipid peroxidation. The presence of phytochemicals, vitamin E, and 3,7,11,15-
tetramethyl-2-hexadecen-1-ol likely contributes to the antioxidant activity (Prakash
et al. 2007; Acharya et al. 2011). Additionally, the ethyl acetate fraction exhibits
high antimutagenic activity in the pre-incubation mode, showing 83.48% inhibi-
tion against the TA-98 strain and 76.869% inhibition against the TA-100 strain of
Salmonella typhimurium (Gautam et al. 2018).

e. Anticancer activity

The ethanolic extract of the leaves displays significant dose-dependent activity
against Agrobacterium tumefaciens-induced tumors in potato discs. The leaf extract
exhibits substantial activity compared to TAM, while the flower extract shows no
significant effect on the MCF-7 tumor cell line. Quercetin and rutin, isolated from the
ethanol extract, are potential candidates responsible for the antitumor activity (Sonar
et al. 2012a, b). Moreover, the isolated compound, 15-oxoursolic acid, demonstrates
varying IC50 values (ranging from 2.3 £ 0.04 pM to 32.8 &+ 1.54 uM) against
different cell lines, including A498, NCI-H226, H157, Hep G2, and MDR 2780AD.
The presence of an OH group at carbon 3 and a carbonyl group at carbon 17 likely
contributes to its cytotoxic properties (Ali et al. 2017). Furthermore, the aqueous leaf
extract, up to a concentration of 5000 pg/ml, is non-cytotoxic against S. cerevisiae
strain BY4741 (Painuli et al. 2012). However, the extract exhibits a considerable
inhibition of cell proliferation (ranging from 25.41 to 75.30%) in Vero cells and
(ranging from 60.12 to 87.66%) in HELA cells. Additionally, the expression of HIF-
la is reduced to 0.332 fold, and VEGE expression is lowered to 0.24 fold by the
extract.

f. Antidiabetic activity

The ethyl acetate-soluble fraction of R. arboreum exhibits higher a-glucosidase
inhibitory activity than the water-soluble fraction (Bhandary and Kawabata 2008).
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Hyperin, an isolated compound, demonstrates dose-dependent inhibition of a-
glucosidase, with an IC50 of 0.76 mM for maltase and 1.66 mM for sucrose. Hyperin
significantly reduces blood glucose levels in streptozotocin-induced diabetic rats
and leads to a reduction in triglycerides, VLDL, LDL, and total cholesterol levels
compared to diabetic control rats. The compound also shows a dose-dependent
decrease in the activity of enzymes glycogen phosphorylase, glucose-6-phosphatase,
and glycosylated haemoglobin, while increasing glycogen synthase and hexoki-
nase activity. Furthermore, the compound-treated rat’s exhibit improved histological
features of the pancreas. In the case of the isolated compounds from the methanolic
bark extract, they show less than 13% inhibition against B-glycosidase. However,
3-O-acetylursolic acid demonstrates potent inhibition of a-glycosidase (IC50 = 3.3
4 0.1 M) compared to the standard inhibitor Acarbose (IC50 = 545 £ 7.9 uM).
Another compound, 3-B-acetoxyurs-11-en-13f, 28-olide, shows significant inhibi-
tion (76.3 & 6%) of glycation. In another study, a significant decrease in blood
glucose levels is observed in rats treated with a 200 mg/kg dose of the aqueous
extract compared to metformin-treated rats (10 mg/kg). The ethyl acetate fraction
significantly reduces the maximum blood glucose level in streptozotocin-induced
diabetic rats, particularly 5 h after treatment. The active fraction also decreases
serum urea, creatinine, hemoglobin A1C, and blood glucose levels in diabetic rats
while increasing insulin levels, like glybenclamide-treated rats. The dose of 400 mg/
kg of the active fraction significantly reduces LDL (42.3 + 9.4 mg/dL), VLDL (10.3
4 6.9 mg/dL), total cholesterol (64.5 &+ 6.5 mg/dL), TGs, and significantly increases
HDL compared to untreated diabetic rats.

g. Cardioprotective activity

The ethanolic extract of the whole plant of R. arboreum demonstrates dose-dependent
reductions in ALT, AST, and LDH enzyme activity, as well as decreased levels
of MDA in serum and heart tissue. Additionally, it increases the activity of SOD,
catalase, GPx, and GSH in isoproterenol-treated rats. The extract-treated groups show
marked improvements in vacuolation, myocardial degeneration, and inflammatory
cell infiltration (Mudagal and Goli 2011; Parcha et al. 2017).

h. Antibacterial activity

The methanolic crude extracts derived from the flower, leaf, stem, and roots of R.
arboreum exhibit potent to significant activity against B. subtilis, Salmonella typhi,
and S. aureus (Nisar et al. 2013). The ethanol extract, methanol extract, and isolated
quercetin demonstrate the lowest effective concentrations of 12.5 mg/ml, 50 mg/ml,
and 25 mg/ml, respectively, against E. coli and S. aureus (Sonar et al. 2012a, b).
In another study, the ethanolic flower extract (50 mg/ml) displays zone of inhibition
values of 20 £ 1 mm, 19 £ 1 mm, and 17 &= 1 mm against E. coli, S. epidermidis, and S.
aureus, respectively. The methanolic leaf extract exhibits greater effectiveness against
gram-positive bacteria compared to the acetone extract. The growth inhibition of S.
aureus is 60-40% with the methanolic leaf extract and 50-50% with the methanolic
flower extract, with the leaf extract being more effective than the flower extract
(Prakash et al. 2016; Chauhan et al. 2016; Saranya and Ravi 2016; Sharma 2013).
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2.1.5 Market Potential

Rhododendron arboreum, commonly known as Burans or the Indian Rhododendron,
has several market potential opportunities. According to Negi et al. (2013), some
general areas where R. arboreum can be commercially utilized are;

a. Herbal and Medicinal Products: R. arboreum has been used in traditional
medicine systems, including Ayurveda, for its potential health benefits (Swami-
dasan et al. 2018). The tree’s bark, flowers, and leaves are believed to possess
medicinal properties. Extracts, teas, supplements, or herbal formulations derived
from R. arboreum may find a market in the herbal and natural medicine sectors.

b. Cosmetics and Skincare: R. arboreum extracts or essential oils can be incorpo-
rated into cosmetic and skincare products due to their potential antioxidant and
anti-inflammatory properties. These natural ingredients may be used in creams,
lotions, serums, or facial oils targeting specific skin concerns (Ghimeray et al.
2015).

c. Nutraceuticals and Functional Foods: R. arboreum contains bioactive
compounds that can be utilized in the production of nutraceuticals or functional
foods. Products such as health supplements, fortified beverages, or functional
food additives might be developed to cater to consumers interested in natural and
functional ingredients (Bhatt et al. 2017a, b).

d. Floral and Perfume Industry: R. arboreum’s vibrant and attractive flowers can
have value in the floral industry. They may be used in floral arrangements, deco-
rations, or as cut flowers (Buchbauer 2000). Additionally, the floral extracts or
oils of R. arboreum can be utilized by the perfume and fragrance industry for
their unique scent profiles.

e. Landscaping and Horticulture: The ornamental beauty of Rhododendron
arboreum makes it suitable for landscaping purposes (Sharma et al. 2022). The
tree can be planted in gardens, parks, or public spaces to enhance their visual
appeal. Nurseries and horticulture businesses may find a market for selling R.
arboreum saplings or plants.

