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Preface

Everybody agrees that the human diet must be sustainable, but what is sus-
tainability? Firstly, it is producing food in a way that minimizes the use of
resources (water footprint) and the emission of pollutants (carbon footprint).
Plus, food must be nutritious. That means delivering enough quantity of
essential nutrients that are easily accessible for our body to absorb. Also, what
is a sustainable, nutritious food if it is not tasty and affordable? Therefore,
sensory quality and price must be considered. Innovation comes to the rescue,
offering solutions to these challenges. Growing global population and limited
natural resources are a challenge for humanity. Food production is responsi-
ble for the use of resources and the emission of greenhouse gasses. Informed
decisions made by consumers can reduce such impact, by choosing sustain-
able, nutritious, and affordable foods. When choices are not enough, scien-
tific and technological innovations allow us to make a difference. The food
industry proposes a variety of products, so it can be confusing for consumers
to navigate themselves through them. In addition, academia focuses on very
specific problems, as experts should do, thus only providing one piece of the
puzzle. Consequently, the need for this book. It is a comprehensive discus-
sion of traditional and innovative foods: nutritional profile, environmental
impact, and consumer acceptability. It is the big picture that we need to make
our own informed decisions. The approach chosen is multidisciplinary, sim-
ple, and easy to read, while providing high-quality scientific content. The
book is structured in two parts.

The first part introduces the key concepts of sustainability, such as water
and carbon footprint, in Chap. 1. Chapters 2—8 discuss traditional and innova-
tive sources of nutrients. Three aspects are analyzed: nutrition (quantity and
quality), environmental impact (water footprint, carbon footprint), and
acceptability (sensory profile, price). Each chapter focuses on a specific nutri-
ent, considering foods that contain it in high quantity. Chapter 2 is about
carbohydrates as source of energy (starch, sugar). Chapter 3 is about carbo-
hydrates as source of fiber (soluble, insoluble). Chapter 4 is about the highly
discussed topic of protein. Chapter 5 is about fats (saturated, unsaturated,
omega-3 fatty acids). Chapter 6 is about minerals (electrolytes, trace miner-
als). Chapter 7 is about water soluble vitamins (B1, B2, B3, B5, B6, B7, B9,
B12, C). Chapter 8 is about fat soluble vitamins (A, D, E, K).

In the second part, the focus is on specific topics of interest, combining
consumer study (marketing, sociology) with science and technology (nutri-
tion, processing). Chapter 9 presents non-essential, yet useful nutrients, such

vii



viii

Preface

as bioactives responsible for the management of type 2 diabetes. Chapter 10
presents the latest innovations on alternative proteins, such as insects, myco-
protein, and microalgae. Chapter 11 explains upcycling, offering market
insights on new value-added products. Chapter 12 is about clean label, spe-
cifically the use of non-thermal technologies to increase food quality and
safety. Finally, Chap. 13 looks at how the food industry affects water
quality.

Sustainable Food Innovation is an easy read, high-quality book for every-
body. Edited by a researcher who worked in the industry and lived in three
continents, and written by researchers and alumni from numerous countries,
Sustainable Food Innovation is a tool for all consumers who care about nutri-
tion, the environment, and their budget. On behalf of all contributors, I hope
you will enjoy this resource and make good use of it. Our goal is to help you
make informed decisions when choosing food. Traditional or innovative,
simple or processed, animal or plant based, you choose.

Enjoy!

Lincoln University, Christchurch, New Zealand Luca Serventi
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Food Sustainability

Damir Dennis Torrico, Xin Nie, and Luca Serventi

Abstract

Food is inseparably connected to humans’
lives. The accelerated growth of the global
population is systematically depleting all
renewable natural resources on the planet.
Water scarcity and pollution are becoming
serious challenges for current food production
systems. Changes in the global economy, cli-
mate, crop and animal production, consumer
behaviours, and governmental policies have
all affected food systems. In this context, sus-
tainability is becoming a key issue for the pro-
duction of foods. This chapter will define food
sustainability and describe the effects of food
production systems on the environment and
society. Topics such as food waste, local food
movements, carbon/water footprints and pol-
Iution will be discussed. Besides, the impor-
tance of coordinated efforts among
governments, industries, and consumers will
be highlighted to adopt sustainable food pro-
duction systems.

D. D. Torrico (P<) - X. Nie - L. Serventi

Department of Wine, Food and Molecular Bioscience,
Faculty of Agriculture and Life Sciences, Lincoln
University, Christchurch, New Zealand

e-mail: Damir.Torrico@lincoln.ac.nz

Keywords

Sustainability - Carbon footprint - Consumer
behaviour - Food security - Pollution - Public
health - Water footprint

1.1 Introduction

Food sustainability is defined as the manufactur-
ing of foods with a productivity level that is con-
sidered enough to feed the human population
and, at the same time, to keep the accessibility to
fertile land, freshwater, nutrients, macro and
microfauna, and a suitable climate (Morawicki &
Gonzélez, 2018). Food is inextricably linked to
humans’ lives. People not only acquire suste-
nance straight from the wild but also learn to
raise animals and produce plants as society pro-
gresses. Overall, changes in the global economy,
climate, crop and animal production, consumer
behaviours, and governmental policies have all
affected food sustainability. The accelerated
growth of the global population is systematically
depleting the renewable natural resources on the
planet. As an example of this, water scarcity is
becoming a serious challenge for current food
production systems (Mancosu et al., 2015).
Reducing water usage, electricity/energy con-
sumption, and distances of transportation have
been identified as possible mechanisms of action
in sustainable food production (Sim et al., 2007).

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 1
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To achieve a successful food production system
within the framework of sustainability, coordi-
nated efforts among governments, industries, and
consumers must take place in society. In this
chapter, the definition, importance, benefits, and
limitations of sustainable food development will
be discussed. From the sustainability of foods in
the era of globalization to the emergence of local
food movements, this chapter will describe the
effects of food production systems on the envi-
ronment and society. Several factors including
the global economy, public health issues, envi-
ronmental concerns, and consumer behaviours
will be covered in this chapter.

1.1.1 Concepts and Definitions

of Food Sustainability

To understand food sustainability, a close look at
food systems must take place. Food production,
processing, transportation, and consumption are
all components of food systems. The politics and
economics of food production, its sustainability,
the amount of food waste, the effects of produc-
tion on the environment, and the influence of
food on public health are all issues connected to
food systems (von Braun et al., 2020). During the
last decades, the global food system has contrib-
uted significantly to climate change-related
greenhouse gas emissions, as well as other sig-
nificant environmental problems such as soil ero-
sion and pollution (Turner & Turner, 2007). As
governments around the world become more
aware of the seriousness of these problems, they
are also facing other significant challenges related
to food security and nutrition as they must ensure
that enough food is available to satisfy the rising
food demand in the societies (Ericksen, 2008). In
summary, more consumers will require better
foods that have lower environmental and social
effects.

The food system is a macro concept, and food
sustainability is its derivative. Food sustainabili-
ty’s long-term goal is to generate sufficient food
for maintaining human populations. To achieve this,
the core factors to ensure sustainable food pro-
duction systems are having fertile land, freshwater,

low-toxicity level fertilizers, stable climates, and
less consumption of energy (Morawicki &
Gonzalez, 2018). In other words, sustainable
food is food that is grown or farmed in such a
manner that its negative impacts on the environ-
ment and the communities are minimized. Foods
that are ecologically friendly and utilize resources
in the most optimal way possible are referred to
as sustainable foods. The goal of sustainable food
is to lower the carbon and water footprints of the
production and manufacturing processes (Seiber,
2011). Minimizing humans’ influences on the
global environment can be achieved by selecting
sustainable food production systems, and this is
becoming a challenging issue for governments,
industries, and consumers around the world.

1.2  Food Sustainability
in the Era of Globalization
1.2.1 Main Challenges in Food

Production on a Global Scale

Food production systems vary greatly from
region to region around the world. This is one of
the main reasons for avoiding singular models in
food sustainability. In general, the northern hemi-
sphere of the globe has higher food production
quantities than the lower hemisphere. This differ-
ence in food production quantities can pose dif-
ferent challenges when adopting various
sustainability policies. One of these challenges is
to minimize food waste around the world. Food
waste is defined as the reduction in the quality of
edible foods that are intended for human con-
sumption. It is estimated that 30% of the total
food production in the world goes to waste
(Rezaei & Liu, 2017). Food waste generation
varies in different parts of the world and this
problem is becoming a critical concern in regions
where food insecurity is prevalent.

A study made by Gustavsson et al. (2011) of
food systems around the world showed that food
production (total per capita) was higher in the
European and North American regions compared
to that of the Sub-Sahara African and South/
Southeast Asian regions (900 vs. 460 kg/year).
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A more extreme difference between these two
regions was recorded for the food waste per cap-
ita parameter, in which higher quantities were
observed for North American and European con-
sumers compared to those of sub-Sahara African
and South/Southeast Asian consumers (95-115
vs. 6-11 kg/year) (Gustavsson et al., 2011). On
the other hand, higher differences were also
found in the total per capita food loss during pro-
duction in North America and Europe compared
to that of Sub-Saharan Africa and South/
Southeast Asia (280-300 vs. 120-170 kg/year).

In general, total food waste and losses in
industrialized countries (such as the USA or
countries in Europe) were as high as compared to
those in developing countries (Africa and Asia)
relative to their total production volumes.
However, differences arise when comparing the
type of food waste in each region. In developing
countries, almost 40% of the food waste takes
place at some stage of the industrial processing
chain (post-harvesting, manufacturing), while
almost 40% of the food waste occurs at the mar-
ket and/or consumer levels in industrialized
countries (Gustavsson et al., 2011). In other
words, when production exceeds demand, food
will be discarded and become waste in industrial-
ized countries. Food waste has serious negative
impacts on society and the environment. It is esti-
mated that the value of food waste per year
around the world is US$ 1 trillion. Food waste
can raise food prices in supermarkets and
decrease the capacity of low-income buyers to
access foods (Rezaei & Liu, 2017).

1.2.2 The Relationship Between
Climate Change and Food
Production

Climate change’s relative importance to food
production and security varies from region to
region around the world. For instance, the cli-
mate in Southern Africa is one of the most sig-
nificant drivers of food insecurity. Temperatures
are expected to continue increasing which can
cause extreme weather conditions for this region.
Changes in temperature and rainfall could cause

some areas in the African region to become
warmer and wetter, while other areas to become
warmer and drier (Mpandeli et al., 2018). Climate
change can have significant direct and indirect
effects on food production and even threaten pub-
lic health. By having immediate effects on the
annual precipitation rates, extreme weather
events, and the rising average annual tempera-
tures, climate change can rapidly modify our cur-
rent food production system models. In the long
term, climate change can affect the production of
plants and animals, which might have to adapt to
warmer weather conditions (Vermeulen et al.,
2012). These effects can be accompanied by risks
of food contamination due to the growth of bacte-
ria, viruses, parasites, harmful algae, fungi, and
toxic pollutants (Tirado et al., 2010). Changes
in local fauna and flora can also affect the usage
of pesticide and veterinary drug residues in ani-
mal and plant products. The contamination of
foods by heavy metals and organic pollutants can
occur due to drastic changes in weather condi-
tions. Climate changes can affect food produc-
tion by having massive redistributions in the
cultivation of crops, a decrease in cultivated plant
varieties, the constant erosion of soils, and mas-
sive migration of different animal species.
However, climate change can also be the cause of
reduction in the environmental concentration of
pesticides in the long term due to the volatization
and degradation of pollutants under higher
amounts of precipitation and erosion (Delcour
et al., 2015).

Overall, changes in the current food produc-
tion system can be associated with risks in food
safety and food security. Current production
models in developing countries are very fragile
and vulnerable to changes in the environment.
Climate change can lead to the emergence of
food-related diseases and malnutrition. On the
other hand, the risks associated with climate
change are highly variable as some countries will
experience an increase in food production vol-
umes in the upcoming decades, while others will
suffer from food insecurity (Vermeulen et al.,
2012). Therefore, individual national policies
should be developed to cope with the variable
effects of climate change on food production
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systems. For instance, climate change will dra-
matically affect the food production system in
Vietnam (Rutten et al., 2014). The delta structure
on the long coast of Vietnam is highly sensitive to
flooding and extreme weather conditions. These
make the Vietnam population extremely vulnera-
ble in terms of food security and food safety due
to the drastic changes in the environment. At the
same time, another key factor in play to explain
the complexities of climate change is understand-
ing the macroeconomic structures of Vietnam
and its population. The gross domestic product
(GDP) of Vietnam has rapidly increased over the
last decade, averaging 6—8% annually. As a con-
sequence of this, increases in greenhouse gas
(GHG) emissions have been seen in the country
as well, of which almost half of the emissions are
attributable to agriculture (the main production
crop is rice) and land usage. It is expected that the
production yield of key crops will be diminished
due to the rapid effects of climate change (Rutten
et al., 2014). There are scenarios similar to what
is happening in Vietnam in various countries
around the world. National and international
organizations must plan future activities to miti-
gate the effects of climate change on food pro-
duction systems.

1.2.3 Climate Change on Food
Safety and Security

Climate change directly affects the weather
parameters (such as temperature and humidity) in
global and specific regions. These changes can
have a drastic effect on the growth of bacteria,
viruses, and pathogens. Also, water and soil pol-
lution can occur with significant changes in the
environment. In addition, temperature, humidity,
and precipitation changes can lead to the flowing
of fertilizer nutrients into water sources (rivers,
lakes, oceans), becoming a “catalyst” for the
blooming of algae around the world. Therefore,
climate change might promote the proliferation
of pathogenic microorganisms and the appear-
ance of foodborne diseases in several countries.
Non-refrigerated foods are the most susceptible
to spoilage (due to the growth of bacteria and

fungi) under the current climate change conditions
(Misiou & Koutsoumanis, 2021).

For animal production systems, climate
change can cause an increase in the appearance
of zoonotic diseases. Moreover, pathogenic
microorganisms can adapt to new environmental
conditions, which can change their survival rates.
Therefore, increases in the dosage of veterinary
drugs will be necessary, which may lead to
increases in drug residues in animal-derived
foods. This can lead to acute and chronic risk
problems associated with human health.
Moreover, drug residues are the leading cause of
pathogens’ resistance in the long term (Caminade
etal., 2019). Changes in rainfall patterns and soil
erosion can dramatically change the movement
of pesticide residues in the environment.
Floodings and changes in the courses of rivers
can produce sediment pollution, which can con-
taminate soils, farmlands, pastures, and the envi-
ronment in general. This leads to finding
biological and chemical hazards in foods, which
are combined with the uncertainties of the overall
production yields from farmers. All these factors
contribute to challenging the supply of food to
vulnerable communities. Populations in places
that experience food insecurity are at risk of mal-
nutrition and several food-related diseases
(Vermeulen et al., 2012).

1.2.4 Local Food Movements

It is generally believed that locally produced
foods have lower negative environmental impacts
than foods grown, harvested, and transported
from long-distance locations (Striebig et al.,
2019). However, the size of the environmental
effects is dependable on the type of transporta-
tion. As a rough estimation, faster and low-
capacity transportation methods tend to have
greater environmental effects (such as transport-
ing premium food products by plane). Moreover,
the type of food can also add variability to the
carbon footprint impact; for instance, highly per-
ishable foods such as vegetables, fruits, meats,
and seafood require transportations that are
equipped with refrigeration, which can have
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greater negative effects on the environment com-
pared to other transportation methods (Konieczny
et al., 2013). On the other hand, food products
with lower water activity such as grains or dried
legumes can be transported in containers that
require less expensive conditioning (usually
these need to be controlled for relative
humidity).

Another factor that needs to be considered
when evaluating local foods is the climate and
seasonality of different countries. Consumers
nowadays are demanding seasonal foods all
year round. However, the production of foods is
seasonal and depends on the climate conditions.
In countries located in the northern and southern
parts of the hemisphere, far away from the equa-
torial region, fruits and vegetables tend to have
lower yields during cold seasons. In some cases,
it is not possible to grow fruits and vegetables
on open farmland. Producers tend to use green-
houses for production, or retailers buy trans-
ported foods from other warm regions, but such
approaches lead to increased environmental
pressure. Fruits and vegetables grown in green-
houses need to be supplemented with light and
heat to achieve the ideal growth state. The use of
greenhouses to grow crops in large areas in win-
ter can lead to the consumption of a large

amount of energy and greenhouse gas
emissions.
1.3 Consumer Behaviours

Towards Sustainability

Consumers have their own perceptions of food
sustainability, which frequently incorporate dif-
ferent notions such as social responsibility, ani-
mal wellbeing and/or welfare, fair trade and/or
labour, local agriculture, and organic and/or natu-
ral food production systems (Peano et al., 2019).
Consumers are progressively being more aware
of sustainability issues related to food production
systems, including having different perceptions
about the types of packaging used (paper, card-
board, metal, plastic, or glass) and the informa-
tion that these packagings reflect (for instance,
products labelled as friendly with the environ-

ment) (Otto et al., 2021). Food mileage, the dis-
tance that food has to travel from the production
site to the consumption location, is another con-
cept that is frequently associated with food sus-
tainability by consumers. In some cases,
consumers can express concerns about high mil-
age foods as they associate transportation with
pollution (Naspetti & Bodini, 2008). Food sus-
tainability, in broader terms, is defined as the pro-
duction of foods at a level that is adequate to
support the population (Morawicki & Gonzélez,
2018). However, this definition can vary accord-
ing to the different perceptions of consumers. In
general, concepts such as fertile land, clean water,
responsible usage of nutrients, and favourable
climate conditions as the foundations of long-
term food production have been promoted as pil-
lars of food sustainability.

1.3.1 Factors That Affect

Consumers’ Behaviours

Behaviours around food choices are complex and
dynamic (Koster, 2009). Several factors affect the
selection of foods by consumers, such as the sen-
sory properties and extrinsic cues shown by the
product. The traditional sensory evaluation of
foods focuses on intrinsic factors such as appear-
ance, aroma, taste, texture, and aftertaste (Lawless
& Heymann, 2010). However, consumers’ expec-
tations of foods based on extrinsic cues, such as
the information that is paired with the product (for
instance, sustainability or animal welfare), are
drastically different compared to the expectations
of these products based exclusively on intrinsic
sensory attributes (Napolitano et al., 2010). In
some cases, consumers who have very limited
knowledge about agricultural practices can sup-
port sustainability based on their constructed per-
ceptions of production systems. That is, their
decisions can be solely explained by trends shown
in regular media outlets (TV or online news) and
social media. This creates a conceptual disso-
nance between the actual production practices
and the general perception of consumers. For
instance, consumers might want to see an increase
in positive animal welfare in farms that produce
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animal products. However, they might not know
that increasing these animal activities can gener-
ate an increase in greenhouse gas emissions and a
higher depletion of natural resources (Garnett
et al., 2013), depending on the practices that are
implemented in the farms. Food perception can be
deeply affected by the type of information that is
shown to consumers. In some cases, these percep-
tions can also affect the overall acceptability of
the products (Jiang et al., 2021).

1.3.2 Consumer Behaviours
Affecting Food Waste
at the Retailers’ Level

Food waste in middle or high-income countries is
mainly associated with the lack of coordination
among different participants in the supply chain.
The disagreements in sales and purchases of
products by farmers and retailers may result in
substantial amounts of food being wasted.
Quality standards such as rejecting foods with
imperfections (shape or appearance) may cause
higher rates of food waste at processing facilities.
Consumers might also reject the products at the
retailers’ locations due to imperfections and lack
of sensory appeal (Gobel et al., 2015). Another
major food waste factor at the retailers’ point of
sale is related to the perception of offering “visual
abundance” to consumers. Retailers at supermar-
kets tend to continuously restock fresh produce
and other perishable food items to create the
impression of abundance that can incentive the
increased purchasing behaviours of consumers.
However, this practice can lead to food waste if
the items are not purchased before the closing
time of the stores (de Moraes et al., 2020).
However, retailers, nowadays, have been adopt-
ing different strategies to divert food waste from
landfills. Concerns of consumers and retailers for
the environment are the key drivers for the move-
ment of food waste reduction. However, these
policies need to offer the required training and
education to be successful (Goodman-Smith
et al., 2020). Other causes of food waste at the
retailers’ level include the lack of communica-

tion, lack of operational controls, inappropriate
work procedures, lack of integrated computerised
systems, inadequate demand forecasting, unex-
pected excess in production, lack of waste mea-
surements, inadequate packaging, and the short
shelf life of some products (de Moraes et al.,
2020).

The current globalized food systems make the
distance between producers and consumers
larger; that is, consumers, nowadays, are not
aware or they lack the complete knowledge of the
current agricultural production practices. In this
context, retailers are becoming the main channels
for food exposure and information. To maintain
the homogeneity of the process and, at the same
time, to keep uniform quality control measure-
ments, retailers have sought to standardise food
products. For instance, retailers have standard
measurements regarding the weight, shape, and
size of fresh produce. This can generate food
waste at the recollection of these products since
these are rejected for not meeting the required
standards. These practices have created the artifi-
cial perception by consumers that this fresh pro-
duce (those that do not have the required size or
shape) is of inferior quality in terms of safety and
taste (Makhal et al., 2021). In this regard, several
solutions have been implemented to deal with
food waste caused by sub-optimal products at the
retailers’ level. The production of derivate prod-
ucts from those sub-optimal raw materials is
commonly used by producers who want to avoid
waste and gain some profit in the process. Fruits
and vegetables that do not meet the standards can
be transformed into juices and other processed
products. Some sub-optimal products can be sold
in “fresh market” places, where consumers are
looking to buy fresh foods directly from the pro-
ducers (Hermsdorf et al., 2017). Usually, the arti-
ficial perception of having a perfect shape and
size is minimized when the products can be sold
directly from the farmers that grow these prod-
ucts. The implementation of alternative process-
ing and commercialization pathways are required
to minimize waste in current food production
systems, especially for fresh foods that have a
shorter shelf life.
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Sustainable agriculture practices are paired with
sustainable food production systems. In general,
much of the food waste is created in the final
steps of agricultural production (for instance,
crop harvesting or animal slaughtering) and the
beginning of the food processing systems (qual-
ity selection and packaging). It is estimated that
around one-third of food is lost or wasted glob-
ally, which equals approximately 1.3 billion tons
per year (Timmermans et al., 2014). However,
there are profound discrepancies in how this food
waste is generated, which largely depends on the
region or country where the food production is
located. In this regard, food waste in low-income
countries largely occurs in the early and middle
stages of the food supply chain. This means that
lower quantities of food are wasted at the con-
sumer level. However, in middle and high-income
countries, food is largely wasted in the consump-
tion stage, which means that consumers are more
responsible for food waste than food industries
(Gustavsson et al., 2011). Other important factors
affect sustainability within food production sys-
tems, including carbon and water footprints and
pollution.

1.4.1 Environmental Issues

With the rapid increase of the human population,
the steady growth of the global economy and
international trade, and the rapid expansion of
human cities, the forests, wetlands, and earth’s
soils have been progressively deteriorating more
than ever. The ever-increasing commercial needs
of different countries have been coupled with the
rapid generation of trash and waste around the
world. Today’s societies demand a rapid produc-
tion of foods, which is affecting the land use pat-
terns and employment of natural resources in
each country. Modern production systems are
replacing grasslands with dense crops, substitut-
ing native woodlands with edible or grazing
plants to supply populations with the food they
need. This situation is happening in several

regions of the world, and each country is cur-
rently dealing with some of the negative conse-
quences of these practices (floods, fires, soil
dryness). A similar effect occurs in the ocean.
Sealife is being overfished as never before and
the live coral coverage on coral reefs has been
greatly reduced. However, the food demand of
the growing global population is still increasing,
especially for meat and fish. Therefore, there is a
substantial resource unbalance between the cur-
rent food production systems and the natural sus-
tainability of the environment (Garcia-Oliveira
et al., 2022).

1.4.1.1 Carbon Footprint (CF)

Carbon footprint (CF) refers to the total amount
of greenhouse gas emissions (GHG), which are
derived from the manufacturing of products or
the provision of services. In food production, the
carbon footprint is defined as the total GHG that
is generated during the agricultural practices and
post-harvesting processes. The GHG includes
carbon dioxide, methane, nitrous oxide, and fluo-
rinated gases (East, 2008). The measurement of
CF has been recognized as a central indicator of
GHG emissions from different companies, orga-
nizations, communities, and countries (Wright
et al., 2011). Besides, CF has become a selling
factor for food and beverages companies, which
are becoming aware of the importance of this
label in the mind of consumers.

In animal husbandry, the impact of ruminants
on the carbon footprint should not be underesti-
mated. Higher measurements of CF have been
found in the production of major ruminant spe-
cies including cattle, sheep, and goats (Henderson
et al., 2018). Ruminants emit large amounts of
methane through hiccups and small amounts of
methane through flatulence. Ruminants have four
stomachs, where feeding is digested. Ruminants
consume forage or grains. After initial chewing
and swallowing, the food returns to the mouth
again to be chewed in a process that is called
“regurgitation”. This approach allows them to
digest the feeding better. Ruminants’ stomachs
are full of bacteria that help digestion; however, a
byproduct of this process is the production of
large amounts of methane (Jentsch et al., 2007).
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In food production systems, other causes of
higher CF include transportation, industrial activ-
ities, waste management, and other manufactur-
ing activities. Besides, there are also indirect or
secondary CF emissions that are derived from the
whole lifecycle of products and services associ-
ated with the food production systems. For
instance, some food products are not immedi-
ately consumed, and they have to be stored in cer-
tain conditions to maintain their shelf-life. The
storage (for instance, freezing or refrigeration) of
those products can increase the CF in those pro-
duction models (Kenny & Gray, 2009). Food
industries around the world are investing large
amounts of money in estimating the total CF that
is emitted by their production systems. This can
help to create CF reduction models that can be
aligned with the industry and government goals
in terms of carbon emissions. Moreover, food
companies are also aware of the importance that
consumers are giving to the CF labels in prod-
ucts. This can also be viewed as a point of dif-
ferentiation of these companies from the rest of
the market.

1.4.1.2 Water Footprint (WF)

The water footprint (WF) is defined as the water
volume used to produce a unit of a specific prod-
uct or service (m?/t). Also, WF is defined as the
volume of water per year that is consumed in a
specific area by an individual or community (m3/
yr.) (Lovarelli et al., 2016). For most parts of the
world, water security, which is linked to climate
change, is a growing problem. It undermines
food security as food production systems depend
on water inputs. After the industrial revolution,
rivers and underground reserves started to be
depleted due to urban and industrial transforma-
tions in various locations around the world.
Driven by maximizing profits, several countries
relied on growing crops that require higher water
inputs; therefore, the WF was higher than the
natural water replenishments, which led to
droughts and changes in the environment. These
problems can be seen in both developed and
developing countries as water is a vital natural
resource for humans, which is also used for the
production of foods. Currently, policies are heav-

ily focused on carbon footprints; however, water
footprints should also be analysed and measured.
As food security is still a glooming concern,
industries and governments around the world
should invest in technologies to countermeasure
higher WF in food production systems (Hoekstra
& Mekonnen, 2012). Consumers are demanding
products that can be friendly to the environment.
That is, consumers are pushing industries to
adopt different production practices. For instance,
the meat industry has been under pressure to opti-
mize its production to reduce CF and WF (Muthu,
2019). Other industries are following the same
path. Although they are prioritizing CF, WF is
intrinsically connected with carbon emissions.
Therefore, an integral approach (including CF,
WE, food waste, pollution, and other environ-
mental factors) is recommended when measuring
sustainability in different food production
models.

1.4.1.3 Pollution

With the development of Western industrializa-
tion in the twentieth century, rapid agricultural
developments have been shaping current food
production systems. Since the 1970s, developed
countries have rapidly optimized modern agricul-
ture based on mechanization, industrial transfor-
mation, and energy conversion as its main drivers
(Evans & Lawson, 2020). The large-scale usage
of machinery, fertilizers, pesticides, and herbi-
cides increased the land and labour productivity,
which caused a rapid expansion of the popula-
tion. However, a series of undesirable conse-
quences were also the results of these rapid
expansions, including environmental pollution,
soil erosion, ecological damage, simplification of
animal and plant species, and loss of germplasm
resources. Increased applications of chemical
fertilizers and pesticides not only pollute the soil
environment and crops but also affect humans’
health and food safety (Campagnolla et al.,
2019). It is estimated that agricultural practices
are responsible for 19-29% of the global green-
house gas emissions. Moreover, agriculture pol-
lutes 70% of the freshwater resources in the
world. In the last decades, governments have
been introducing different legislations regarding
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sustainable food production systems. However,
their outcomes varied largely from region to
region (Zhang et al., 2021). These policies need
to be supported by environmental research that
can measure and optimize the different agricul-
tural practices to avoid long-term damages to the
environment and society.

1.5  Public Health

Food sustainability and public health are inextri-
cably linked (Ogden et al., 2014). Weight gain
and obesity are the results of more calories con-
sumed than expended in activities such as sports.
The majority of foods cause weight gain, but the
main culprit can be attributed to high-calorie
foods. The growing obesity pandemic poses
another challenge to the sustainability of agricul-
ture. For instance, the consumption of consider-
able amounts of meat products is strongly
correlated with the occurrence of several diseases
such as obesity, diabetes, and heart-related dis-
ease. In this regard, reducing meat consumption
and increasing the levels of dietary protein
obtained from high-protein plant foods (legumes,
cereals, and tubers) are associated with different
human health and ecological benefits (Ripple
et al., 2013).

Overweight and obesity have major implica-
tions for humans’ health and the environment.
Being overweight reduces physical activity and
personal mobility, which results in a continuous
accumulation of fat. In addition to expanding
food production to adapt to the growing popula-
tion, agriculture is under the pressure of produc-
ing extra food, which is associated with the
overweight population. This not only puts pres-
sure on non-renewable arable land resources but
also increases the severity of other environmental
problems, such as water resources. In this regard,
consumers are becoming more aware of how
food is a crucial factor in health and the environ-
ment. More consumers are now demanding
healthier foods that can also be environmentally
friendly. This is challenging current food produc-

tion systems and now some industries are aiming
for drastic changes in their production models.
Consumers’ environmental demands are also
reflected in animal husbandry. In addition to the
health effects, diets have also different effects on
the environment. With the effects of globaliza-
tion, consumers’ consumption of animal protein
has increased. This phenomenon drove farmers to
raise more livestock and produce more animal
products. This increase in animal production has
led to increases in soil erosion, water depletion,
pollution, impacts on biodiversity, and interfer-
ence with nitrogen and carbon cycles (Milford
et al.,, 2019). Changes in food production are
driven by consumers’ demands; therefore, indus-
tries and governments need to implement policies
that can show consumers the benefits of sustain-
able agricultural practices that are coupled with
the production of healthy and nutritious foods.