2.2 Sichuan Pepper (Timur)

Sichuan pepper, also known as prickly ash or Szechuan pepper is considered an
underutilized Plants in India. While it is not native to the country, it has been intro-
duced and cultivated in some regions, particularly in the northern and northeastern
regions of India where the climate and terrain are conducive to its growth. Despite
its potential as a unique and flavorful spice, Sichuan pepper is not widely cultivated
or incorporated into mainstream Indian cuisine.

The taxonomic classification of the Sichuan pepper is as follows (Petruzzello
2022).

Kingdom: Plantae

Phylum: Angiosperms
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Class: Eudicots

Order: Sapindales

Family: Rutaceae

Genus: Zanthoxylum

Species: Zanthoxylum simulans (or Zanthoxylum bungeanum, depending on the
specific species used as Sichuan pepper).

Another species of Sichuan pepper Zanthoxylum bungeanum, referred to as Da
Hongpao Hua jiao, belongs to the Zanthoxylum genus of the Rutaceae family and can
be found widely distributed in China (Hebei, Shanxi, Sichuan, Gansu, and Shandong
provinces) as well as some countries in Southern Asia. Like other species within
this genus, Z. bungeanum possesses a distinctive tingling sensation when consumed
(Yang 2008). The dried fruits, renowned for their fresh aroma and taste, are commonly
used as a spice in local cuisines, either ground or whole. These fruits can stimulate
saliva production and enhance appetite. Hua jiao, a combination of salt and Sichuan
pepper (Z. bungeanum), is frequently employed as a condiment in barbecue dishes
such as chicken tikka or roast duck (Zhang et al. 2017).

Sichuan pepper plants, including both the red and Chinese pepper varieties, share
a similar appearance. They are deciduous shrubs or small trees with multiple trunks.
In cool climates, these plants can grow up to 7 m (23 feet) in height, while the
green Sichuan pepper plant is generally smaller. To facilitate harvesting, cultivated
plants are often pruned and kept short. The leathery leaves are pinnately compound,
typically consisting of 5-15 oval serrated leaflets, and they are armed with prickles
(Figs. 4 and 5). These plants are mostly dioecious, meaning male and female flowers
are usually borne on separate individuals. However, there are instances where male
plants produce a few peppercorns, and some female plants can form bisexual flowers
and self-pollinate. Certain varieties and cultivars do not require a male plant for a
satisfactory harvest. The small flowers grow in upright clusters, which eventually
become pendulous as the fruits develop. The fruit husks of the red Sichuan pepper
and Chinese pepper are red in color, while those of the green Sichuan pepper are
green. Sichuan pepper species demonstrate a notable resistance to pests and plant
diseases.

In addition to its culinary uses, Z. bungeanum possesses various medicinal prop-
erties across its different parts. In various traditional medicines, the pericarp is
employed for the treatment of gastralgia and dyspepsia, while the seed is recog-
nized for its anti-inflammatory and diuretic effects. The leaves are known for their
carminative, stimulant, and sudorific properties, and the root is utilized to alleviate
epigastric pains and aid in the healing of bruises, eczema, and snake bites (Deng et al.
2019). Recent experimental studies have unveiled further benefits of Z. bungeanum,
such as its cardiovascular activity exhibited by the pericarp, its inclusion in cosmetic
products, the anti-inflammatory properties of methanol extracts, and the remarkable
antioxidant and antimicrobial activities (Yang 2008; Gong et al. 2021) found in the
essential oil derived from the seed and fruit.

The leaves of Z. bungeanum are not only edible but also possess a slightly
pungent and harmless taste (Ji et al. 2019). In certain rural regions, residents
consume the young leaves as a vegetable during the spring season. Furthermore,
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Fig. 4 Sichuan pepper tree

Fig. 5 Sichuan pepper

they are commonly used as condiments in Chinese cuisine and added to bever-
ages to enhance flavor. Despite its long history of consumption, there has been
limited research conducted on the chemical composition of this substance. However,
Wei et al. (2011) have explored the ultrasonic-assisted extraction of total flavonoids
from Z. bungeanum leaves, while Yang (2008) have identified 13 polyphenolics in
leaves grown in Hebei, China, using HPLC/MS. Major constituents identified include
chlorogenic acid, hyperoside, and quercitrin. Nevertheless, there are still certain areas
of uncertainty regarding the phytochemical profiles and physiological effects of this
edible material for consumers.
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Alkylamides such as sanshools and hydroxyl sanshools (McGee 2004), which
belong to the same family as piperine and capsaicin, are widely found in Sichuan
Pepper. We can feel them in our mouth when we eat Sichuan pepper-flavored foods
or food products. Unlike capsaicin, piperine, or isothiocyanates, this sensation is
unique. As opposed to activating TRPA1 or TRPV 1, it is caused by modifying potas-
sium channels with two-pores (Albin and Simons 2010). To a considerable extent,
Sichuan pepper extract’s anti-inflammatory and antioxidant properties are due to its
polyphenol concentration. There are over 20 polyphenols in Zanthoxylum, including
flavonoids, lignans, and their glycosides. This makes Sichuan pepper a viable ingre-
dient in food and cosmetics as well as pharmaceutical and agricultural industries. It
has been proven to have antibacterial and antiviral properties as well as skin lifting,
herbicide safener, and medicine transdermal penetration enhancement capabilities.

In addition to its utilization in fragrance and culinary fields, Sichuan pepper
extract exhibits a diverse range of beneficial properties. These include antimicrobial,
antiviral, skin lifting, herbicide safener, drug transdermal penetration enhancing, and
lipid lowering capabilities. Due to these impressive attributes, Sichuan pepper holds
immense promise as a valuable ingredient across various industries such as food,
cosmetics, pharmaceuticals, and agriculture (Zhu et al. 2011; Oh and Chung 2014;
Hisatomi et al. 2000; Artaria et al. 2011; Lan et al. 2014; Tang et al. 2014; Li et al.
2015; Zeng et al. 2018).