1.6  Conclusion

Sustainability has been a key focus of govern-
ments and industries as food production systems
are facing huge challenges in providing better
foods for humans that can also be better for the
environment. Some of these changes are driven
by technological innovations. However, this must
be aligned with adequate policies and legislation.
For instance, developed countries should imple-
ment policies regarding reducing food waste in
the later stages of the food production chain,
requiring retailers and restaurants to take action
to minimize and reuse waste. On the other hand,
consumers also need to act regarding their life-
styles and behaviours. For instance, consumers
need to learn more about how to buy and prepare
foods, learn how to buy in moderation, and
reduce excessive demand for food if it is not
needed. Conversely, policies and comprehensive
support are needed to improve technology and
help farmers grow healthy and sustainable foods.
However, a coordinated effort among govern-
ments, industries, and consumers is required to
adopt this food production model.
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Carbohydrates for Energy
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Abstract

Carbohydrates are the most common source of
energy for humans. Among this class of mac-
ronutrients, starch and sugar are the main rep-
resentatives. Starches of different types can be
obtained from tubers and grain-based foods
such as cereals, legumes, pasta and noodles.
Sugars can be extracted from plants or eaten
as part of a wholesome food, typically fruits
and milk. Nutritionally, low glycemic index
offers the best long term health effects. That
means choosing less refined food products
(wholegrains vs refined; fruits vs. sugar).
Processing can have a positive impact, as in
the case of pasta vs. bread. Environmentally,
grains require more resources than produce,
while attracting consumers for their taste and
competitive price. Innovations such as malt
flour can provide an interesting alternative to
other starches. Sugar wise, Stevia can be a
sustainable sweetener, yet not providing
energy. Upcycled sweeteners from spent
grains are low in both glycemic index and car-
bon footprint, while fruits, sweet vegetables
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and fibre-rich syrups can be both energizing
and environmentally friendly.
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2.1 Starch and Sugar as Source

of Energy

Humans need energy to live. Food offers multiple
sources of energy, in the form of lipids, protein
and carbohydrates. While lipids deliver the high-
est caloric intake (9 kcal/g vs. 4 kcal/g of carbo-
hydrates and protein), carbohydrates represent
the most abundant source of energy in most diets
(NIH, 2021; USDA, 2021). This is due to the
higher carbohydrate content of most foods, par-
ticularly grains and starchy roots, followed by
dairy. Dietary carbohydrates are a diverse group
of nutrients, ranging from very simple structures
(simple sugars like glucose and fructose), to
disaccharides (sucrose, also known as table
sugar), to starch. Starches have various degree of
resistance to human digestion, resulting in differ-
ent times of glucose release. It is important to
observe that not only quantity and quality of car-
bohydrates affect how quickly they are digested,
but also food composition. Factors like protein,
lipid and fibre content, as well as physical
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Fig. 2.1 Representative
sources of starch:
traditional (rice) and
innovative (potato
starch)

structure, affect glucose release (Scazzina et al.,
2016; Smith et al., 2017). A common way to
analyse carbohydrate quality is by measuring the
glycemic index: the speed at which glucose is
release from a food product and it will be dis-
cussed as one of the key parameters. Multiple
tests have been proposed to measure glucose
release after a meal, with glycemic index consid-
ered as useful by numerous health agencies
(Scazzina et al., 2016). The unit of measurement
that is used to measure the quality of carbohy-
drate is Glycemic Index (GI). Glycemic Index
refers to a scale that measures how quickly a food
product causes a person’s blood sugar to rise.
Foods can be classified into three categories
based on their GI values: high-GI foods (>70),
intermediate-GI foods (>55-70), and low-GI
foods (<55) (Eleazu, 2016). A high GI indicates
that the carbohydrate in a food product is
absorbed more quickly into the blood sugar. It’s
hard to measure the accurate GI of a food product
as GI varies a lot depending on several factors
such as the physical form of the food product (a
mashed cube of potato can have 25% higher GI
than an unmashed cube of potato), the type of the
food product, the way the food product is pro-
cessed and prepared, and the content of other
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macronutrients in the food product (protein, fat,
fiber) (Pi-Sunyer, 2002). A slow glucose release
is desirable since it provides satiety and prevents
diabetes (Willett et al., 2002). An exception to
this is represented by athletes who might look for
fast release during their performance. Each food
source has a different impact on the environment,
requiring water and emitting carbon as a result of
growing raw materials, processing into foods and
distribution. Finally, nutrition and sustainability
are not achieved without pleasant taste and
affordable prices.

Therefore, this chapter will focus on starch
and sugar as source of energy. Authors would
like to emphasize that carbohydrates are not the
only source of energy, but are presented sepa-
rately in this chapter since it’s the goal of this
book to treat one nutrient at a time. Representative
food sources of these nutrients will be presented
for their nutritional value, environmental impact,
and consumer acceptance. Traditional and inno-
vative foods will be discussed, to offer the reader
with a comprehensive toolset to make informed
decisions when choosing a carbohydrate-based
source of energy. An example of the modern tra-
jectory of lipid-rich food products is depicted in
Fig. 2.1.
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Table 2.1 Representative food sources of starch: products, nutritional value (quantity, quality), sustainability (water
and carbon footprint) and consumer acceptability (price, sensory)

Nutrition Sustainability Acceptability
Starch Starch quality | Water Carbon Price
quantity | (GI) footprint footprint (NZD/100 g)
(g/100 g) (L water/kg (kg COy/kg
Food products product) product) Sensory profile
Corn Flakes | 84 93 1,222 (corn) 1.26 (corn 0.66 Crispy, sweet
flour)
USDA USDA (2020) | Mekonnen Xu et al. Countdown Chaunier et al.
(2020) and Hoekstra | (2017) (2021) (2005)
(2012)
Rice 80 53 2,500 (rice) 1.20 (rice) 0.84 White
Noodles USDA Atkinson et al. | Mekonnen Xu et al. Countdown translucent
(2013a, (2008) and Hoekstra | (2020) (2021) colour, rice
b) (2012) fragrance, sticky,
chewy, delicate
taste
Buckwheat 75 56 3,463 1.91 1.18 Dark colour,
Noodles (buckwheat hard, chewy,
(Soba) flour) slightly bitter
USDA Wee and Mekonnen Xu et al. Countdown aftertaste
(1989) Henry (2020) | and Hoekstra | (2017) (2021)
(2010)
Pasta 72 48 1,336-2,847 |0.18-0.49 0.50 Yellow, Slight
Vernaza Atkinson et al. | Ruini et al. Cimini et al. Countdown nutty smell, firm
et al. (2008) (2013) (2019) (2021)
(2012)
Rolled 68 55 2,416 0.55 0.28 Dry, soft, light
Oats USDA Atkinson et al. | Mekonnen Heusala et al. | Countdown taste
(2020) (2008) and Hoekstra | (2020a, b) (2021)
(2010)
Wholemeal 38 74 1,300 1.18 0.28—0.49 Dark brown,
Bread Food Mekonnen Chiriacd et al. | Countdown wheat aroma,
Composition | and Hoekstra | (2017) (2021), nutty flavour
Data (2019) (2010)

2.2 Traditional Food Sources
of Carbohydrates
2.2.1 Starch

Six representative food products were chosen as
sources of starch: breakfast items like corn flakes
and rolled oats, as well as staple foods like rice
noodles, buckwheat (Soba) noodles, pasta and
wholemeal bread (Table 2.1).

The quantity of starch found in these products
varied from 38 g/100 g of wholemeal bread to
84 g/100 g of corn flakes (USDA, 2020).
However, after the noodle products are cooked,
the carbohydrate content in each product is found

to have decreased significantly with rice noodles
having only 24 g/100 g, buckwheat noodle
27 g/100 g, and durum wheat pasta with the high-
est carbohydrate content among the three with
30 g/100 g (Sugiyama et al., 2003; USDA, 2013a,
b, 2015). This is the case because when these
food products are cooked (boiled in water) most
of the starch in them leaches out into the water
and especially for rice noodles the amount of
starch that leaches out into the water is higher
due to the small granule size of the carbohydrates
in the noodle; the smaller the size of the mole-
cule, the lower the weight of the molecule result-
ing in less intermolecular interaction of
polysaccharide which will make it more soluble
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in water and this explains why so much starch is
lost during the cooking of rice noodles (Guo
etal., 2017; Low et al., 2020).

Pasta has the lowest GI among the three. There
have been several studies aiming to determine the
reason why pasta has a low GI despite being a
starchy, carbohydrate packed food. One study
said that pasta’s low GI is due to its compact tex-
ture, the low degree of mastication before being
swallowed and the large solid particles pasta
becomes when it reaches the stomach (Kim et al.,
2008). Its compact texture and large particle size
limit the surface area of available starch that
digestive enzymes are able to absorb hence limit-
ing digestion rates. The large particle size also
lowers the rate of gastric emptying. Another
hypothesis is the presence of a continuous protein
matrix that limit the accessibility of starch to
a-amylase by trapping the starch granules. This
result was in agreement with high GI for bread.
Despite a fibre-rich recipe, wholemeal bread still
presented a GI of 74 due to its light structure,
result of yeast fermentation and baking. Overall,
corn flakes represented the richest source of eas-
ily digestible starch (GI 93 vs. 48-74 of others),
while noodles, pasta and rolled oats delivered
similar quantity of starch at a lower speed.

As shown in the table above, the amount of
water needed to make 1 kg of durum wheat pasta
ranges from 1,336 to 2,847 L of water which is
dependent on several factors such as the
production site, conditions of the local environ-
ment, and the adoption of agricultural techniques
used during the cultivation of the durum wheat
(Ruini et al., 2013). Although this may seem like
a high amount of water consumption, the durum
wheat pasta is actually the most sustainable in
terms of water consumption compared to the
buckwheat noodle which requires 3,463 L of
water just to produce 1 kg of buckwheat which
means it will use up even more water to make
1 kg of the buckwheat noodle (Mekonnen &
Hoekstra, 2010). Rice noodle is in between the
durum wheat pasta and the buckwheat noodle in
terms of water consumption with 2,500 L of
water needed to grow 1 kg of rice but this also
means more water will be needed to use the rice

and turn them into rice noodle. The lowest water
footprint was recorded for bread, although this
might be due to its lower solid content.

In order to obtain a big picture, carbon foot-
print was examined, as an indicator of polluting
emissions derived from food manufacturing.
Interestingly, pasta production resulted in signifi-
cantly lower carbon emissions than the other
food examine: 0.18-0.49 kg CO,/kg product vs.
0.55-1.91 kg COy/kg product (Table 2.1). Carbon
emissions are the result of processing, distribu-
tion and transportation. From an environmental
standpoint, pasta seems a more sustainable source
of carbohydrates when compared to rice, corn
and oat products. Results vary based on location
and supply chain. High carbon footprint can be
the result of low yield of raw material and/or
more intensive processing needed to achieve the
desired sensory quality.

Speaking of consumer acceptability, price
and sensory were investigated. The cheapest
product (according to New Zealand stores) is
rolled oats, while the most expensive is rice noo-
dles, at about three times the price (Table 2.1).
The sensory profile of each food product is quite
different from each other. Corn flakes are well
known as crunchy and sweet. Noodles, on the
other hand, are not crunchy. Buckwheat noodles
have dark, brownish/greyish colour due to the
presence of hull fragments found in the buck-
wheat flour used to make the buckwheat noodle
(Wronkowska & Haros, 2014). Aside from its
hard and chewy texture, buckwheat noodle is
also known to possess a relatively high tensile
strength and low extensibility which means it is
stretchy (Ikeda et al., 2001). A research compar-
ing buckwheat noodles made from common
buckwheat and Tartary buckwheat found that
buckwheat noodles made from Tartary buck-
wheat tasted more bitter than the ones made
from common buckwheat; the noodles made
from Tartary buckwheat also have a slightly bit-
ter aftertaste (Starowicz et al., 2018). Rice noo-
dles have a white, translucent colour and a clear
fragrance of rice due to the rice flour used to
make them. The cooking process and time affect
the final texture of rice noodles; surface moisture
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gives the rice noodle its sticky texture (Li et al.,
2021). To the best of my knowledge, rice noodle
does not have a prominent taste nor aftertaste
that can be uniquely identified and described.
The durum wheat pasta has a yellowish colour
which is caused by the natural carotenoid pig-
ment content of the durum wheat and the oxida-
tion of the durum wheat by a group of enzymes
called Lipoxygenase (LOX) (Sissons, 2008).
The durum wheat also has a nutty taste which
gives the pasta a very slight nutty taste but to the
best of my knowledge, it does not have any
prominent taste nor aftertaste. The texture of
durum wheat pasta is also harder and firmer than
buckwheat noodle and rice noodle because of the
slightly higher protein content in the durum
wheat used to make the pasta but this firmness
and hardness will vary according to the protein
content in the durum wheat used to make the
pasta (Sissons, 2008). Rolled oats are quite neu-
tral in taste, while wholemeal bread is dark
brown in colour, soft, with wheat aroma and
nutty flavour.

2.2.2 Sugar

Sugar can be consumed either as is (extracted
from beet or cane) or obtained from foods such
as milk and produce. A representative selection
includes refined cane sugar, raw cane sugar,
milk powder, milk, apple juice and apples
(Table 2.2). As expected, the GI of cane sugar is
very high, but it is interesting to observe how
this value increases when the raw sugar is
refined, rising from 69 to 91 (Scazzina et al.,
2016). Refined sugar is mostly sucrose, whereas
raw sugar contains a mixture of about 95%
sucrose and 5% molasses, thus being absorbed
more slowly. Dairy is a popular food category,
known for protein and lipids, among other nutri-
ents. Some consumer may not realise that the
most abundant nutrient in milk is sugar, specifi-
cally lactose, representing 40% of the solid frac-
tion and at least 5% of fresh milk (USDA, 2019).
The glycemic index is moderate (45 and 41 for
powder and fresh, respectively) (Atkinson et al.,

2008; Foster-Powell et al. 2002). These values
were attributed to the presence of protein and
fat, while the slightly higher GI for milk powder
can be attributed to the spray-drying process,
which reduces particle size, thus enhancing
digestibility (Elversson & Millqvist-Fureby,
2005). A good source of sugar is fruit. Taking
the example of apples, they contain about
12-13 g/100 g of sugars (USDA, 2019; USDA,
2020), whether it is in the raw form or processed
into a juice. What is noteworthy, is the fact that
the juice has a significantly higher GI: 41 vs. 36
(Atkinson et al., 2008). This is due to the fact
that the juicing process eliminates fibre and
other nutrients that allow slow sugar release
from the fruit, in addition to represent a nutri-
tional loss. Therefore, despite equal quantity of
sugar, raw apples are a better choice than apple
juice.

The water footprint of most sugar sources is
limited, at around 1,000 L/kg product
(Table 2.2). It is interesting to notice that,
often, the more processing is required, the
more water is consumed, such as in the case of
sugar refinement (1,782 vs. 1,666 L water/kg
product) and apple juicing (1,141 vs. 822 L
water/kg product) (Mekonnen and Hoekstra
2010). The effect of processing becomes more
relevant when looking at carbon emissions,
with increases in the order of ten-fold. Juicing
apples increased the carbon footprint from 0.1
to 1.0 kg CO,/kg product (Cambridge Carbon
Footprint, 2013; Figueiredo et al., 2014) while
drying milk lifted this value from 1.0 to 9.0
COy/kg product (Flysjo et al., 2014). Juicing
and spray-drying both have major environmen-
tal impacts, greater than sugar refining
(Fig. 2.2).

When looking at consumer acceptability, it
is well known how addicting sugar can be, and
its low price lures consumers in. Less addicting
sources of sugar are milk and produce like
apples, other fruits and sweet vegetables. Key
sensory differences are represented by dark
colour and lower sweetness (raw vs. refined
sugar) (Orlandi et al., 2017; Pinto et al., 2021).
Milk is well known for its creamy texture and
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Table 2.2 Representative food sources of sugar: products, nutritional value (quantity, quality), sustainability (water
and carbon footprint) and consumer acceptability (price, sensory)

Nutrition Sustainability Acceptability
Sugar Sugar quality | Water footprint | Carbon footprint | Price
FOOD quantity (G (L water/kg (kg CO,/kg (NZD/100 g)
products (g/100 g) product) product) Sensory profile
Sugar, 100 91 1,782 0.2-0.5 0.19 Light color, sweet
refined aroma and flavour
(100% USDA Scazzina Mekonnen and | Rein (2011) Countdown | Pinto et al. (2021)
Sucrose) (2019) etal. (2016) | Hoekstra (2021)
(2010)
Sugar, cane | 100 69 1,666 0.4 0.25 Dark, small
(95suc granules, less
Smol) sweet than refined
sugar
USDA Scazzina Mekonnen and | Rein (2011) Countdown | Orlandi et al.
(2019) etal. (2016) | Hoekstra (2021) (2017)
(2010)
Milk 40 45 1,000 9.0 0.95 Sweet, granular
Powder USDA Foster- Ridoutt et al. Flysjo et al. Countdown | Cooper (1981)
(2019) Powell et al. | (2010) (2014) (2021)
(2002)
Milk, whole | 4.8 39 1,000 1.0-1.2 energy |0.18 Creamy, sweet
fat corrected)
USDA Atkinson Ridoutt et al. Flysjo et al. Countdown | Chojnicka-Paszun
(2019) etal. (2008) | (2010) (2014) (2021) et al. (2012)
Apple Juice |13 41 1,141 1.0 0.19 Sour, sweet, clear
USDA Atkinson Mekonnen and | Cambridge New World | Okayasuand and
(2019) etal. (2008) | Hoekstra Carbon (2021) Naito (2001)
(2010) Footprint (2013)
Apples, 12 36 822 0.1 0.50 Yellow flesh,
Gala crispy and juicy
texture, sweet
USDA Atkinson Mekonnen and | Figueiredo et al. | New World | Corollaro et al.
(2020) et al. (2008) | Hoekstra (2014) (2021) (2013)
(2010)
sweet taste (Chojnicka-Paszun et al., 2012;
Cooper, 1981). Apples vary in flavour based on 2.3 Innovative Food Sources
the cultivar. For example, Gala apples have a of Carbohydrates
yellow flesh, crispy and juicy texture and sweet
flavour (Corollaro et al., 2013) while their juice 2.3.1 Starch

is sour, sweet and clear in appearance
(Okayasuand and Naito, 2001). Unfortunately,
fresh fruit is expensive. In fact, it is more
expensive than juice: 0.50 vs. 0.19 NZD/100 g)
(Countdown, 2021). The reason is that short
shelf-life costs more money than processing.
Therefore, innovative processing that extends
shelf-life without nutritional loss is needed. In
this sense, fermentation of fruit puree by probi-
otic bacteria can be a solution, as demonstrated
for pear kefir (Hampton et al., 2021).

Innovative sources of starch promise to deliver
high amounts of carbohydrates with moderate GI
and low footprint. Starting from cereals (corn,
rice, wheat) and starchy tubers and roots (pota-
toes, tapioca, yam) novel products are rising
(Table 2.3). Rice, tapioca, and yams have been
around and consumed for centuries in their origi-
nal forms or processed into traditional food prod-
ucts such as rice noodles, tapioca flour in baking,
and purple yam (ube) flavoured desserts.
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Fig. 2.2 Representative sources of sugar: traditional (sucrose) and innovative (date syrup, Stevia)

Table 2.3 Innovative food sources of starch: raw materials, bioavailability (glycemic index) and sustainability (water
and carbon footprint)

Raw
Products materials Bioavailability Sustainability
Glycemic index Water footprint Carbon footprint
(L water/kg product) (kg COy/kg product)
Functional chips | Corn 55 1,222 0.48
Yang et al. (2006) Mekonnen and Hoekstra Zhang et al. (2017)
(2010)
Malt Flour ‘Wheat 66 1,827 0.75
Chaturvedi et al Mekonnen and Hoekstra Zhang et al. (2017)
(1997) (2010)
Resistant starch | Potatoes 78 287 0.25
Atkinson et al. Mekonnen and Hoekstra Svubure et al. (2018)
(2008) (2010)
Rice bran in a Rice 73 2,500 1.3-2.3
tube Atkinson et al. Mekonnen and Hoekstra Xu et al. (2013)
(2008) (2010)
Boba/Tapioca Tapioca 70 3,106 0.56-0.64
balls Foster-Powell et al. | Mekonnen and Hoekstra | Usubharatana and
(2002) (2010) Phungrassami (2015)
Edible Yam 44 343 0.88
packaging film Ampofo et al. Mekonnen and Hoekstra Go (2009)
(2021) (2010)

However, the world is constantly evolving and
developing hence these traditional raw materials

products.

The Daily Crave chips are made of corn flour
that claims clean label and high nutrition. High-
are also used in more new and innovative food quality starch is delivered as well as protein and
some micronutrient. Some varieties are gluten-
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free. By adding up extra vegetable flour and natu-
ral condiments that people are familiar with, their
taste is also naturally flavoured (Food Navigator
USA, 2019). BriesSpecialty malt flour is made of
whole wheat flours milled from natural malt. It
has non-GMO and clean-labelled ingredients that
are from natural materials and used to offer natu-
ral colour and flavour adjustment. It only adds
malt to increase the whole grain content and lower
the GI value. Light colour flour indicates mild to
intense flavour and dark flour has a deeper flavour
(Food Navigator USA, 2019). The resistant starch
derived from potatoes is classified as RS2. It is
non-digestible in the small intestine but fermented
in the large intestine. It promotes digestive health
and insulin and glycaemic response due to the low
GI value. Also, it performs well in boosting butyr-
ate, which helps to promote satiety, protect against
endothelial dysfunction, and control blood sugar
(Food Navigator USA, 2020a, b).

An innovative food product made from rice is
the “Nuka” rice bran in a tube packaging made
by Kohsei Foods Co., Ltd. This food innovation
is targeting the upcycling market trend with more
focus on providing more convenience for con-
sumers. It is one form of upcycling because it
uses the bran of rice, a part of the rice kernel,
which is the by-product of rice milling (Friedman,
2013). Rice bran has been used in food products
for some time but this “Nuka” rice bran in a tube
can be considered an innovative food product
because the packaging it comes in is new and the
company only started selling them in January
2021, so it is very recent. The product has been
manufactured in a compact and easy-to-use pack-
aging that enables its users to add flavour to their
fish or meat in a hygienic way by squeezing the
tube packaging. Rice bran is rich in micronutri-
ents like oryzanols, tocopherols, tocotrienols,
and phytosterols as well as 15% protein content
and 50% carbohydrate dietary fibres like beta-
glucan, pectin, and gum (Nagendra et al., 2011).
This fermented “Nuka” rice bran improves the
health of the intestine which makes it very good
for gut health and boosting the immune system
(PR Distribution, 2021).

Boba is a pearl-shaped food product made
from tapioca that has recently seen an upsurge in

demand. Boba’s dark colour comes from the
brown sugar used to make the balls and is known
for its very chewy texture (Min et al., 2017). The
global boba drinks market was valued at 5.3 bil-
lion USD in 2018 and is estimated to reach 11
billion USD by the end of 2025, implying a
CAGR of 9.3% from 2019 to 2025 (Market
Watch, 2021a). In April 2021, there have been
news saying that there is currently a boba short-
age in the United States due to supply chain and
logistics disruptions; e-commerce sales of boba
have surged due to rising demand but lack of
dockworkers and drivers are holding up these
boba from getting into the boba drink retailers
(Janse, 2021). Boba is entirely plant-based mak-
ing it vegan-friendly. Boba itself does not have
any nutritious value besides being loaded with
carbohydrate and sugar, if it was made with
sugar, however consumption of boba with tea
may contain other nutrients and antioxidant ben-
efits depending on the type of tea used (Min
et al., 2017).

An innovative product made from yams is
edible film packaging and food coating. In
2020, the global edible films and coating mar-
ket was valued at 2.6 billion USD and is pre-
dicted to grow at a CAGR of 7.64% from 2021
to 2026 (Globe News Wire, 2021). This innova-
tive product is targeting the sustainability mar-
ket trend because there is an increasing demand
to move away from plastics to more sustainable
packaging and biodegradable coatings from
renewable resources. One experiment done on
this yam edible film packaging for food coat-
ings blends purple yam starch, chitosan, and
glycerol to create films with homogenous sur-
face and greater thermal stability (da Costa
et al., 2020). This edible yam packaging
increases the shelf-life of fresh fruits, reducing
weight loss and oxidation upon storage (da
Costa et al., 2020). However, as this product is
still at the early stages of innovation, there is
very little information regarding price, sensory,
nutritional values, etc. Further research and
development on this is definitely something to
be looked into as this innovation does have
great potential and environmental as well as
socioeconomic benefits.
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The GI of cooked corn is around 55 (Yang
et al., 2006), so it is medium-low GI food. The
GI of wheat is 66 (Chaturvedi et al., 1997),
which is slightly higher than corn, but still the
medium. Boiled potato has a relatively high GI,
which counts for 78 (Atkinson et al., 2008).
There are few reasons why GI varies. Firstly,
potatoes have high starch content in the dry mat-
ter, of which 60—-80% is starch. Its starch is made
of numerous glucose and mainly in the form of
amylopectin (Robertson et al., 2018). Also, its
fibre content is low, which is about 1.4 g/100 g
(Food Composition Data, 2019). Fibre is the
component of food that is non-digestible by the
human body, thus the low content of fibre
increases the GI value. On the contrary, corn and
wheat have a much lower GI. Conventionally
cultivated wheat contains 60-75% starch
(Shevkani et al., 2017), which is slightly lower
than that in potato. The composition of the starch
is amylose to amylopectin is 0.25:0.75 (Zi et al.,
2018). Carbohydrate in cooked corn only counts
for 16.7 g/100 g, and its starch is composed of
about 25-30% amylose (Amin, 2017), which is
even higher than wheat grains. The highest
5 g/100 g fibre among three materials also con-
tributes to the low GI (Food Composition Data,
2019). All the reasons make the potato the high-
est GI, wheat the medium GI and corn the
medium-low GIL.

White rice has a high glycaemic index due to
its high amylopectin to amylose ratio, post-
harvest whitening-polishing, and shorter required
cooking time (Boers et al., 2015). Amylopectin is
a branched and long polymer of glucose units
whereas amylose is a linear and shorter polymer
of glucose units. Starches with higher amylose
content have a higher gelatinisation temperature
which forms complexes with lipids thus reducing
the gut enzymes’ access to starch (Boers et al.,
2015). This means starches with higher amylose
content tend to have lower GI values. Tapioca
also has a high GI and the reasons for this are
similar to the reasons white rice has a high GI.
Tapioca has a very low amylose content but a
high amylopectin content, similar to white rice,
which leads to lower gelatinization temperature
making the starch more easily digested and

absorbed by the gut into the blood (Charles et al.,
2005). Cassava root only has a GI value of 46
when cooked but because tapioca is made by
grinding the cassava root into a powder, this
increases the surface area to starch ratio which
leads to increased rate of digestion thus increas-
ing the GI (Boers et al., 2015; Charles et al.,
2005; Nnadi & Keshinro, 2016). Yam has an
amylose content of 30%, which is higher than
that of rice or tapioca, making it a lower GI food
compared to rice and tapioca (Freitas et al.,
2004). The cooking method of the yam also plays
an important role in determining its GI value.
Table 2.1 shows the GI value of yam that is
boiled; boiling, followed by cooling, prompts the
formation of resistant starches which slows down
the digestion rate thus lowering the GI of the yam
(Ampofo et al., 2021).

In general, low-GI foods are healthier and rec-
ommended for everyone especially those with
diabetes so yam would be a good option as a
source of carbohydrate. However, in certain
cases, high-GI foods are needed; rice and tapioca
are good sources of carbohydrates for athletes,
especially those doing lots of endurance sports,
who need high GI foods to promote rapid glyco-
gen metabolism and to quickly replace the carbo-
hydrates lost during the physical activity (Murray
& Rosenbloom, 2018).

The GI, when used in conjunction with in vitro
measures of carbohydrate bioavailability, can
provide a more comprehensive picture of the real
carbohydrate bioavailability of a food ingredient
or product (Englyst & Englyst, 2005).

Like a two-sided coin, high GI food have both
advantages and disadvantages. Since the high GI
food increases the blood sugar content and pro-
vides energy immediately, some athletes could
have it around strenuous training to replenish the
glycogen and provide enough ATP for consump-
tion. Meanwhile, high sugar level could improve
cognitive performance and brain activity, as a
result, if some people are doing mental work,
when they need novel ideas, the supplement of
high GI food would be beneficial. However, with-
out the glycogen being consumed, the blood
sugar spike it causes might lead to more synthesis
of fat, and thus the potential risks of obesity, car-
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diovascular diseases, and type II diabetes.
Instead, the low GI food releases the sugar and
increases the blood sugar level at a controllable
speed. For people who have more sedentary work
or no need for immediate energy, low GI food is
preferred. Whether high GI food is beneficial or
harmful depends on individual needs.

In terms of sustainability, the total water foot-
print of corn is 1,222 L/kg, with 947, 81 and 194
litres of green, blue and grey water respectively.
The green, blue and grey water for wheat are
1,277, 342 and 207 L/kg, respectively, with the
total water consumption is 1,827 L/kg of wheat.
Potato has the lowest water footprint among the
three products, which is only 287 L/kg. The three
contributors are quite low as well: 191, 33 and
63 L/kg (Mekonnen & Hoekstra, 2010). Blue
water footprint is the volume of surface and
groundwater evaporated as a result of the produc-
tion of the raw material; green water footprint is
the volume of rainwater consumed in the produc-
tion of the raw material; grey water footprint is
the volume of freshwater needed to dilute pollut-
ants, so the water used to produce the raw mate-
rial meets quality standards (Mekonnen &
Hoekstra, 2010).

As for cereals, they generally have a medium
water footprint (~1,600 L/kg), however, as
shown, maize has a relatively low water footprint
among the cereals. The reason why water foot-
print is different is that different parts of plants
are harvested. Potato is the starchy stem of the
potato plants, at which all the nutrients are stored,
other parts of the plants do not need much energy
or water to grow. While the cereals do not have
such a structure, only the seeds, the minor part,
are harvested and the rest is ditched. Potato has a
short harvest time, which is approximately
120 days after planting (Liu et al., 2003). The
harvest time for maize varies from 80 days to
120 days (Ashley, 2001). However, it might take
300 days to harvest wheat (HCGA, 2008). That is
why cereals have a higher water footprint than
potatoes. Yam is the most sustainable crop with
only 343 L of water needed to grow 1 kg of it.
Rice comes in next at a global average of 2,500 L
of water needed to grow 1 kg of it. Tapioca has
the highest water footprint of 3,106 L/kg among

the three crops because to get the tapioca, the cas-
sava plant needs to undergo some processes; cas-
sava itself has an average water footprint of only
622 L/kg (Mekonnen & Hoekstra, 2010;
Situmorang & Manik, 2018). Rice comes in third
place and tapioca starch and buckwheat tie for last
place with water footprints of over 3,100 L/kg
(Mekonnen & Hoekstra, 2010). However, it is
worth noting that these water footprint figures are
only global averages and the real water footprints
of these crops vary based on several factors such
as the variety of the crop, the cultivation method
used to grow the crop, where the crop is grown,
conditions of the environment where the crop is
grown, and many more (Yao et al., 2017).
Carbon footprint is a complementary parame-
ter. The carbon emission of potato is 251 Kg
CO,/t harvested (Svubure et al., 2018), and that
of cereals are higher, which are 480 Kg CO,/t and
750 Kg CO,/t respectively (Zhang et al., 2017).
Land use can be used to measure the resource
consumed by the crops as well. The yields of
potatoes of 90 t/ha are theoretically possible
recently (Plant & Food Research, 2013). By con-
trast, the average yields of corn were 11.8 t/ha in
NZ in 2016 (FAR, 2016). The yield of wheat is
generally lower than 10 t/ha (FAR, 2010). In a
word, potatoes have a very low resource con-
sumption, it shows environmental sustainability,
while rice, corn and wheat consume more
resources in producing. Yam edible film resulted
in higher carbon emissions, likely due to the
extensive processing required to obtain such a
product (0.88 kg/kg product) (Go, 2009).

2.3.2 Sugar

When it comes to sugar and sweeteners, the
amount of research has steadily increased in the
past decades, following a 3-step growth. At first,
the focus was on non-nutritive synthetic sweeten-
ers, such as aspartame and acesulfame-K, which
taste sweet without providing calories (Shankar
et al., 2013). Then, the attention moved to non-
nutritive sweeteners extracted from plants, such
as Stevia and Allulose (Tan et al., 2019). Most
recently, nutritive sweeteners (sweet ingredients
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that deliver calories) have grown in popularity,
with products such as agave syrup and date syrup
being used more extensively in food manufactur-
ing (Djaoud et al., 2020; Ozuna et al., 2020). The
aim of this chapter is carbohydrates for energy,
therefore emphasis will be given to nutritive
sweeteners, while the non-nutritive counterparts
will be included in the discussion due to their
high popularity in food formulations.

The past decade was the time of Stevia,
when the world became well aware of this new
sweetener. What drew attention was two char-
acteristics: extremely high sweetness (150-
300 times that of sucrose) and low caloric
intake, close to 0 kcal/g (Ashwell, 2015; Wang
et al., 2020). Stevia is the commercial name
for a pair of glycosides, stevioside and rebau-
dioside, extracted from the leaves of Stevia
rebaudiana, a plant found mostly in Brazil and
Paraguay (Ashwell, 2015; Wang et al., 2020).
Unlike other non-nutritive sweeteners, Stevia
does not express strong bitter aftertaste, thanks
to its structure and to novel extraction tech-
nologies. The water and carbon footprints are
about 95% lower than those of sucrose
(Ashwell, 2015).

One interesting product is Allulose, a natu-
rally occurring monosaccharide extracted from
corn. The market demand for Allulose is boom-
ing, with a predicted compound annual growth
rate (CAGR) of 14.8% between 2021 and 2027
(Market Watch, 2021b). It is the product of an
enzymatic conversion of fructose from corn,
delivering sweetness with low calories (0.4 cal/g),
which is one-tenth of sucrose that is usually
added to make food sweet, and without the loss
of upfront sweetness of sucrose, the quality of
sweetness or the mouthfeel. However, allulose is
three times more expensive than sucrose but still
cheaper than the sweetener erythritol. It is impor-
tant to observe that a successful sweetener must
be sweet, cheap and easy to label (Food Navigator
USA, 2020b). Being a product of corn, the envi-
ronmental impact is equal or greater to that of
corn (Table 2.4).