2.2.1 Physiochemical Properties

Volatile components

A growing number of people are interested in figuring out the volatile components
that give Sichuan pepper its characteristic aroma because of its high value as a flavour
and fragrance enhancer. When extracting fragrance components from Z. piperitum,
headspace extraction utilising mulberry paper bags (HS-MPB—SPE) with solid
phase micro extraction (SPME) (Cardeal et al. 2006; Yoon and Lee 2009; Jiang and
Kubota 2004). A total of 13 compounds were discovered using the HS-MPB-SPE
method, with limonene, eucalyptol, and ocimene as the primary components.

Sichuan pepper possesses a robust and delightful fragrance. More than two
hundred volatile compounds have been identified, responsible for its citrus, woody,
and spicy notes. The pleasant scent of Sichuan pepper extract has been utilized in
the creation of fine fragrances, adding an accentuating touch. In Chinese cuisine,
Sichuan pepper is widely used as a spice, providing a distinctive flavour accompa-
nied by a tingling and numbing sensation. It is often combined with chili pepper to
create the renowned Mala flavour, which translates to “numbing and spicy.” Non-
volatile compounds, such as alkylamides and polyphenols, have been identified in
Sichuan pepper. In certain Zanthoxylum species, like Z. pipertum, the total amide
content can reach as high as 3% (Ravindran et al. 2012).

Sichuan pepper contains sanshools and hydroxyl sanshools, alkylamides from
the same family as piperine and capsaicin. These compounds are responsible for the
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numbing, tingling, and buzzing sensation experienced when consuming Sichuan
pepper-infused dishes or food products. This unique sensation differs from the
pungency caused by capsaicin, piperine, or isothiocyanates, as it modulates two-
pore potassium channels rather than activating TRPA1 or TRPV1 channels (Albin
and Simons 2010). The antioxidant and anti-inflammatory properties of Sichuan
pepper extract are mainly attributed to its polyphenol content. More than twenty
polyphenols, including flavonoids, lignans, and their glycosides, have been identified
in the Zanthoxylum genus (Koo et al. 2007).

Non-volatile components

Alkylamides are abundant components in Sichuan pepper, with hydroxy a-sanshool
being the most prevalent in both Z. bungeanum oil and Z. schinifolium oil. These
alkylamides contribute significantly to the pungency experienced when consuming
Sichuan pepper. Differentiating between Z. bungeanum and Z. schinifolium is
suggested based on their alkylamide composition, particularly considering hydroxyl
y-sanshool and bungeanool (Zhao et al. 2013).

In a study by Mizutani et al. (1988), new alkylamides, namely hydroxyl y-
isosanshool, bungeanool, and isobungeanool, were identified in addition to hydroxyl
a, B, and y sanshool in Z. bungeanum. The researchers extracted pericarps using chlo-
roform, fractionated the extract with silica gel column chromatography, and further
purified it with HPLC. The structures of these newly identified alkylamides were
determined using NMR.

Jang et al. (1978) identified 2’,3’-dihydroxy a-sanshool and 2’,3’-dihydroxy o-
sanshool in seeds of Z. piperitum. The plant material was extracted with methanol
and dichloromethane, and the extract was separated using reversed-phase vacuum
flash chromatography and HPLC. Among the five fatty acid amides isolated, they
found—hydroxyl sanshool and two newly identified sanshools. NMR was employed
to determine the structures of these compounds. Huang et al. (2012) discov-
ered two new alkylamides, namely (2E,7E,9E)-N-(2-hydroxy-2-methylpropyl)-6,11-
dioxo-2,7,9-dodecatrienamide and (2E,6E,8E)-N-(2-hydroxy-2-methylpropyl)-10-
0x0-2,6,8-decatrienamide, in Z. bungeanum. The pericarps were extracted using
methanol (MEOH) and fractionated the extract with a silica gel column. HR-ESI-
MS analysis was employed to determine the molecular formula of each fraction, and
NMR was used to elucidate the structures of the unknown compounds.

Polyphenols

Various analytical techniques have been employed to analyze the non-volatile fraction
of Sichuan pepper. One such method is Ultra Performance Liquid Chromatography-
Diode Array Detection-Electrospray Ionization-Quadrupole Time-of-Flight Mass
Spectrometry (UPLC-DAD-ESI-QTOF-MS/MS), which has proven to be a rapid
and effective approach for quantifying specific compounds in Zanthoxylum armatum
species. Asarinin, sesamin, fargesin, kobusin, and armatamide were successfully
quantified using this method. Additionally, this technique was utilized to identify
12 compounds, including flavonoids, lignans, coumarin, and amides, present in Z.
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armatum leaves. Another species, Zanthoxylum bungeanum, is known for its abun-
dance of ten flavonoid glycosides in its leaves. These compounds include isovitexin,
vitexin, hyperoside, isoquercitrin, rutin, foeniculin, trifolin, quercitrin, astragalin, and
afzelin. With the presence of these flavonoid glycosides, the leaves of Z. bungeanum
serve as a valuable natural antioxidant source (Zhong et al. 2014).

2.2.2 Phytochemical Properties

Zanthoxylum species offer a diverse array of significant compounds, as follows:

a. Zanthoxylum rhetsa (found in India) consists of sabinene, limonene, pinene,
para-cymene, terpinene, 4-terpineol, and alpha-terpineol

b. Zanthoxylum fagara (found in Central and Southern Africa, South America)
contains alkaloids and coumarin, according to a study published in Phytochem-
istry in 1988.

c. Zanthoxylum simulans (found in Taiwan) primarily contains beta-myrcene,
limonene, 1,8-cineol, and Z-beta-ocimene, as reported in the Journal of Agri-
cultural and Food Chemistry in 1996.

d. Zanthoxylum armatum (found in Nepal) is rich in linalool (50%), along with
limonene, methyl cinnamate, and cineole.

e. Zanthoxylum piperitum (found in Japan [leaf]) contains citronellal, citronellol,
and Z-3-hexenal, according to Bioscience, Biotechnology, and Biochemistry in
1997.

f. Zanthoxylum acanthopodium (found in Indonesia) contains citronellal and
limonene.

Sichuan pepper is renowned for its distinctive flavor, accompanied by a numbing
and tingling sensation that can alter the perception of other flavors. Bader et al. (2014)
conducted a successful study that established a correlation between the tingling and
numbing sensations and specific taste compounds extracted from Sichuan pepper.
They determined the thresholds at which these sensations are perceived. Notably,
hydroxy-a-sanshool, hydroxy-y-sanshool, bungeanool, isobungeanool, hydroxy-e-
sanshool, and hydroxy-¢-sanshool were identified as responsible for the tingling and
paresthetic sensation. Meanwhile, hydroxy-f-sanshool and hydroxy-y-isosanshool
were found to induce a numbing and anesthetic sensation. It is worth mentioning
that the molecules responsible for the tingling sensation lack a cis-double bond,
as previous structure—activity relationship findings have revealed (Ji et al. 2019).
Furthermore, several studies have observed that hydroxy-a-sanshool increases sali-
vation in human subjects. This finding is significant because taste compounds must
first dissolve in saliva to reach the taste receptors. Additionally, the presence of these
tingling and numbing components can induce changes in the protein components of
saliva, potentially affecting the perception of other tastes (Galopin et al. 2004).
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2.2.3 Traditional Uses

Culinary

In Asian cuisine, Sichuan pepper is commonly utilized. Spice is one of the five spices
that make up Five-Spice Powder, along with star anise, Sichuan pepper, cassia, and
clove (Ji et al. 2019). It is possible to add ginger, galangal, and black cardamom to
the recipe as an optional ingredient to marinate meat and flavour fried vegetables
and meat with flour batter, five-spice powder is widely used in Chinese cooking.
There is more Sichuan pepper flavoured packaged food products on the market
today as unusual and daring cuisine trends emerge among consumers, especially
the millennial generation. Examples include Ramen noodles, spicy chicken ramen,
crispy fried chicken, and beef jerky (to name a few). Also, chefs are utilizing Sichuan
peppercorns to flavor savory dishes as well as desserts such as ice cream and tartetartin
(Deng et al. 2019).

Flavour modulation

As well as selected cooling agents and an isothiocyanate compound which offers a
warming, tingling feeling to provide an elevated sensation of pungency (Moza et al.
2008), Sichuan pepper’s chemistries were proposed to be used in the liquid cooling
sensate formulation. This composition in flavour and scent products to provide a
unique and engaging sensory experience. It is also utilized as a flavour enhancer
in fruit juice containing food products, together with selected cooling agents and
refreshing agents, in order to promote flavour acceptability during normal or warm
extended storage conditions (Shimizu et al. 2007).

2.2.4 Pharmacological Properties

Antibacterial activity

Sanshool amide, a component of Sichuan pepper, inhibited the development of heter-
cyclicamines (HAs) in beef grilling. HAs PhIP, IQx, MelQx, and 4,8-DiMelQx were
studied since they are classified by the International Agency for Research on Cancer
as possible human carcinogens (IARC). Researchers tested the inhibitory effects
of ground Sichuan pepper powder as well as hydroxyl—sanshool solution at three
dilution levels, both substances can successfully suppress HA levels by up to 80%
(Zeng et al. 2018). Water distillation of Z. bungeanum fruit yields essential oils that
inhibit the growth of common foodborne pathogens, including bacteria from both the
Gram positive and Gram-negative families of bacteria (Zhu et al. 2011). Oil derived
from Z. shinifolium seeds by pressing or hydro distillation has antiviral effects, but
oil obtained by hydro distillation does not. The antibacterial or antiviral impact of
the oil is not specified in either study. Two HRVs and four entero viruses can be
neutralized by Z. piperitum extract (Choi 2016).
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Antioxidant activity

Free radicals, including O2%— and %OH, are known to play a significant role in
various diseases such as tissue-specific inflammations, thrombosis, neurodegener-
ation, and carcinogenesis. Natural food sources commonly incorporated into diets,
such as Sichuan peppers, have gained recognition for their ability to scavenge free
radicals, making them recommended for disease prevention and treatment. Cell-free
in vitro studies utilizing DPPH or other radical assays have consistently demonstrated
the potent antioxidant activities of all known extracts of Szechuan pepper. A previous
study conducted in 1995 revealed the significant impact of Szechuan pepper’s water
extract (WESP) in reducing the production of malondialdehyde (MDA) in rat liver.
Similarly, in hyperlipidemia model rats, treatment with Szechuan pepper seed oil
(SOSP) not only decreased MDA levels but also significantly enhanced the activities
of catalase (CAT), superoxide dismutase (SOD), and the ability to restrain hydroxyl
free radicals (RAHFR) compared to the model groups. Li et al. (2015) demonstrated
that the leaf extract of Szechuan pepper, as well as its isolated polyphenols (chloro-
genic acid, hyperoside, and quercitrin), induced an active state of peroxidase systems
(e.g., CAT, SOD, Gpx) in salted silver carp, while reducing the peroxide value (PV)
and thiobarbituric acid-reactive substance (TBARS) value compared to the control
groups (Hisatomi et al. 2000). Zhang et al. (2014) discovered that the toxic effects and
apoptosis induced by H,O, in primary rat hepatocytes significantly decreased when
treated with WESP, resulting in reduced levels of reactive oxygen species (ROS)
and increased levels of heme oxygenase-1 (HO-1) mRNA. To date, approximately
20 compounds from Zanthoxylum plants have been chemically or biochemically
proven to effectively eliminate free radicals.

2.2.5 Market Potential

Fact.MR (2022) reported that the market potential of Sichuan pepper, also known as
Timur, can vary based on factors such as regional demand, availability, and consumer
preferences. Some potential market opportunities for Sichuan pepper are;

a. Culinary Industry: Sichuan pepper is renowned for its unique flavor profile,
characterized by its citrusy and numbing sensation (Sengupta 2022). It is a key
ingredient in Sichuan cuisine and is used in a variety of dishes, including stir-fries,
soups, sauces, and marinades. The demand for authentic Sichuan cuisine and the
popularity of Asian flavors in the culinary industry present market opportunities
for Sichuan pepper as an essential spice.

b. Spice Blends and Seasonings: Sichuan pepper can be incorporated into spice
blends and seasonings to add depth and complexity to various cuisines (Bader
etal. 2014). It can be combined with other herbs, spices, and ingredients to create
unique flavor profiles for rubs, marinades, or ready-to-use seasonings. This can
cater to consumers looking for convenient and flavor-enhancing products.

c. Artisanal and Gourmet Products: Sichuan pepper’s distinctive flavor and its
growing recognition among food enthusiasts make it a desirable ingredient for
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artisanal and gourmet food products (Petruzzello 2022). This includes items
like specialty oils, infused salts, flavored chocolates, craft beverages, and unique
condiments that showcase the unique qualities of Sichuan pepper.

d. Ethnic and International Markets: Sichuan pepper has gained popularity
beyond its traditional origin. It has become sought after in international markets,
including regions with a growing interest in Asian flavors and fusion cuisines
(Yang 2008). This presents opportunities for exporting Sichuan pepper or devel-
oping products that cater to the specific tastes and preferences of diverse cultural
backgrounds (Ivane et al. 2022).

e. Health and Wellness: Sichuan pepper is believed to possess certain health bene-
fits, including antimicrobial and digestive properties. It may find a market in the
health and wellness sector, where consumers seek natural and functional ingre-
dients. This can include the development of herbal teas, dietary supplements, or
traditional medicine formulations (Shin and Kim 2022).

f. Farming and Agriculture: As the demand for Sichuan pepper grows, there may
be opportunities for farmers and agricultural enterprises to cultivate and supply
Sichuan pepper. This can contribute to local economic development and promote
sustainable farming practices (Zeng et al. 2018).