Nowadays, syrups are becoming a popular
choice as sweeteners: due to the presence of
soluble fibers, they provide lower glycemic

index than sucrose and higher water binding
abilities, making food texture juicier and more
pleasant. Agave syrup has grown in popularity
over the past 15 years. It is extracted from the
leaves of Agave tequilana and related plants.
The high fructose content allows for its high
sweetness (about 1.5 times that of sucrose) at
low glycemic index: 11-27 (Espinosa-Andrews
et al., 2021; Foster-Powell et al., 2002). The
bright yellow appearance resembles that of
honey and allows for several applications.
When darker colour is needed, date syrup can
be a proper choice. This ingredient is new, thus
limited research information 1is available.
Sucrose replacement with date syrup in sponge
cake resulted in darker, moister product, with
sweet, slightly acidic taste (Bhuian et al., 2020).
The newest entry is quinoa syrup. Industrial
sources present it as mildly sweet, with a deli-
cate bitter aftertaste (Food Navigator, 2021).
Quinoa needs low water input (349-877 L
water/kg product) (Scanlin & Lewis, 2017) but
its processing does result in relevant carbon
emissions (1.5 kg CO,/kg product) (Eco chain,
2020) thus having a mixed environmental
impact. Limited geographical availability sug-
gest better impact when used locally rather than
upon import.

Another interesting innovation is the result of
the upcycling trend. Sweeteners can be extracted
from the spent grains, a by-product of the beer
industry. The process is simple: applying high
temperature, mechanical stress and water, the
fibre can be hydrolysed into  xylo-
olygosaccharides, which are then dried into a
powder, without the need for additives (Swart
et al., 2021). Their sweetness and caloric value
are comparable to those of sucrose, but with
lower GI (47) (Kyung et al., 2014) and lower
environmental impact (Cimini & Moresi, 2016;
Mekonnen & Hoekstra, 2010). Since the raw
material is a by-product, it is removed from land-
fill to be used for food production. Therefore, the
carbon footprint of spent grains was calculated to
be only 0.02 kg CO,/kg product (Cimini &
Moresi, 2016), lower than that of traditional
sweeteners such as sucrose (0.2-0.5 kg CO,/kg
product) (Rein, 2011).
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Table 2.4 Innovative food sources of sugar: raw materials, bioavailability (glycemic index) and sustainability (water

and carbon footprint)

Products Raw materials Bioavailability Sustainability
Glycemic index Water footprint (L Carbon footprint (kg
water/kg product) CO,/kg product)
Allulose Corn No impact 1,222 0.48
Tan et al. (2019) Mekonnen and Zhang et al. (2017)
Hoekstra (2010)
Stevia Stevia (Eupatorium No Impact 83 0.14
rebaudianum) Wang et al. (2020) Ashwell (2015) Ashwell (2015)
Agave syrup Agave 11-27 6,549 0.10
Espinosa-Andrews Healabel (2021) Healabel (2021)
et al. (2021)
Date syrup Dates Not available 2,277 1.1
Mekonnen and Healabel (2021)
Hoekstra (2010)
Quinoa syrup Quinoa Not available 394-877 1.5
Scanlin and Lewis Eco Chain (2020)
(2017)
Sweeteners from Barley malt 54-60 1,950 0.02 (spent grains)
spent grains Kyung et al. (2014) | Mekonnen and Cimini and Moresi
Hoekstra (2010) (2016)

2.4  Conclusions

In closing, energy can be obtained from a wide
variety of carbohydrate-based foods. For the
majority of the population low glycemic index
is preferred, therefore indicating pasta, rolled
oats and noodles as good choices.
Environmentally, pasta presents the lowest foot-
print among starch sources and it is highly
acceptable, being cheap and neutral in taste.
New popular starch-based products are malt
flour and boba balls (used in snack food Boba
Tea). Traditional sugary foods that have low
impact on glycemia and the environment are
fruits, followed by syrups when enhanced shelf-
life is required. Data seems to indicate that
extrusion technologies can lower the glycemic
impact of starch-based foods, while fermenta-
tion can be a valuable tool to preserve fruit, thus
guaranteeing a wholesome source of sugar.
Finally, interesting innovations allow for the
development of sustainable sweeteners that are
either nutritive (xylo-olygosaccharides from
brewers spent grains) or non-nutritive (allulose
from corn).
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Abstract

Fibre is extremely important in human diet.
Not for energy, but in support of our health. It
helps preventing cardiovascular disease and
colorectal cancer by reducing the absorption
rate of glucose and cholesterol. In addition,
fibre comes with a load of antioxidants, min-
erals and vitamins. Fibre can be soluble or
insoluble in water, resulting in different effects
on health and food quality. Sources are plant-
based: mushrooms, fruits, seeds, vegetables
and wholegrains. Their environmental impact
is very low, especially for produce, which
mostly offers soluble fibre from fruits and
vegetables. Grains and seeds (mostly sources
of insoluble fibre) can be more demanding,
thus upcycled sources of fibre (defatted seeds,
okara) are an excellent innovation. Inulin,
mucilage-rich seeds and mushrooms are now
extremely popular due to health properties,
low footprint and enhanced food quality (juicy
texture).

S. C. Paterson - T. C. Mulholland - A. Mehta -
L. Serventi (D)

Department of Wine, Food and Molecular
Biosciences, Faculty of Agriculture and Life
Sciences, Lincoln University,

Christchurch, New Zealand

e-mail: Luca.Serventi@lincoln.ac.nz

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023

Keywords

Footprint - Insoluble fibre - Mushrooms -
Prebiotics - Soluble fibre - Upcycling

3.1 Fibre: Soluble and Insoluble

Dietary fibre is a critical component of the human
diet. It has the unique ability to deliver several
health benefits, despite the fact that it does not
provide any energy. This is due to the fact that
fibre cannot be digested by humans. Nonetheless,
it is crucial to a healthy diet. Dietary fibre is
found in plant-based foods such as grains, seeds,
fruit and vegetables (Dhingra et al., 2012).
Chemically, numerous classifications are avail-
able, based on the molecular structure.
Nutritionally, fibre is classified based on its water
solubility into soluble fibre and insoluble fibre
(Dhingra et al., 2012; Gidley & Yakubov, 2019).
Common examples of soluble fibre are, in
increasing order of molecular length, oligosac-
charides, p-glucans, inulin, gums, pectin and
resistant starch. Examples of insoluble fibre are
hemicellulose, cellulose, lignin and chitin (Gidley
& Yakubov, 2019; Kala¢, 2009; Mudgil, 2017).
Chitin is a nitrogen-containing polysaccharide
found in shellfish (lobster, shrimps), mushrooms
and insects. The shell of fish is not typically
eaten, and insects’ consumption has not reached
worldwide levels, thus making mushrooms the
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Fig.3.1 Representative

sources of soluble fibre:
traditional (banana) and
innovative (mushroom
used to make jerky)

major source of chitin in human diet (Kalag,
2009).

Dietary fibre exerts numerous nutritional bene-
fits. For starter, soluble fibre absorbs large volumes
of water in the intestine, thus reducing the rate of
absorption of glucose (Evans, 2020; Tamargo et al.,
2020) and cholesterol (Tamargo et al., 2020). In
addition, fibre reduces appetite, constipation, risk
of cardiovascular disease and risk of colorectal
cancer (Dhingra et al., 2012). Not less relevant,
fibre often carries a load of nutrients such as anti-
oxidants, minerals and vitamins, providing further
benefits to the consumers (Das et al., 2020).
Furthermore, soluble fibre can be digested by ben-
eficial microorganisms in the human intestine, thus
supporting gut health. This is possible due to the
microbial production of bioactives (upon digestion
of soluble fibre) and consequent inhibition of
pathogenic microorganisms (Parnell & Reimer,
2012). Insoluble fibre acts mostly as a bulking
agent, resisting degradation and providing means
for excretion of indigested material (Mudgil, 2017).

Due to its structure, fibre affects food quality
in terms of texture and, consequently, taste. Most
people might think of fibre-rich foods as chalky

Soluble

Fibre

and unpleasant, that is the effect of high amounts
of insoluble cell wall material. Nonetheless, nutty
aroma and flavour can positively affect food
quality. Soluble fibre typically provides thick,
slimy, juicy texture that may be beneficial
depending on the food application (Chakraborty
et al., 2019; Torbica et al., 2019). The physical
role of dietary fibre is due to its ability to bind
water, gel, thicken (soluble fibre) and provide
bulk (insoluble fibre) (Gidley & Yakubov, 2019).

Therefore, dietary fibre is a crucial nutrient
that can benefit human health and food quality.
Sources are numerous, as are the concentrations,
environmental impacts and effects on sensory
quality. This chapter discuss representative
sources of soluble and insoluble fibre, explaining
their content, quality, water and carbon footprint,
as well as consumer acceptability. First, tradi-
tional sources will be presented. Later, innovative
sources will be discussed. Innovation is consid-
ered either as a new food product or as an exist-
ing food product with high success: compound
annual growth rate (CAGR) above 5%. An exam-
ple of the modern trajectory of fibre-rich food
products is depicted in Fig. 3.1.
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3.2 Traditional Food Sources
of Fibre
3.2.1 Soluble

Traditionally, soluble fibre can be obtained from
a myriad of foods and food products of the plant
kingdom. Fruits, vegetables, legumes, cereals,
mucilaginous seeds and fungi are the key con-
tributors. Among all these, representative case
studies are discussed in Table 3.1: bananas, dry
dates and apples (produce), flaxseeds (mucilagi-
nous seeds), red kidney beans (legumes), rolled
oats (cereals), mushrooms (fungi) and carrots
(vegetables).

Quantity-wise, bananas offer the largest
amount of soluble fibre, in the form of resistant
starch. Values range from 16 to 42 g/100 g based
on the cultivar and on the degree of ripening: the
more ripened the less resistant starch (replaced
by sugar) (Li et al., 2020). High levels are also
found in dry dates (6.0-16 g/100 g of oligosac-
charides) and flaxseeds (12—15 g/100 g of muci-
lage containing Arabynoxylans and Rhamnose
polysaccharides (Kajla et al., 2015; Kamal-Eldin
et al., 2020). In the case of dates, the dry form
allows for higher content than in apples (6.4—
8.8 g/100 g of pectin, based on cultivar) (Suni
et al., 2000). Whereas for flaxseeds it is the muci-
lage released upon soaking in water that contrib-
utes to the soluble fibre intake. Oligosaccharides
are also found in commonly eaten legumes such
as red kidney beans (9.0-15 g/100 g) (Kan et al.,
2017). A staple breakfast food such as rolled oats
contributes to 2.3-8.5 g/100 g of soluble
B-glucans, higher than the 1.1-3.5 g/100 g of the
same nutrient delivered by mushrooms
(Mironczuk-Chodakowska & Witkowska, 2020;
Rasane et al., 2015). Each type of soluble fibre
(resistant starch, oligosaccharides, polysaccha-
rides, pectin and p-glucans) expresses different
mechanisms (Dhingra et al., 2012) and they
should all be included in a healthy diet to lower
the risk of cardiovascular diseases and support
intestinal health.

Environmentally, the impact of these plant-
based foods is low, with little water required and
minimal carbon produced by most of these foods,
with a few exceptions (Table 3.1). Dry dates
require large volume of water (1,250 L water/kg
product) due mainly due to their cultivation and
the drying process (Mekonnen & Hoekstra,
2011). Flaxseeds require very large volumes of
water (5,168 L water/kg product) to be grown
and harvested in large quantity (Ziolkovska,
2012) therefore limiting its applications. Finally,
cereals like oats require moderate water quantity
(2,416 L water/kg product) to be harvested and
produced into rolled oats (Rasane et al., 2015). In
terms of emissions, all these foods produce mini-
mal pollution, with carbon footprint ranging from
0.10 to 2.0 kg CO,/kg product for apples and red
kidney beans, respectively (Figueiredo et al.,
2014; Greeneatz, 2021). Fruits, vegetables and
mushrooms seem to offer the lowest environmen-
tal impact. This data is based on local and sea-
sonal production. Therefore, it is important to
recommend the consumption of locally grown
and seasonal produce.

Consumer acceptance depicts a similar sce-
nario, where most of these foods are affordable:
0.17-0.53 NZD/100 g for carrots and bananas,
respectively (Countdown, 2021). Higher prices
are charged for dry dates, flaxseeds, oats and
mushrooms. Again, local and seasonal choices
will lower the price, thus allowing more people to
access these foods. Big variables to consider are
variations in oil prices and climate which greatly
impacts food prices, possibly excluding some
consumers from healthy food choices
(Taghizadeh-Hesary et al., 2019; Wossen et al.,
2018). Therefore, a multi-step process should be
adopted to guarantee food security, combining
government policies with enhanced irrigation
technology (Wossen et al., 2018). Sensory-wise,
each category offers a different experience: fruits
offer sweetness and a variety of soft and crunchy
texture (Bugaud et al., 2011; Seppi et al., 2012;
Singh et al., 2015) while vegetables may provide
sweetness in the case of carrots, as well as firm,
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juicy texture and characteristic flavour (Bongoni
et al., 2014). Grains and seeds offer dark colour,
harder texture, with either cereal- or beany-
flavour (Hu et al., 2014; Mishra et al., 2017; Zhu
and Li, 2019). Interestingly, mushrooms provide
the umami flavour typical of animal-based foods
such as meat and dairy (Chun et al., 2020).
Umami is a Japanese word used to describe one
of the five basic tastes. It is savoury and meaty
and it is chemically associated to the presence of
the compound monosodium glutamate, famously
known as MSG (Sun et al., 2020). This peculiar
property of mushrooms is extremely handy as
you will see in the new food products developed
(Sects. 3.3.1 and 3.3.2).

3.2.2 Insoluble

Insoluble fibre is the brush that cleans up our
intestine and blood vessels. We need it and, luck-
ily, numerous sources are available. In fact, most
plant foods contain more fibre in the insoluble
form rather than in the soluble one, as it can be
seen in Tables 3.1 and 3.2. Legumes, cereals, rye
bread, fungi and seeds are excellent sources of
insoluble fibre, as well as defatted nuts (coconut
flour).