2.3 Citrus sinensis (Malta Orange)

Malta orange (Citrus sinensis) holds great significance as a vital fruit Plants within
the citrus group due to its abundant nutritional and medicinal value (Barkley et al.
2006). It thrives in dry climates with distinct summer and winter seasons, along
with low rainfall (Fig. 6). They can be grown on a wide range of soils, including
clay and light sandy soil, but they are sensitive to salt. The ideal soils for malta
orange cultivation are medium black, red, alluvial river bank loamy soil found in
Maharashtra state and Goradu soil in Gujarat.

Botanically classified as Citrus sinensis, the malta orange is a key member of the
Rutaceae family.

Its botanical classification includes (Parle and Chaturvedi 2012);

Kingdom: Plantae,

Division: Magnoliophyta,

Class: Dicotyledons,

Subclass: Sapindales,

Order: Rosidae,

Family: Rutaceae,

Subfamily: Aurantoideae,

Genus: Citrus.

Species: sinensis.

Citrus sinensis, commonly known as malta orange, not only offers a delightful
and juicy fruit but also holds significant economic value due to its wide cultivation
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Fig. 6 Malta (Citrus
sinensis)

and medicinal properties. The global production of citrus fruits, including oranges,
reaches about 120 million tons.

This variety of orange is cultivated in various countries, such as Brazil, China,
Japan, Turkey, and India. In India, states like Andhra Pradesh, Maharashtra, Tamil
Nadu, Karnataka, Madhya Pradesh, Assam, Bihar, Gujarat, Himachal Pradesh, Uttar
Pradesh, Punjab, and Haryana are known for their production of C. sinensis (Pandey
et al. 2011). One of the regions heavily dependent on Malta orange as a cash crop
is Uttarakhand, situated in the western Indian Himalayas. With 90% of its area
comprising high mountains and deep valleys, agriculture is crucial for the livelihoods
of 65-78% of its population. However, the sector has experienced modest growth at
around 2.4% annually over the past decade (GIZ and Doon University 2011).

In an effort to promote Malta oranges, the state horticulture and watershed depart-
ments have introduced and encouraged their cultivation through horticulture devel-
opment programs in the hill districts (Choudhary et al. 2013). These oranges are
typically grown on family farms at elevations ranging from 900 to 2200 m above sea
level, with the harvest taking place in November and December. Despite these initia-
tives, Malta oranges face market challenges, often being perceived as a substitute
for mousambi (sweet lime) (Citrus limetta) without establishing a distinct identity.
Additionally, competition from other citrus fruits, especially oranges from western
India, poses further obstacles to their market position. The sour taste and thick skin of
Malta oranges also make them less appealing to consumers, limiting their potential
for commercialization as fresh fruit.

Malta orange farmers in Uttarakhand face marketing issues similar to other moun-
tain farmers. Low returns have led some farmers to neglect their orchards, and in some
cases, even cut down their trees. Lack of institutional support, including access to
credit, insurance, and price fluctuation buffers, further exacerbates their challenges.
Farmers typically receive less than one-tenth of the price paid by consumers (Pandey
et al. 2011). Nevertheless, due to the absence of other lucrative horticulture cash
crops, many farmers continue to grow Malta oranges, as they still provide some cash
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income during the off-season when few other agricultural products are available.
Local traders purchase the oranges at low prices, enabling farmers to sustain their
livelihoods to some extent.

2.3.1 Physiochemical Properties

Native to Asia, C. sinensis can now be found in warm regions and the Pacific
(Hernandez-Favela et al. 2016). This evergreen tree, scientifically known as C.
sinensis, can reach heights of 9-10 m and is characterized by its branches adorned
with large spines. The leaf blades of C. sinensis are elliptical, oblong, or oval in
shape, with bluntly serrated edges. They emit a pronounced citrus fragrance due to
the abundant oil they contain (Goldhamer et al. 2012). The flowers of C. sinensis have
five white petals and 20-25 yellow stamens. They grow individually or in whorls
of six and have a width of approximately 5 cm. The fruits of C. sinensis come in
shades of orange or yellow and can range in size from globose to oval, measuring
around 6.5-9.5 cm in width. The fruit consists of two distinct parts: the pericarp, also
known as the peel, skin, or rind, and the endocarp, or pulp, which houses the juice sac
glands responsible for juice production (Orwa et al. 2009; Han 2008). The skin of the
fruit has a unique aroma attributed to the presence of epicuticular wax and numerous
small oil glands. The pericarp comprises the flavedo or epicarp and the cuticle, with
the albedo or mesocarp lying beneath the flavedo (Goudeau et al. 2008; Sharon-Asa
et al. 2003). The albedo consists of compact masses of tubular-like cells within the
intercellular space. Most fruits contain delicious pulp filled with numerous seeds
(Rao et al. 2011). On average, the fruit pulp consists of eleven juice-filled segments,
each offering a distinct flavor profile ranging from sour to sweet. However, the fruit
is susceptible to damage from frost when cultivated in orchards. As a perennial plant,
C. sinensis has shown adaptability to various climates (Ulloa et al. 2012).

2.3.2 Phytochemical Properties

C. sinensis possesses a wealth of secondary metabolites that contribute to its note-
worthy pharmacological activities (Herndndez-Favela et al. 2016). Different parts
of C. sinensis, such as the fruits, peel, leaves, juice, and roots, have been found to
contain various types of chemical compounds. These compounds encompass a wide
range of groups, including flavonoids, steroids, hydroxyamides, alkanes, fatty acids,
coumarins, peptides, carbohydrates, carbamates, alkylamines, carotenoids, volatile
compounds, as well as essential nutritional elements like potassium, magnesium,
calcium, and sodium (Table 5).
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Table 5 Groups of compounds, region of collection and plant organ

Compound Region of Plant organ References
collection
Flavonoids United States: Peel, flavedo, Gattuso et al. (2007), Takemoto
Washington, molasses, whole | et al. (2008), Manthey (2004), Rani
Florida fruit, leaves et al. (2009), Intekhab and Aslam
India: Hisar, (2009), Lapcik et al. (2004), Saleem
Shahjahanpur et al. (2010), Leuzzi et al. (2000),
Pakistan Truchado et al. (2009
Italy: Sicily,
Messina
Spain: Murcia,
Huelva
Germany:
Braunschweig
Czech Republic:
Prague
Steroids United States: Leaves Rani et al. (2009)
Washington
Hydroxylamide, | United States: Leaves Rani et al. (2009)
alkane, fatty acid | Washington
Coumarins India: Peel, root Gil-Izquierdo et al. (2001), Peterson
Shahjahanpur et al. (2006), Stoggl et al. (2006), Li
United States: et al. (2007)
Florida
(Lakeland)
Peptides Japan: Wakayama | Peel Matsubara et al. (1991)
Carbohydrates Sweden: Fruit Kolhed and Karlberg (2005)
Stockholm
Carbamates, Spain: Valencia Fruit Soler et al. (2006)
alkylamines
Carotenoids Germany: Fruit Aschoff et al. (2015)
Stuttgart
Volatile Spain: Huelva Fruit, orange Goémez-Ariza et al. (2004),
compounds China: Songzi blossom, peel, Mirhosseini et al. (2008),
(Hubei) leave Qiao et al. (2008),
Turkey: Kelebek and Selli (2011),
Dortyol-Hatay, Perez-Cacho et al. (2007), Selli
Kozan et al. (2008)
United States:
Florida
Germany:
Steinheim
Potassium, China: Beijing Natural and Niu et al. (2009)
magnesium, commercial
calcium, and juices
sodium

Source Hernandez-Favela et al. (2016)
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2.3.3 Traditional Uses

The refreshing fruit, which satisfies thirst, appeals to individuals of all age groups
due to its numerous health benefits. C. sinensis fruit is a valuable source of vitamins,
minerals, and dietary fibers that are vital for promoting healthy growth and develop-
ment. Oranges offer various advantages, encompassing the pulp, seeds, leaves, and
skin of the fruit. One noteworthy benefit is the ability to produce a healthy product
free from antibiotics and harmful residues for human consumption by incorporating
appropriate amounts of orange waste and by-products as a supplement in poultry
diets. Worldwide, C. sinensis is used as a great source of vitamin C, which acts as an
anti-oxidant and helps to develop immunity (Etebu and Nwauzoma 2014). Consti-
pation, cramps, colic, diarrhea, bronchitis, and TB, coughing and colds, obesity,
menstruation disorders and angina are just a few of the ailments it has been treated
for in the past. C. sinensis has been utilized for its cooling properties in Chinese
Traditional medicine for a considerable period, particularly in addressing coughs,
colds, and respiratory ailments. Furthermore, the C. sinensis holds significant cultural
significance in China, where it is revered as a traditional symbol of good luck.

2.3.4 Pharmacological Activities

Antibacterial Activity

Citrus sinensis essential oil, crude extracts, and purified chemicals have demonstrated
antibacterial activity. The zones of inhibition were assessed against Escherichia coli
(12.5 mm at 25 °C, 16.0 mm at 60 °C), Pseudomonas aeruginosa (11.7 mm at
25 °C, 13.4 mm at 60 °C), and Staphylococcus (7.8 mm at 25 °C, 9.2 mm at 60 °C)
using silver nanoparticles generated from C. sinensis peel aqueous extract. Another
study using silver nanoparticles produced by combining silver nitrate solution with
C. sinensis juice found minimum inhibitory concentration (MIC) values of 20 pg/
mL for Bacillus subtilis and Shigella, and 30 wg/mL for S. aureus and E. coli.
An 80-90% antibiofilm activity was reported in the presence of 25 pg/ml (Kaviya
et al. 2011; Naila et al. 2014). Cold-pressed terpeneless (CPT) C. sinensis oil in
ethanol or dimethylsulphoxide (DMSO) exhibited MICs of 0.3% and 0.25% (v/
v) for Listeria monocytogenes, and 1% (v/v) for Salmonella typhimurium, respec-
tively. Each oil dispersion system displayed a 0.75% (v/v) inhibitory concentration
for Lactobacillus plantarum (Chalova et al. 2010). At concentrations of 0.5% (v/
v) in 10 wL, CPT inhibited methicillin-resistant and intermediate-resistant strains
of S. aureus (76.67 £ 4.08 mm and 32.50 + 2.74 mm, respectively). The test
oil inhibited bacterial growth on test plates compared to untreated control plates
(Chalova et al. 2010). Against Pseudomonas aeruginosa (Mayaud et al. 2008), 1,8-
cineole and hydrocarbons showed MIC90% values >10% (v/v). In another study, C.
sinensis oil demonstrated inhibitory effects against E. coli (18 £ 2 mm), L. mono-
cytogenes (27 £ 2 mm), B. cereus (19 £ 2 mm), and S. aureus (14 &= 3 mm) at
concentrations as low as 0.1 ml. Molecular distillation and column chromatography
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resulted in inhibitory bactericidal effects against E. coli (MIC 100-25 pwg/mL; MBC
200-50 pg/mL), Staphylococcus aureus (MIC 100-50 pg/mL; MBC 200-100 g/
mL), Saccharomyces cerevisiae, and Aspergillus fumigatus. Additionally, molecular
distillation and column chromatography yielded inhibitory effects against Saccha-
romyces cerevisiae, Aspergillus fumigatus, and Aspergillus species, respectively. A
combination of C. sinensis and C. chinensis in a 1:1 (v/v) ratio was also investigated
(Hernandez-Favela et al. 2016).

A blend of essential oils derived from C. sinensis and C. bergamia demon-
strated inhibitory effects, with a minimum inhibitory concentration (MIC) value
of 0.25-0.5% (v/v) and a minimum inhibitory dose (MID) of 50 mg/L against
both vancomycin-susceptible and vancomycin-resistant Enterococcus faecium and E.
faecalis strains. The primary components of this mixture were limonene (45-73%),
citral (0.7-3%), and linalool (0.5-15%) (Fisher and Phillips 2009a, b). Terpene oil
extracted from C. sinensis exhibited significant antimicrobial activity against eleven
strains/serotypes of Salmonella, including S. enteritidis, S. senftenberg, S. tennessee,
S. kentucky, S. heidelberg, S. montevideo, S. michigan, S. typhimurium, and S. stanley.
The primary compound in the oil was d-limonene, constituting approximately 94%
of the oil, with myrcene being the second most prevalent compound at around 3%
(O’Bryan et al. 2008). Moreover, C. sinensis oil demonstrated strong antibacterial
effects against L. monocytogenes, E. coli, S. enteritidis, P. mirabilis, and B. cereus.
An anti-acne formulation containing C. sinensis (3%), Ocimum basilicum L. (5%)
essential oils, and acetic acid (12%) effectively inhibited Propionibacterium acnes.
The antibacterial activity of C. sinensis was mainly attributed to the high concen-
tration of limonene (94.0%), while O. basilicum L. contributed limonene (2.54%),
linalool (21.0%), and eugenol (7.17%). Furthermore, the peel hexane extract of C.
sinensis displayed antimycobacterial activity against drug-sensitive (MIC 200 pg/
mL), isoniazid-resistant (MIC 25 pg/mL), and ethambutol-resistant (MIC 50 p.g/mL)
variants of Mycobacterium tuberculosis H37Rv. Standard drugs, including strepto-
mycin, isoniazid, ethambutol, and rifampicin, exhibited superior activity compared
to the tested extracts, but the active extracts hold promise for obtaining compounds
with potentially improved efficacy. Additionally, acetone and hexane extracts of C.
sinensis leaf displayed inhibition zones of 27 mm against Helicobacter pylori, with
clarithromycin (0.05 pg/mL) serving as a positive control, showing better activity
than the tested extracts (Guzeldag et al. 2013). Nonetheless, it is essential to highlight
that these active extracts may contain compounds with superior antibacterial activity.
The wide-ranging antibacterial properties of C. sinensis justify its potential use as
an antibacterial agent.