Most seeds and nuts contain high levels of fat
and fibre. Therefore, defatted meals represent an
excellent source of fibre. For example, coconut
flour delivers 11-46 g/100 g of insoluble fibre, in
the form of cellulose, hemicellulose and lignin
(Adeloye et al., 2020), making it one of the most
abundant sources of insoluble fibre. The second
best source of insoluble fibre is legumes such as
red kidney beans, followed by mushrooms:
26-34 and 19-23 g/100 g, respectively
(Figueiredo et al., 2014; Kan et al., 2017). Rye
bread, rolled oats and flaxseeds offer lower val-
ues: 3.8-8.5 g/100 g (Dhingra et al., 2012; Kajla
et al., 2015; Sibakov et al., 2013). While cellu-
lose, hemicellulose and lignin sources are abun-
dant, less options are available for arabynoxylans,
which require wholegrain foods such as dark rye
bread or whole flours, thus raising the importance
of consuming wholefoods rather than refined. In
addition, wholegrains provide satiety and deliver

vitamins, minerals and antioxidants (Andersson
et al., 2010). Finally, another type of insoluble
fibre, chitin, can be obtained from mushrooms in
large quantity (1.9-2.3 g/100 g fresh weight),
providing protection against cardiovascular dis-
eases, allergies and infections (Dong et al., 2019).
Environmentally, mushrooms and coconut
flour are the best choices. Mushrooms growing is
extremely efficient, requiring only 14-18 L
water/kg product and producing as little as 0.6—
0.7 kg COykg product (Hoekstra et al., 2011).
Coconut flour refers to the food product that is
obtained after drying, expelling and extracting
most of the oil/milk from coconut meat. This is
then grinded and pulverized into meal and used
as a wheat substitute. This process requires little
use of natural resources (834 L water/kg product)
(Mekonnen & Hoekstra, 2011) and is less
demanding in terms of water usage in compari-
son to flaxseeds with a water footprint of 2,687 L
water/kg product. Plus, the carbon footprint is
low (0.1-0.4 kg COykg product) being a by-
product of coconut processing. Although, in gen-
eral, the environmental impact of harvesting
coconut is quite low, coastal mangroves contain-
ing ecosystems are being cleared for coconut
monocrops which negatively impacts biodiver-
sity and depletes the soil (Castillo et al., 2018).
Unfortunately, coconut flour and mushrooms
can be expensive, possibly shifting consumer
choices toward cheaper options such as legumes
(0.26 NZD/100 g of red kidney beans), dark rye
bread and rolled oats (0.47 NZD/100 g)
(Countdown, 2021). Taste-wise, coconut flour
has a cream colour and its texture is very dry
(Chandrashekar et al., 2019). It has a nutty odour
and is less of a coconut flavour and more of a
bland taste due to the reduced fat content. It is
also bulkier than usual flour and takes up more
space per unit volume. The use of coconut flour
in bread showed an improvement in sensory pro-
file with bulk density decreasing and water and
oil absorption capacity of the blend increasing
(Adeloye et al., 2020). In comparison to other
beans, red kidney beans have a darker, more
crimson shade with a mildly beany flavour, and
can hold shape well (Mishra et al., 2017). Red
kidney beans are commonly used in dishes such
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Table 3.2 Representative food sources of insoluble fibre: products, nutritional value (quantity, quality), sustainability
(water and carbon footprint) and consumer acceptability (price, sensory)

Nutrition Sustainability Acceptability \
Fibre Fibre quality Water Carbon Price

quantity (profile) footprint (L | footprint (kg | (NZD/100 g)

(g/100 g) water/kg CO,/kg

Food products product) product) Sensory profile

Coconut 11-46 Cellulose, 834 0.1-0.4 0.87 Light, compact,

flour hemicellulose, hard, dry

(oilcake) lignin
Adeloye Adeloye et al. Mekonnen Sampaio Countdown | Chandrashekar
et al. (2020) and etal. (2021) |(2021) etal. (2019)
(2020) Hoekstra

(2011)

Red kidney | 26-34 Cellulose, lignin | 456 2.0 0.26 Dark, mildly

beans beany, hold texture
Kan et al. Kan et al. Hoekstra Greeneatz Countdown | Hoekstra (2014)
(2017) (2017) (2014) (2021) (2021)

Dark Rye 8.5 Arabynoxylans | 1,544 0.73 0.47 Dark, intense

bread aroma and flavour
(acid, earthy,
salty), dense

Sibakov Sibakov et al. Mekonnen Jensen and Countdown | Zielinski et al.
et al. (2013) and Arlbjgrn (2021) (2008)
(2013) Hoekstra (2014)

(2011)

Rolled oats 6.5 Cellulose, lignin | 2,416 0.55 0.47 Dry, chewy
Dhingra Dhingra et al. Mekonnen Heusala Countdown | Hu et al. (2014)
et al. (2012) and etal. (2020) |(2021)

(2012) Hoekstra
(2011)

Flaxseeds 3.8 Cellulose, lignin | 5,168 0.46 0.80 Brown, elastic,
moist (when added
to noodles)

Kajlaetal. | Ziolkovska Mekonnen Jaiswal and | Countdown | Zhu and Li (2019)
(2015) (2012) and Agrawal (2021)

Hoekstra (2020)

(2011)

Mushrooms | 1.9-2.3 Chitin 14-18 0.6-0.7 2.0-6.0 Earthy/humus,
woody, nutty,
brown, green,
umami, aromatics

Figueiredo | Figueiredo et al. | Hoekstra Hoekstra Countdown | Chun et al. (2020)
et al. (2014) etal. (2011) |etal. (2011) |(2021)
(2014)

as chilli and bean salads, rarely consumed an 3.3 Innovative Food Sources

individual product as the overall sensory profile of Fibre

is not enticing. Dark rye bread tastes earthy, salty,

acid (sourdough) and has a dark brown colour 3.3.1 Soluble

(Zielinski et al., 2008). Most wholegrain foods

share similar responses, thus limiting their con- Innovative food products and popular traditional

sumer acceptability (Fig. 3.2). products both offer solutions to those seeking
soluble fibre and are summarised in Table 3.3.
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For example, inulin powder, a common vegetable
extract, has seen a surge in interest, with a predic-
tive CAGR of 10.9% in the 2020-2025 period,
with a massive 2.03 billion US dollars of global
value to be reached (GlobeNewswire, 2019).
Inulin is a polysaccharides made of fructan units.
It is primarily found in chicory root, garlic, onion,
Jerusalem artichoke and other vegetables
(Nwafor et al., 2017). It has been known as prebi-
otic fibre, antioxidant, aid in the prevention of
cardiovascular disease and others benefits (Wan
et al., 2020). It is recently been used as prebiotic
as well as texture improvers, fat replacer, produc-
ing juicy mouthfeel and viscous food solutions,
with applications ranging from beverages, bak-
ery, dairy and confectionery (Sayed & Khalil,
2017; Sensus, 2021; Wan et al., 2020). The envi-
ronmental impact depends on the raw material. In
the case of chicory root, the most abundant source
of inulin, very limited amount of water is needed
(50-200 L water/kg product) (Atzori et al., 2019)
and even less carbon is emitted (0.4 kg CO./kg
product) (Healabel, 2021) thus making this ingre-
dient sustainable. The price is high (2.4
NZD/100 g) but the amount needed is minimal,
in the order of 0.1-1% for most applications
(Sayed & Khalil, 2017).

Quinoa syrup is the most recent innovation in
this field, having entered the market only in 2021
(Faravelli, 2021). Its fibre content reaches
56 g/100 g of soluble fibre (arabinans and homo-
galacturonans) (Graf et al., 2015; Faravelli,
2021). Quinoa is considered a drought-tolerant
crop and receives less than 150 mm of annual
rainfall in the main production zones. The water
requirements for quinoa are between 254 and
381 mm with combined irrigation and precipita-
tion (Scanlin & Lewis, 2017). The water foot-
print required to produce a gram of protein as
determined by Mekonnen and Hoekstra 2011)
which is L water/g protein, is 31 L for milk, 21 L
for cereal grains and 112 L for bovine meat.
Taking into consideration the water requirements
for quinoa yield 2-3 t/ha which would provide
268-401 kg of protein/ha, the water footprint of
quinoa falls between 6.3 and 14.2 L/g of protein
(Scanlin & Lewis, 2017). Quinoa production is
still small, with various industrial-scale innova-

tions being introduced in the harvesting and post-
harvest stages to replace traditional practises that
were initially designed for small-scale produc-
tion. The current ‘inefficiencies’ in the
post-harvest cycle of quinoa are related to
machinery that needs to be more dynamic and
economical to meet the growing demand of con-
sumers (Angeli et al., 2020). There is not a high
volume of waste water associated with the pro-
cessing of quinoa, however it is worthy to note
that it is most commonly purchased raw and left
for consumers to dispose of their wastewater post
cooking. The carbon footprint might present
minor concerns: 1.03 kg CO,/kg quinoa
(Vazquez-Rowe et al., 2017), which would fur-
ther increase when considering processing into a
syrup (data not available).

A product that attracts the attention is undoubt-
edly mushroom jerky (Primal, 2021). This prod-
uct is sold in strips, resembling the sensory
experience of beef jerky. Mushrooms, in this case
shiitake mushrooms, are a great fit for this appli-
cation due to their content of MSG (delivering
umami flavour), chitin (providing structure to the
strips) and f-glucans (providing juiciness)
(Geetha et al., 2021). Wheat gluten is added for
structure and flavours (soy sauce, chilli) are used
to optimize the taste (Primal, 2021). The environ-
mental impact is minimal, as shown in Sect.
3.2.2. Mushroom jerky has great potential: nutri-
tion, taste, sustainability. Only one aspect is chal-
lenging: price. Typically, a 28 gram strip of
mushroom jerky costs 3.50 NZD, meaning 12.5
NZD/100 g (TheMarket NZ, 2021). If cheaper
technologies were to be developed, mushroom
jerky could be an excellent source of soluble
fibre, as well as insoluble fibre, protein and other
bioactives.

Oat yogurt is another way to get -glucans:
0.4 g/100 g (Oatly, 2021; Rasan et al., 2015). It
mimics the taste and texture of normal yoghurt,
maintaining a “similar creamy consistency” to
dairy based counter-parts (Sethi et al., 2016).
Interestingly, the creamier texture of vegan
yoghurt was attributed to starch and to soluble
fibre (namely p-glucans) which provides viscos-
ity and mouthfeel, in addition to nutritional ben-
efit (Briickner-Giihmann et al., 2019). Swedish
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Fig. 3.2 Representative
sources of insoluble
fibre: traditional (red
kidney beans, coconut
flour) and innovative
(defatted sunflower
meal)

Insoluble
Fil:_)r'e

Table 3.3 Innovative food sources of soluble fibre: raw materials, bioavailability (fibre profile) and sustainability

(water and carbon footprint)

Raw
Products materials Bioavailability Sustainability
Soluble fibre profile Water footprint (L | Carbon footprint (kg
water/kg product) | COy/kg product)
Inulin Chicory 90 g/100 g Fructan polysaccharides 50-200 0.4
powder root Nwafor et al. (2017), Sayed and Khalil Atzori et al. Healabel (2021)
(2017), Sensus (2021), Wan et al. (2020) | (2019)
Quinoa Quinoa 56 g/100 g Arabinans, 254-381 1.03
syrup Homogalacturonans
Faravelli (2021), Graf et al. (2015) Scanlin and Lewis | Vazquez-Rowe
(2017) etal. (2017)
Mushroom | Mushrooms | 1.2 g/100 g p-glucans 14-18 0.6-0.7
jerky Geetha et al. (2021), Primal (2021) Hoekstra et al. Hoekstra et al.
(2011) (2011)
Oat yogurt | Oats 0.4 g/100 g p-glucans 2,536 0.55
Oatly (2021), Rasane (2015) Hoekstra (2019) Heusala et al.
(2020)

plant-based company Oatly is the first company
to launch oat yoghurt in the market in the UK,
with six different flavours on offer for consumers
to experience. The ingredients in Oatly’s “oat-
gurt” (oat yogurt) consist of water, oats, potato
starch, rapeseed oil, modified potato starch,
potato protein, calcium, carbonate, calcium phos-
phate, acid (lactic acid, malic acid) salt, vitamins

(D2, riboflavin and B12) and potassium iodide
(Oatly, 2021). The manufacturing of oats into
oatgurt includes milling, enzymes, separation,
addition of ingredients, heat treatment, homoge-
nizing and packaging. Throughout this process,
Oatly is able to retain the loose oat fibres
(B-glucans) in their products. The appearance is
comparable to that of dairy yogurt, as is the taste,



3 Carbohydrates for Fibre

37

with notes of sweetness and sour, with only two
differences: oat flavour and slightly higher bitter-
ness. Cooked cereals may release bitter com-
pounds like pyrroles and thiazoles, posing a
challenge for sensory properties of oat yoghurt
(Briickner-Giihmann et al., 2019; Rasane et al.,
2015). This product does require large volumes
of water (2,536 L water/kg oats) (Hoekstra, 2019)
limiting its sustainability. The use of upcycled
ingredients such as Aquafaba, in lieu of starch
(Raikos et al., 2020) may reduce the environmen-
tal impact of oat yogurt.

Chia beverage is a new and innovative nutri-
tious beverage, commercially introduced to the
global market by a New Zealand company called
Chia Sisters. The ingredients in the blackcurrant
chia beverage include hydrated chia seeds 89.2%
(water and chia seeds), apple concentrate 5.6%,
blackcurrant concentrate 5.2% and natural black-
currant flavour (Chia Sisters, 2021). Chia seeds
naturally release soluble fibre upon soaking in
water, in the form of mucilage (polysaccharides
of xylose, glucose and glucuronic acids) (De
Falco et al., 2017). Most of the dietary fibre in
chia seeds constitutes of insoluble fibre, which
plays a role in prolonged satiety and intestinal
functions (Dingoglu & Yesildemir, 2019).
Research on natural hydrocolloids have brought
the glaze feature of chia seeds to the forefront.
Chia seeds have a water holding capacity of 27
times their own weight, with the oil and water
retention capacities of chia seeds have been rec-
ognised to be higher than thickeners commer-
cially available. Chia mucilage is used as a foam
stabiliser, binder or emulsifier in the food indus-
try. Chia gum in the food industry can have
important effects, such as amplifying the sensa-
tion of food favour on the taste pallet as it has the
appropriate fat holding capacity and increasing
the overall flavour in food. The partially removed
chia gum can be used in sauces, pastries and
yoghurt. Chia seeds are highly susceptible to oxi-
dation due to their high quantity of polyunsatu-
rated fatty acids, which means that effective
encapsulation methods are required to protect it
from oxidative degradation during production
and storage (Kulczynski et al., 2019). Chia grows
well in arid regions with low quality soils and

requires little/if any irrigation once established:
467 L water/kg chia seeds (Berry, 2017). About
1.17 kg CO, are released in the production of
each kg of chia seeds (Jay, 2021). The processing
of chia seeds is relatively simple; after it is
harvested, it is then filtered to allow the seeds to
separate from the flower and does not require
immense energy inputs to prepare the seed for
consumers. Therefore, chia beverage can be a
simple and tasty way to obtain soluble fibre.

3.3.2 Insoluble

Apart from mushrooms, grains are the dominant
raw material to offer innovative sources of insol-
uble fibre. In decreasing order of insoluble fibre
content, examples are: okara flour obtained from
spent soybeans of soymilk production (55—
58 g/100 g fibre) (Lian et al., 2020; Renewal Mill
2021); defatted sunflower meal, by-product of
the oil industry (18 g/100 g fibre) (Grasso et al.,
2019; Planetarians, 2021; Tavares et al., 2016);
spent grain crackers made with leftover malted
barley from beer making (13 g/100 g fibre)
(Rutherford & Meyer (2021) (Table 3.4). All
these solutions offer cellulose, hemicellulose and
lignin, but with different sensory quality and
environmental impact.

Okara is an upcycled product from the residue
of soymilk production. It contains mostly crude
fibre consisting of lignin, hemicellulose and cel-
lulose. It is about 25% protein, containing mini-
mal starch and carbohydrates, making it a
favourable additive in food products such as bis-
cuits, by adding fibre without adding a large
amount of calories. The high quality protein area
allows for good water holding and emulsifying
qualities and the peptic polysaccharides fraction
aids in thickening acid milk products (O’Toole,
1999). Studies comparing bakery products based
on the amount okara content used showed nutri-
tional value consisting of higher protein and fibre
content (Lee et al., 2020). The incorporation of
okara did however reduce the size of the bread,
making it harder and chewier, possibly from a
decrease in gas retention and also presented a
darker colour. This occurred at wheat flour
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replacement at 5, 7.5 and 10% dose with okara
flour (Ostermann-Porcel et al., 2017). When
okara was added in lower does (2% replacement
of flour) it improved the moistness of gluten-free
bread. This was attributed to high water absorp-
tion capacity of soy okara when compared to its
flour (8.3 vs. 6.0 g/g) (Lian et al., 2020). Water -
footprint is moderate: 2,145 litres of water is used
to produce 1 kilogram of soybeans (Mekonnen &
Hoekstra, 2011). The carbon footprint of soymilk
has been estimated at 0.69 kg CO./kg product
(Healabel, 2021). Considering that okara is a by-
product of soymilk, its carbon footprint should be
similar or lower, considering drying into a flour
(from up to 80% to as low as 10% moisture)
(Guimaraes et al., 2018) as a moderate carbon
emitter process. Soybean production is moder-
ately sustainable with the two top producers being
the US and Brazil. Soy produced in Brazil may be
of slight concern due to the deforestation of the
Amazon and association with monocropping
which is known to cause poor soil structure and
encourages the use of chemical fertilizers. The
plant-based beverage sector is booming, with
products based on legumes (soy, peanut, pea,
lupin, cowpea), cereals (rice, corn, oat, spelt),
pseudocereals (amaranth, quinoa, teff), seeds
(hemp, flax, sesame, sunflower) and nuts (almond,

cashew, coconut, hazelnut, pistachio, walnut)
(Nawaz et al., 2020). Therefore, the potential for
new sources of okara is extraordinary, delivering
a variety of nutrients and flavours.