Antifungal Activity

Various studies have reported the antifungal potential of plant crude extracts, oils,
and secondary metabolites derived from C. sinensis. One compound, 3-[4-hydroxy,3-
(3-methyl-2-butenyl)-phenyl]-2-(E)-propenal, isolated from the hexane extract of
injured peel of C. sinensis L. Osbeck cv. Valencia or C. paradisa MacFaden cv. Marsh,
demonstrated activity against Penicillium digitatum and Cladosporium cucumerinum
on Si gel tlc plates when tested at 7 g. Moreover, aqueous, ethanol, and petroleum
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ether extracts of C. sinensis L. (Osbeck) exhibited activity against Candida albicans
(Trovato et al. 2000). Additionally, a combination of oils (1:1) from C. maxima Burm
and C. sinensis L. (Osbeck), obtained through hydrodistillation, displayed 100%
inhibition of mycelial growth in Aspergillus fumigatus, A. terreus, Alternaria alter-
nate, Fusarium oxysporum, Helminthosporium oryzae, and Trichoderma viride at
750 ppm (Singh et al. 2010). Furthermore, polymethoxylated flavones obtained from
C. sinensis peel extract, including flavone-7-O-[6-acyl]-glucoside, tetramethyl-O-
scutellarein, nobiletin, natsudaidai, tangeretin, and heptamethoxyflavone, exhibited
activity against Aspergillus niger with a minimum inhibitory concentration (MIC)
>1.6 mg/mL using a microbroth dilution assay (Liu et al. 2012). Hydrodistilled essen-
tial oils from six different varieties of C. sinensis showed antifungal efficacy against P.
digitatum (ED50 2389.9-1004.6 ppm) and P. italicum (ED50 5407.5-3142.2 ppm).
Additionally, essential oil extracted by the cold-pressing method from C. sinensis
peels displayed activity against Mucor hiemalis, P. expansum and F. proliferatum,
inhibiting their growth by 36.5%, 34.9%, and 59.5%, respectively, using the agar
dilution technique (Van-Hung et al. 2013). Given the increasing global incidence of
fungal infections, the search for new antifungal agents has become crucial, and in this
context, C. sinensis offers a diverse range of compounds with potential antifungal
activity.

Anfiparasitic Activity

C. sinensis shows potential in treating and controlling various diseases caused by
potential pathogens. The hexane, chloroform, ethyl acetate, acetone, and methanol
extracts of C. sinensis peel exhibited significant antimalarial activity against
chloroquine-sensitive strains (3D7) of malaria parasites (Bagavan et al. 2011).
Several standard drugs were used in this study, including artemisinin, chloroquine,
CQ diphosphate, mefloquine, and quinine (Herndndez-Favela et al. 2016).

Antiproliferative Activity

Extracts of C. sinensis red orange juice standardized at 103 g/mL and lung fibroblast
cell line V79-4 inhibited the activity of regular person prostatic epithelial cell line
PZ-HPV-7 at 104 g/mL. The fruit juice of C. sinensis (cv. Washington Navel and cv.
Sanguinello) exhibited 100% antiproliferative activity against K562 (human chronic
myelogenous leukemia) and HL-60 cell lines (human leukemia) (Camarda et al.
2007). Furthermore, the juice showed 90.5% antiproliferative activity against MCF-
7 cells (human breast adenocarcinoma) at a 10% concentration (Herndndez-Favela
et al. 2016).

Antioxidant Activity

The potential health-promoting properties of plant antioxidants have garnered signif-
icant attention. C. sinensis juice obtained from a local supermarket exhibited antiox-
idant activity, as indicated by hydrogen peroxide scavenging kinetics. The refined
extract demonstrated antioxidant activities by scavenging DPPHe, OHe, and ABTSe+
radicals and reducing iron (Karyakina et al. 2009; Barreca et al. 2014). It effec-
tively quenched DPPH radicals and hydroxyl radicals, exhibiting antioxidant power
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equivalent to Trolox alternatives. Activity in Cardiovascular System Citrus Plants,
including C. sinensis, are rich in phenolic antioxidants that contribute to reducing
the risk of cardiovascular diseases (Asgary and Keshvari 2013; Oliveira et al. 2005).
Consumption of commercial C. sinensis juice (CSJ) led to a reduction in diastolic and
systolic blood pressure in healthy individuals. However, a four-week administration
of natural CSJ did not have significant effects on diastolic or systolic blood pressure
(Hernandez-Favela et al. 2016).

Antiosteoporotic Activity

C. sinensis has been found to possess osteoporosis-protective properties. Adminis-
tration of an ethanol extract of C. sinensis leaves and peel to ovariectomized rats
enhanced trabecular bone mineral content and bone density of the tibia, along with
increased levels of phosphorus and calcium, thereby minimizing bone loss (Shalaby
et al. 2011; Morrow et al. 2009).

Cardiovascular Activity

Dietary flavonoids present in citrus Plants, including C. sinensis, are associated with
reducing the risk of cardiovascular diseases. Consumption of commercial C. sinensis
juice (CSJ) resulted in reduced diastolic and systolic heart rate in healthy individuals
(Asgary and Keshvari 2013). However, a four-week administration of natural CSJ
did not have major impacts on diastolic or systolic blood pressure. Water—ethanol
and acetone leaf extracts of C. sinensis exhibited inotropic distress in the atria of
guinea pigs (Oliveira et al. 2005).

Hypercholesterolemic Activity

C. sinensis has demonstrated beneficial properties related to cholesterol management.
Administration of lyophilized C. sinensis juice in an aqueous vehicle to rats resulted
in decreased plasma levels of cholesterol, LDL, and triglycerides (Trovato et al.
1996). Microsized insoluble fibers derived from C. sinensis fruits also showed the
ability to reduce serum triglyceride and total cholesterol levels by promoting the
excretion of cholesterol and bile acids in feces. Further research is needed to explore
the hypocholesterolemic effects of C. sinensis (Wu et al. 2009).

2.3.5 Market Potential

Citrus sinensis, commonly known as C. sinensis or Malta, has a significant market
potential due to its widespread consumption and versatile applications. Here are
some key market opportunities:

a. Fresh Fruit Market: Oranges are widely consumed as fresh fruits due to their
appealing taste, juiciness, and high vitamin C content. The fresh orange market
is robust, with oranges being sold in grocery stores, farmers’ markets, and fruit
stands. The demand for quality oranges remains steady throughout the year. Malta
can be a good choice, equally tasty and rich in health benefits.
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b. Juice and Beverage Industry: The regular Oranges are a primary source for
producing orange juice, a popular beverage worldwide. The juice industry can
utilize Citrus sinensis for both packaged and freshly squeezed orange juices.
Additionally, Malta can be used in the production of flavored drinks, soft drinks,
smoothies, and other citrus-based beverages.

c. Food Processing and Preserves: Citrus sinensis finds applications in the food
processing industry for producing various products (Choudhary et al. 2013). They
can be used for making marmalades, jams, fruit-based desserts, bakery fillings,
and confectionery items. Their peel can be processed into candied malta peels
or used for flavoring and garnishing purposes.

d. Essential Oils and Fragrances: Citrus sinensis produces essential oils that have
a fresh, citrusy aroma. These oils can be widely used in the fragrance industry,
toiletries, perfumes, aromatherapy products, and scented candles (Di et al. 2021).
The demand for natural and citrus-based scents may grow, offering opportunities
for Citrus sinensis essential oil producers.

e. Nutraceuticals and Functional Foods: Malta are known for their high
vitamin C content and can be utilized in the production of nutraceuticals,
dietary supplements, and functional food products. These products can cater
to consumers seeking natural sources of vitamins, antioxidants, and health-
promoting compounds.

f. Cosmetics and Skincare: Extracts, oils, and powders derived from C. sinensis
are utilized in the cosmetic and skincare industry (Klimek-Szczykutowicz et al.
2020). They are incorporated into various products such as moisturizers,
cleansers, toners, and masks due to their rejuvenating, brightening, and clarifying
properties (Gajraj and Peart 2019).

g. Agricultural and Horticultural Sector: C. sinensis cultivation presents oppor-
tunities for farmers and horticultural businesses. The demand for C. sinensis and
their by-products creates a market for citrus orchards, nurseries, and the supply
of saplings or young orange trees.

2.4 Cleome viscosa (Jakhya)

The Cleomaceae family is a diverse group of flowering plants found within the
order Brassicales, consisting of approximately 300 species spread across nine genera.
Despite its relatively smaller size, Cleomaceae plays a crucial role in various ecosys-
tems. These plants are commonly distributed in tropical and warm temperate climates,
with the genus Cleome having a well-known and widespread range. In Hindi, it is
referred to as “Hur hur” and is often utilized as fodder for livestock. This species
is recognized by its yellow flowers and long, slender seed pods, emitting a strong,
penetrating odor akin to mustard seeds. The leaves and stem surfaces of C. viscosa
are adorned with secretary glandular trichomes, displaying club cylinder and cylinder
morphologies.
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Cleome viscosa Linn. commonly known as “wild or dog mustard,” is an annual,
sticky plant that thrives in the plains and tropical regions of India and across the globe.
In traditional and folkloric systems of medicine, various parts of the C. viscosa plant,
such as leaves, seeds, and roots, are used for medicinal purposes (Nadkarni 1982).
It is believed to possess a wide range of therapeutic properties, including being
antiparasitic, antiseptic, carminative, antiscorbutic, sudorific, febrifuge, and a heart
stimulant. To validate the traditional medicinal claims of C. viscosa, researchers
have conducted scientific pharmacological screenings. These studies have revealed
several pharmacological properties, such as being antihelmintic, antibacterial, anal-
gesic, anti-inflammatory, immunomodulatory, antipyretic, psychopharmacological,
antispasmodic, and hepatoprotective (Mohtasheem ul Hasan et al. 2011). The plant is
known to contain various phytochemical compounds that contribute to its therapeutic
potential Plants belonging to the Cleome genus, including C. viscosa, are upright and
grooved, featuring scented glands and sticky branches. The root of C. viscosa can
be either white or brown, and its taproot is rounded, solid, and covered in fine hairs.
The leaves are variable in size, elliptic-oblong, and obovate, measuring 1.5-2.5 cm
wide and up to 5 cm long (Devi et al. 2003; Sudhakar et al. 2006; Panduraju et al.
2011).

Cleome viscosa typically grows to a height of 30-90 cm and is branched. The
leaves are 3-5 foliate, obovate, and obtuse, with their size decreasing upwards. The
flowers are yellow, appearing as axillary flowers that grow in loose racemes. When
the seeds ripen, they become newly transversely striate and subglobose, turning
brownish-black. The fruits are capsules, compressed, and covered in fine hairs.
Plants belonging to the Cleome genus, including C. viscosa, are upright and grooved,
featuring scented glands and sticky branches. The root of C. viscosa can be either
white or brown, and its taproot is rounded, solid, and covered in fine hairs. The leaves
are variable in size, elliptic-oblong, and obovate, measuring 1.5-2.5 cm wide and up
to 5 cm long.

Cleome viscosa thrives in the tropical and plains regions of India (Nadkarni 1982).
It has successfully spread across the hot and humid areas of India, particularly in
the Indo-Gangetic plains. This hardy and resilient annual plant flourishes in various
environments, including farmlands, roadsides, garbage piles, and coconut groves. It
is commonly found in abundance in abandoned areas throughout the country.

This adaptable plant is well-suited to sunny locations with light soil, making it an
ideal choice for such areas. It can even thrive in sandy or limestone soils. Additionally,
Cleome viscosa has been observed to grow successfully in Eastern Java, where the
soil is newly developed, porous, and light due to volcanic activity, despite being
prone to erosion (Figs. 7 and 8). The plant has also been found in coastal areas
and savannahs, reaching altitudes of up to 500 m above sea level. Cleome viscosa
is particularly abundant in the hot and damp climate zones of India and follows an
annual growth pattern during the rainy season (Vaidyaratnam 1994). Throughout the
plains of India and Pakistan, this ubiquitous plant can be found in agriculture fields,
as well as in areas with trash and grassy landscapes. Its presence extends beyond the
Indian subcontinent, with Cleome varieties also being found in Tropical Africa and
Southern Arabia. The adaptability and widespread presence of Cleome viscosa make



230 K. Gautam and R. Khedkar

Fig. 7 Cleome viscosa
flower

Fig. 8 Cleome viscosa seed

it a fascinating and important plant in various regions, serving as both a common
weed and an essential component of various ecosystems.

The Taxonomic classification of Cleome viscosa (Rojas-Sandoval 2022);

Domain: Eukaryota

Kingdom: Plantae

Phylum: Spermatophyta

Subphylu