An innovative product that has come from
sunflower seeds is Planetarians “SunMeal”. Itis a
plant-based protein flour from upcycled defatted
sunflower seeds, marketed as a healthy, cheap,
sustainable and nutritional product. Planetariums
flour matches the same cost as standard “all-
purpose flour” while delivering several nutri-
tional benefits and containing 35% protein, 18%
fibre and only 1% fat (Grasso et al., 2019;
Planetarians, 2021; Tavares et al., 2016). Initially
the company had issues in barriers with this prod-
uct as it was high in fibre, low in lysine and had a
green colour which made the food products unap-
pealing. To overcome this, food scientist had to
figure out how to break down the fibre and make
the protein palatable for human consumption.
This involved balancing the amino acids, enhance
the protein quality and eliminate the undesirable
green colour. Due to the high fibre content, the
SunMeal’s taste and texture is not directly equiv-
alent to the typical all-purpose flour, it is best
suited to be used in baking mixes and with the
correct recipe formulation can be baked into
products with little negative impact on the prod-

Table 3.4 Innovative food sources of insoluble fibre: raw materials, bioavailability (fibre profile) and sustainability

(water and carbon footprint)

Products Raw materials| Bioavailability Sustainability \
Insoluble fibre profile Water footprint (L water/ | Carbon footprint (kg
kg product) CO,/kg product)
Okara flour Soybeans 55-58 g/100 g cellulose, 3,018 (soybeans) 0.69 (soymilk)
xylans, xyloglucans
Lian et al. (2020), Lu et al. dos Santos and Naval Healabel (2021)
(2013), Renewal Mill (2021) (2022)
Defatted Sunflower 18 g/100 g cellulose, 3,366-3,410 (seeds) 0.88 (seeds)
sunflower meal | seeds hemicellulose, lignin
Grasso et al. (2019), Mekonnen and Hoekstra | Yousefi et al.
Planetarians (2021), Tavares (2011), Yousefi et al. (2017)
et al. (2016) (2017)
Spent grain Barley malt | 13 g/100 g cellulose, 1,950 (barley malt) 0.96-1.74 (spent
crackers hemicellulose, lignin grains flour)
Rutherford & Meyer (2021) Mekonnen and Hoekstra | Mussatto et al.
(2011) (2013)
Mushroom Mushrooms | 8.33 (total fibre) chitin 14-18 0.6-0.7
Jerky Geetha et al. (2021) Hoekstra et al. (2011) Hoekstra et al.
(2011)
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ucts sensory. Being gluten-free and triple the
amount of protein to normal flour and the texture
is denser the colour of the products are darker. By
only replacing 30% of the flour with the meal this
allows for minimal impact on the taste and tex-
ture of the baked goods while still doubling the
protein and fibre content. Being an upcycled
ingredient sourced from sunflower oilcake, this
makes it favourable in terms of sustainability
consumer preference. Sunflower seeds provide
9 g dietary of fibre per 100 g of seeds. About 68%
of sunflower seeds fibre is insoluble fibre and the
other 32% is soluble. The protein content of sun-
flower seeds is about 20%. Their high in mostly
polyunsaturated fat and high in minerals such as
selenium, iron and vitamin E, as well as panto-
thenic acid which helps the body to metabolize
fats, carbs and proteins convert them into energy
(Pal, 2011). The mineral contents per 100 g for
sunflower seeds consists of 78 mg calcium,
5.25 mg iron, 325 mg magnesium, 660 mg phos-
phorus, 645 mg potassium, 5 mg zinc and 53.0 pug
selenium (Pal, 2011). A sufficient intake of these
natural antioxidants and minerals could be bene-
ficial for the human body. Which is where there
has been increasing interest of innovated prod-
ucts derived from this ingredient. An example of
this is sunflower meal, while it is mostly used for
animal feed its nutritional value and properties
has increased the interest in using it for human
food. Sunflower meal is considered a sustainable
product in the aspect that it is the main by-product
made from the production of sunflower oil and is
up to 36% of the mass of the processed seed. This
upcycled product contains 30-50% protein in
comparison to just the seeds at 20%. The upcy-
cling of the sunflower meal to a food-grade stan-
dard has opened up opportunities to improve the
nutritional value of other food products such as
the application in biscuits and muffins for exam-
ple. This is due to its valuable nutritional proper-
ties including antioxidants, phenolic content and
being able to do so with it high water holding
capacity. Environmentally, defatted meal may
represent a solution to lower the footprint of sun-
flower seeds. Their water requirement is high:
3,366-3,410 L/kg product (Mekonnen & Hoekstra,
2011). The carbon footprint is moderate (0.88 kg
COy/kg product) (Yousefi et al., 2017). Therefore,

upcycling its by-product of the oil industry may
be an environmentally efficient way to deliver
fibre along with seeds bioactives (minerals and
vitamins).

An innovated product that has come from
spent barley grain is the “Rutherford and Meyer”
crackers. These fall under the companies upcy-
cled grain project (UGP), an effort to produce
sustainable food and reducing waste and mini-
mizing relying on new resources. Their UGP
crackers consist of 43.5% spent barley and 4.7 g
of dietary fibre. (Rutherford & Meyer, 2021).
Although the company is looked at as a clean
label being made in NZ with mostly local ingre-
dients along with being nutritious, high in fibre
and an upcycled product it does have a downfall.
The taste and texture of the cracker is hard and
harsh due to the high fibre content and lack of fat
to cover the taste. They could potentially improve
sensory of the sharp fibre by grinding the ingredi-
ents further or by possibly coating the product
with chocolate to increase consumer palatability.
Although the product is following favourable
market trends in regards to nutrition profile and
sustainability, it will need to improve its sensory
characteristics to do well in the market. Spent
Barley Grain has a high nutrition profile of both
protein and fibre being partially high in soluble
fibre. Spent barley grain is a lignocellulosic mate-
rial, consisting of about 70% fibre and 20% pro-
tein. It is considered as a good source of dietary
fibre, especially for its viscous fibres (its soluble
portion contains beta-glucans) which increases
cholesterol and fat excretion (Ikram et al., 2017).
Again, upcycling can help lower the environmen-
tal burden of food production. Barley malt for
beer production is known to require about 1,950 L
water/kg product (Mekonnen & Hoekstra, 2011).
Therefore, finding food applications for its spent
grains (leftover after mashing) increases the effi-
ciency of the food chain. What is even more rel-
evant, is the reduced pollution. While barley
carbon footprint is around 3.8 kg CO,/kg product
(Healabel, 2021) this number drops to 0.96—1.74
COy/kg product for spent grains (Mussatto et al.,
2013). The variability is due to different scenar-
ios hypothesised, considering variable technolo-
gies for drying of the spent grains. The reason is
simple: keeping nutrients inside the food chain
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allows for efficient supply, thus minimizing
emissions.

Finally, mushroom jerky represent an innova-
tive source of chitin (main form of fibre). Its sen-
sory, nutritional and environmental qualities have
been described in Sect. 3.3.1. Meaty texture,
umami taste, high fibre content and extremely
low footprint make this product an excellent fibre
choice. The fibre content is lower than that of
other innovations (8.3 vs. 18-73 g/100 g) but of
high significance as well as of low impact.

3.4 Conclusions

In closing, numerous plant-based foods provide
fibre for human nutrition. Whether it is soluble
(oligosaccharides, pectin, gums, f-glucans, resis-
tant starch) or insoluble (cellulose, hemicellu-
lose, lignin, chitin), options are available from
the plant kingdom. Fruits, vegetables, grains,
nuts, seeds and mushrooms all contribute. The
environmental impact is generally low, further
lowered by the choice of local seasonal ingredi-
ents which reduces the carbon footprint of trans-
portation. Among innovative products, inulin
powder and oat and chia beverages have seen a
surge in interest, due to their combined nutri-
tional benefits (soluble fibre and several bioac-
tives) and textural improvement (juicy and
stable). Innovative sources of insoluble fibre
mostly come from upcycled ingredients: okara
flour from the soymilk industry (and potentially
numerous other plant-based beverages), defatted
seed meals (sunflower) and spent grains (from
beer). Finally, a special mention to mushroom
jerky which contain both soluble fibre (B-glucans)
and insoluble fibre (chitin) along with several
bioactives. Their processing into dense strips
allows to deliver nutrition with taste (umami),
texture (meaty) and extremely low footprint:
14-18 L water required and 0.6-0.7 kg CO, pro-
duced for every kg of mushrooms. Drying mush-
rooms will increase the footprint, but it will still
be lower than most of the counterpart.
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Abstract

Proteins are the building block of the human
body. It is recommended to consume 0.8 g of
protein per kg of body weight. Quality is
equally important: all essential amino acids
must be consumed daily. While animal foods
(dairy, eggs, fish and meat) offer complete
proteins, with high digestibility, their water
and carbon footprints present a serious chal-
lenge to the planet. Plant foods are more sus-
tainable, yet often incomplete in their amino
acidic profile (with cereals low in lysine and
legumes low in methionine, for example).
Consuming a variety of plant-based protein
guarantees access to all essential amino acids.
Insects and algae are an area of current inter-
est, although consumer scepticism is present
due to unusual looks, taste and challenging
logistics (insect farming, algae production).
Finally, biotechnology has been implemented
to develop mycoprotein and other fermented
foods. This could result in high levels of com-
plete protein with low environmental impact.
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Protein are essential in human diet. They are the
building block of human tissues such as muscles,
bones, skin, hair, nails. In addition, they contrib-
ute to energy with 3.5 kcal/g, comparably to car-
bohydrates. Moreover, studies proved the role of
specific dietary protein in modulating bone
health, cardiovascular disease and diabetes (Qi &
Shen, 2020; Shams-White et al., 2017; Tian et al.,
2017). Protein are constituted of combinations of
up to 20 amino acids, 9 of which are essential,
meaning they cannot be synthesised by the
human body: histidine, isoleucine, leucine,
lysine, methionine, phenylalanine, threonine,
tryptophan and valine (Wu, 2016).

The recommended daily intake is approxi-
mately 0.8 g protein/kg body weight (Bilsborough
& Mann, 2006; Wu, 2016). This number varies
based on age, gender and level of physical activ-
ity, reaching 1.6 g protein/kg body weight in
adults who exercise intensely (Wu, 2016).
Sources of protein are numerous: meat (red,
white), seafood (fish, shellfish), plant (seeds,

45

L. Serventi (ed.), Sustainable Food Innovation, Sustainable Development Goals Series,

https://doi.org/10.1007/978-3-031-12358-0_4

4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-12358-0_4&domain=pdf
https://orcid.org/0000-0002-5172-8515
mailto:Luca.Serventi@lincoln.ac.nz
https://doi.org/10.1007/978-3-031-12358-0_4

46

J.S.Russell et al.

nuts, grains and even fruits and vegetables) and
insects. Quantity is just as important as quality.
Bioavailability refers to the body’s ability to
digest, absorb and metabolize a certain nutrient
or supplement. In terms of protein, bioavailabil-
ity is measured using a Protein Digestibility
Corrected Amino Acid Score (PDCAAS) as a
tool to show protein quality. The PDCAAS is a
value scored from 0.0 to 1.0 that calculates limit-
ing amino acid score multiplied by protein digest-
ibility (FAO, 2011). For example, cereals like
rice and wheat are typically limited in the amount
of lysine, whereas legumes like beans and chick-
peas are usually low in methionine, thus resulting
in low PDCAAS (0.4-0.6). High PDCAAS
scores (close to 1.0) are typical of animal protein,
with a few exceptions in the plant kingdom (soy
and buckwheat for example) (Joye, 2019).

Itis important to mention that different sources
of protein also delivers a “package” of other
nutrients: for example, saturated fats and choles-
terol are found in red meat, hormones and vita-
mins in dairy and eggs, unsaturated fats in fish,
phytochemical compounds and antinutrients in
grains and mushrooms. It is the matrix that deter-
mines protein quality. Finally, the environmental
impact must be considered. It is known that the
production of animal protein requires more land,
water and emits more carbon dioxide (CO,) than
plant protein (Moughan, 2021).

Therefore, this chapter will compare different
sources of protein, traditional and innovative, for
their protein content and quality, as well as for
their environmental impact and consumer accept-
ability. An example of the modern trajectory of
protein-rich food products is depicted in Fig. 4.1.

Traditional Food Sources
of Protein

4.1

Protein are found in numerous sources of animal
and plant origin. Table 4.1 offers a representative
summary of the highest sources of dietary pro-
tein. As it can be seen, and perhaps contrary to
popular belief, several options are available for
those looking to obtain protein. Dairy and meat
are the top sources, in terms of quantity: from

25.2 to 33.3 g/100 g of protein in chicken and
skim milk powder, respectively (Food Data
Central, 2021; NZ Food Composition Data,
2021). Other sources include seeds, nuts and
eggs: 7.5-22.4 g/100 g of protein (Food Data
Central, 2021; NZ Food Composition Data,
2021). What separates these foods is their envi-
ronmental impact and consumer acceptability.

Skim milk powder is produced from cow’s
milk where fat and water have been removed, this
increases storage time and allows for lower ship-
ping requirements. Skim milk powder requires
the highest resource use of all the proteins in this
case study, this is because water is needed to
grow the pasture, process the milk, and clean the
equipment, dairy production is also heavy in land
use and degradation if not carefully managed..
Skim milk powder contains all the essential
amino acids and the absorption and bioavailabil-
ity of the amino acids is very high as there are no
anti-nutritive factors in milk (van Lieshout et al.,
2020). The cooked flavour of skim milk powder
may come from the drying process. The high
level of protein and some sugars causes the
Maillard reaction, the other flavours are typical of
that of milk. However, astringency may be related
to a textural defect (Lemieux & Simard, 1994).
The price is moderate (1.20 NZD/100 g
(Countdown, 2021) thus making it accessible to
most consumers.

A more common dairy product is cheese. Let’s
look, for example, at Parmesan cheese.
Approximately 14 litres of milk are needed to
produce a kilogram of parmesan; and milk is a
resource that takes over six-hundred litres of
water to produce one single litre; approximately
5,000 L of water would be needed to produce 1
kilogram of parmesan (Mekonnen & Hoekstra,
2011). Depending on what milk is used, and the
ageing process, the total amount of protein per
hundred grams varies, with an average value of
32.6 grams of protein per 100 grams (NZ Food
Composition Data, 2021). Milk is the main
source of protein in cheese, so it is high in all
essential amino acids like tyrosine, valine, and
especially lysine. Furthermore, these amino acids
can be assimilated efficiently as they are hydro-
lyzed by proteolytic enzymes into peptones, pep-
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Fig. 4.1 Representative
sources of protein:
traditional (beef steak)
and innovative (peas)

tides and free amino acids during the ageing
process (Summer et al., 2017). Parmesan cheese
is known for its piquant flavour, dry, crumbly tex-
ture, and strong aroma, and salty aftertaste. This
cheese is often used to complete Italian inspired
dishes or on a charcuterie board (Loffi et al.,
2021). The price bracket varies for Parmesan
cheese. For instance, within the Countdown line
of supermarkets across New Zealand, the price
ranges from $5/100 g to $6.20/100 g (Countdown,
2021). Big factors that contribute to the cost is
ageing of cheese and bacteria used. The longer it
takes to age, the higher the cost of production.
Only certain strains of bacteria can be used to
make Parmesan.

When thinking of protein, most people think
of meat, particularly read meat such as beef. Its
protein content is high, up to 30 g/100 g (NZ
Food Composition Data, 2021), and of excellent
quality (PDCAAS 1.0) (Ertl et al., 2016). Most
consumers appreciate the umami flavour and the
tender, juicy texture (Legako et al., 2016). The
price is high, anywhere from 2 to 6 NZD/100 g
based on the quality (Countdon, 2021). The prob-
lem is the environmental weight of such food.
The amount of water required is massive:
15,712 L/kg beef (Gerbens-Leenes et al., 2013).

This is due to the high demand of cows, which
results in large use of plants and water to sustain
their growth. In addition, cow farming for meat
production causes large production of CO,: as
large as 24 kg CO, per kg beef (Vitali et al.,
2018). To put it in perspective, dry beans are
responsible for production of only 2.0 kg CO./kg
product (Rahmadi et al., 2021), that is 12 times
lower, while delivering comparable protein con-
tent of moderate quality (PDCAAS 0.75)
(Hoffman & Falvo, 2004). The reason is that
plants are digested by cows, their nutrient par-
tially accumulated in the meat and partially
excreted via feces and urine. The process is slow,
due to cows being ruminants, thus processing
foods through four stomachs. In addition, because
of forage digestion, cows’ metabolism releases
methane at variable quantities based on their
body weight (Van Lingen et al., 2019). Dietary
strategies, such as the introduction of higher
quantities of digestible grass and replacement of
traditional forage with corn silage, have been tri-
aled to mitigate methane emissions (Van Gastelen
et al., 2019). Nonetheless, results were not
sufficient.

Tofu is produced from coagulated soy-
bean beverage that is subsequently pressed, this
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Table 4.1 Representative food sources of protein: products,

(water and carbon footprint) and acceptability (price, taste)

nutritional value (quantity, PDCAAS), sustainability

Nutrition Sustainability Taste
Protein PDCAAS* | Water Carbon Price
quantity Footprint Footprint (kg | (NZD/100 g)
(/100 g) (L water/kg | COy/kg
Food products product) product) Sensory profile
Skim Milk 333 1.00 4,745 9.0 1.20 Milky, sweet,
powder Food Data Chalupa- Mekonnen Flysjo etal. |Countdown | cooked
Central (2021) | Krebzdak and Hoekstra | (2014) (2021) Cheng et al. (2020)
et al. (2011)
(2018)
Pumpkin 329 0.97 336 0.14 2.49 Dark green, hard,
seeds, NZ Food ESHA Mekonnen Schifer and | Countdown nutty taste and
roasted Composition Docs and Hoekstra | Blanke (2021) aroma
Data (2021) (2021) (2011) (2012) Uddin et al. (2016)
Parmesan 32.6 1.00 5,000 10.3-16.9 9.00 Light yellow colour,
cheese NZ Food Summer Mekonnen (Grana Countdown butter aroma, nut
Composition et al. and Hoekstra | Padano) (2021) smell, salty,
Data (2021) (2017) (2011) Canellada pungent, friable
et al. (2018) Loffi et al. (2021)
Beef steak 29.9 1.00 15,712 24 1.99-5.99 Tender, brown,
NZ Food Ertl et al. Gerbens- Vitali et al. Countdown | umami
Composition (2016) Leenesetal. |(2018) (2021) Legako et al. (2016)
Data (2021) (2013)
Tuna, canned | 26.8 1.00, Not 6.1 2.31 Fishy, oily, hard,
NZ Food Boyeetal. |available Rahmadi Countdown | salty, rancid
Composition (2012) et al. (2021) | (2021) Caponio et al.
Data (2021) (2010)
Chicken 252 1.00 2,872 6.9 1.09 Juicy, chewy,
breast, NZ Food Burdetal. | Gerbens- Rahmadi Countdown | chickeny
roasted Composition (2019) Leenesetal. |etal. (2021) |(2021) Zhuang and Savage
Data (2021) (2013) (2010)
Peanut butter | 22.4 0.70 3,740 2.5 1.47-1.66 Brown, glossy,
NZ Food Aryaetal. | Vanham Rahmadi Countdown | roasted/peanutty,
Composition (2016) etal. (2020) |etal. (2021) |(2021) sweet, oily,
Data (2021) adhesive, grainy
Riveros et al. (2010)
Almonds 20.1 0.44-0.48 13,080 2.6 3.10-3.57 Fruity (150 °C)
NZ Food Data | House et al. | Vanham Volpe etal. | Countdown | Nutty (170 °C)
Composition (2019) etal. (2020) |(2015) (2021) Burnt, roasted
(2021) (190 °C)
Lipan et al. (2020)
Eggs, boiled | 12.2 1.00 3,265 4.8 0.70 White (albumen),
NZ Food Matsuoka Mekonnen Rahmadi Countdown | yellow/orange
Composition et al. and Hoekstra |etal. (2021) |(2021) (yolk), sulphury
Data (2021) (2019) (2012) Yimenu et al. (2017)
Tofu 10.6 1.00 926 2.0 0.97 Light grey colour,
NZ Food DePalma Usman Rahmadi Countdown | sweet and fermented
Composition et al. (2011) etal. (2021) | (2021) aroma, sweet/bitter/
Data (2021) (2019) astringent flavour,

firm and elastic
texture
Kamizake et al.
(2018)

(continued)
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Table 4.1 (continued)

Nutrition Sustainability Taste

Protein PDCAAS* | Water Carbon Price

quantity Footprint Footprint (kg | (NZD/100 g)

(g/100 g) (L water/kg | CO,/kg
Food products product) product) Sensory profile
Greek 9.5 0.95 (whey) | 672 4.5-6.8 0.47-1.50 Fatty, sour, velvety,
Yoghurt NZ Food ESHA Vasilaki Houssard Countdown | grainy, smooth

Composition Docs etal. (2016) |etal. (2020) |(2021) Megalemou et al.

Data (2021) (2021) (2017)
Beans, 7.5 0.75 5,053 2.0 0.26 Beany, boiled
canned NZ Food Hoffman Mekonnen Rahmadi Countdown | potato, earthy,
(Phaseolus Composition and Falvo and Hoekstra |etal. (2021) | (2021) smoky, sulphury
vulgaris) Data (2021) (2004) (2011) Mishra et al. (2017)

*Protein Digestibility Corrected Amino Acid Score

makes soybean the main component that confer
tofu its protein. Unlike other plant material, tofu
offers a complete source of protein, with a
PDCAAS of 1.00 (DePalma et al., 2019), deliver-
ing all essential amino acids in high amounts
with high digestibility. Much like peas, soybeans
are a legume, which means that they can fix their
own nitrogen, thus reducing the need for fertil-
iser. The water requirements are much lower in
comparison to milk powder: 926 vs. 4,745 L
water/kg product (Mekonnen & Hoekstra, 2011),
accounting for harvesting of soybeans and pro-
cessing into tofu. Similarly, the carbon footprint
is very low. The tofu production results in only
2.0 kg of CO, emission as opposed to the 9.0 kg
CO, released by the production of skim milk
powder (Flysjo et al., 2014; Rahmadi et al.,
2021). The large differences include factors such
as pasture growth, cows’ diet and maintenance,
milk processing and drying. The top five descrip-
tive factors were obtained from a study by Chung
and collaborators (2008): beany flavour comes
from soybeans, astringency from the tannins and
other plant compounds, hardness and roughness
from the pressing time, and the saltiness is most
likely from the tofu being stored in brine. Due to
tofu being historical and heritage driven food,
coupled with soybeans being cheap and easy to
produce, it means that the price can be signifi-
cantly lower (0.97 NZD/100 g) (Countdown,
2021) than skim milk powder.

As expected, meat and fish offer large quanti-
ties of high-quality protein: 25-30 g/100 g with a
PDCAAS score of 1.00 (Table 4.1). The limiting

factor is footprint, with water needs in the order
of 3-17 times larger than that of plant-based
foods. While chicken requires 3 times the amount
of water of tofu (2,872 L water for each kg of
meat processed), beef reaches the impressive
number of 15,712, meaning 17 times more water
than tofu (Gerbens-Leenes et al., 2013). This is
due to the fact the animals consume plants, such
as soya, and later convert it into meat, eggs, and
dairy. Therefore, animal-based foods will always
require more water than the plant-based counter-
parts. What is astonishing, is the difference in
emissions. For example, the carbon footprint of
meat, fish, dairy, and eggs ranges from 4.8 to
24 kg CO./kg product (eggs and beef, respec-
tively). This again, is due to the conversion of
plant material into meat. These extra steps pro-
duce high quality protein but at a cost of the envi-
ronment. A lower impact choice, within the
animal reign, is eggs: on average, 3,265 1 water
are needed per kg of eggs (Mekonnen & Hoekstra,
2012), producing 4.8 kg CO, (Rahmadi et al.,
2021). These numbers are moderately high, but
closer to those of plant-based foods. Reason lay-
ing in chicken’s quick conversion of food (they
are not ruminants) and abundant production of
eggs. In comparison only 0.14-2.6 kg CO,/kg
product are the result of industries producing
pumpkin seeds and almonds (Table 4.1).
Almonds look as the least sustainable option
among plant-based foods, and not just because of
the high footprint (high amounts of water
required), but also because of their low protein
quality, reported in the range of 0.44-0.48
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PDCAAS (House et al., 2019) thus making them
a good choice as food in general (energy, fibre,
lipids, protein content) but not as source of highly
digestible protein.

In this regard, a special mention goes to
pumpkin seeds. In the list provided, they are
the second highest source of protein: 32.9 g
protein/100 g pumpkin seeds (NZ Food
Composition Data, 2021). This is common to
most nuts and seeds. What is interesting, is the
high protein quality: PDCAAS 0.97 (ESHA
Docs, 2021). This means that pumpkin protein
delivers high levels of all essential amino acids
(Vinayashree & Vasu, 2021). Therefore, pump-
kin seeds is a potential powerhouse of nutri-
tion. In addition, the environmental footprint
of their harvesting and processing is extremely
low, even lower than for legumes and nuts:
only 336 L water/kg product (Mekonnen &
Hoekstra, 2011) and as little as 0.14 kg CO,
produced for each kg of seeds (Schifer &
Blanke, 2012). This can be explained by the
fact the pumpkin seeds are found in a vegeta-
ble, pumpkin, which is the actual food product.
In some ways, pumpkin seeds can be consid-
ered as a by-product of the pumpkin industry.
They are found plentiful in pumpkins and con-
tain low levels of moisture. Therefore, process-
ing is minimal, mostly roasting to reduce
moisture content and remove any bitterness
(Uddin et al., 2016). What is even more fasci-
nating is the versatile functionality of pumpkin
protein. It has been shown that pumpkin pro-
tein is soluble at mild acidic pH, typical of
most foods, comparably to soy protein.
Furthermore, pumpkin protein exerts moderate
foaming, emulsifying and water absorption
properties at high level, similar to those of pea,
soy and wheat protein (Vinayashree & Vasu,
2021). The only challenge is sensory: can
pumpkin seeds be consumed in similar amounts
to dairy, meat, eggs and legumes? Is it feasible
to imagine people consuming hundreds of
grams of roasted pumpkin seeds? Probably not,
unless food innovation were to provide a way
to make it more palatable, such as the example
of peanut butter, which made peanut consump-
tion easier (Riveros et al., 2010).

4.2 Innovative Food Sources

of Protein

As discussed in Sect. 4.2, the main challenges
with protein-rich foods are represented by their
environmental impact (meat, fish, dairy, eggs),
taste (seeds, legumes) and price (beef, nuts).
Sustainable food innovation should reduce foot-
print and price while increasing sensory quality.
Numerous options have been proposed: myco-
protein obtained from fermentation, insects,
duckweed, legume protein, seaweeds and upcy-
cled ingredients such as spent malt (Table 4.2).
Let’s investigate one attribute at a time: consumer
acceptability, nutrition, sustainability.

4.2.1 Acceptability

Plant-based meals have been a trend that has
been booming for a while, especially now with
climate change and sustainability also being
addressed. Plant-based meals is a global trend
and an expected Compound Annual Growth Rate
(CAGR) of 7.8% (Associated Press, 2020).
Mycoprotein is the raw material for Quorn prod-
ucts. Quorn is a brand that was founded in 1985
and produces a variety of vegetarian and vegan
products, with staples such as nuggets and burg-
ers. Mycoprotein is a single-celled protein,
derived from fungi, for human consumption
(Finnigan et al., 2017). Aerobic fermentation of
fungal spores (typically Fusarium venenatum) is
fermented with glucose and nitrogen. Depending
on the type of production, spent grains can be
used as a source of glucose and ammonia for
nitrogen (Zeece, 2020); this is a great way of
recycling food waste. The protein quality is
excellent, reaching a PDCAAS score of 0.99
(Finnigan et al., 2017). For a product to be suc-
cessful, it must appeal to customers in terms of
sensory and price. For example, Quorn mince (a
vegan alternative to beef mince) is priced at
$2.83/100 g. On the other hand, the average
price of premium beef mince from Countdown is
$2.57/100 g (Countdown, 2021). This price dif-
ference is insignificant, meaning the median
earning consumer would have access to this
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Table 4.2 Innovative food sources of protein: raw materials, bioavailability (PDCAAS) and sustainability (water and

carbon footprint)

Products Raw materials | Bioavailability Sustainability \
PDCAAS® Water footprint
(L water/kg product) Carbon footprint (kg CO,/kg product)
Mycoprotein | Mycoprotein | 0.99 500 1.14
Finnigan et al. Smetana et al. (2018) Smetana et al. (2018)
(2017)
Insect flour Crickets 0.91 420 2.57
Halloran et al. Halloran et al. (2017) Halloran et al. (2017)
(2017)
Duckweed Lemenaceae 0.89 Not available -3.0
Kaplan et al. Duckweed absorbs three times the
(2019) volume produced of CO,
Mohedano et al. (2019)
Pea protein Peas 0.68-0.71 595 0.49
Nosworthy et al., | Mekonnen and Nette et al. (2016)
2017 Hoekstra (2011)
Seaweed Microalgae 0.64 960 1.72
Wang et al. Martins et al. (2018) Martins et al. (2018)
(2020)
Spent grain Spent barley 0.61 1,423 0.29-1.74
Bar malt Nitrayova et al. Mekonnen and Cimini and Moresi (2016);
(2018) Hoekstra (2011) Mussatto et al. (2013)

*Protein Digestibility Corrected Amino Acid Score

product. In comparison to beef mince, Quorn
mince has a very mild, almost neutral flavour.
The appearance resembles fried/steamed mince,
however, the texture is slightly chewy. To coun-
teract this, Quorn processes the mycoprotein
into convenience products such as nuggets, burg-
ers, and chilli mince. The only drawback is that
this product is sold in supermarket freezer sec-
tions. Often this is associated with the food being
not as fresh (like organic produce) and hence not
as beneficial. Mycoprotein has an extremely
high PDCAAS value, of approximately 0.996
(Finnigan et al., 2017). However, methionine
and cystine are two of the limiting amino acids
found in mycoprotein. When the protein digest-
ibility was initially calculated, a value above 1.0
was determined. However, the data suggested
that approximately 10% of the glucosamine
nitrogen is possibly digested by the small intes-
tine, as intestinal mucus contains some glucos-
amine. Once the mycoprotein is ready it is
seasoned, mixed egg protein, or plant protein, to
help bind the mix into a dough-like form. It is
then steam-cooked for about 30 minutes, and
chilled, before being shaped into a variety of

products. Studies have shown the average digest-
ibility of Quorn is approximately 0.91
(Schweiggert-Weisz et al., 2020). This change is
minimal and could be due to the processing but
is likely calculation discrepancies. Additionally,
a study conducted in 2018 showed that it takes
about 500 L of water to produce a kilogram of
mycoprotein (Smetanaetal., 2018). Furthermore,
to produce 1 kg of mycoprotein, 1.14 kg CO./kg
is produced, and 1.72 kg CO,/kg once it is pro-
cessed into Quorn mince (Harrison & Johnson,
2018).

The global insect market is expected to have a
Compound Annual Growth Rate (CAGR) of
23.8% from 2018 to 2023 (Ebenebe et al., 2020).
This may be due to the increasing global popula-
tion and the search for alternative food sources.
Insect farming and rearing are already practiced
in countries such as Thailand, Singapore, and
China (Amadi & Kiin-Kabari, 2016). By using
the CAGR insect farming has the opportunity to
provide income to otherwise economically disad-
vantaged countries. Because of the low labour
and production costs in these countries, there
would be a symbiotic economic relationship of
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the low production cost for importers and income
for exporters, leading to good price sustainabil-
ity. The main negative that this product faces are
consumer perception, mainly stemming from the
Western world. Insects have long been a staple in
Asian and African cultures, as the product pushes
into the west it may not be as accepted. Burt and
collaborators (Burt et al., 2020) found that the
consumer acceptance of using cricket flour as a
substitute for all-purpose flour in muffins was
very low, however, the sensory characteristics
were improved by using cricket flour. This high-
lights the opportunity of cricket flour following
consumer acceptance. Crickets have the lowest
water requirements of the three protein sources
coming in at 420 L of water per kilogram of prod-
uct and 2.57 kg CO2 produced per kg of crickets
(Halloran et al., 2017), this is because crickets
can get most of their water from the food they eat.
When invertebrates eat fresh fruit and vegetables
this is usually enough to sustain their water
requirements, if invertebrates require freshwater,
the amount is to be so small that they do not
drown in it (Inostroza et al., 2016). This is impor-
tant because although the feed uses water, the
fresh-water requirement is very low and therefore
sustainable. Insects can transform low value or
unwanted organic material into high-quality
nutrient food (van Huis & Oonincx, 2017). This
means that crickets can feed on food that may not
be accepted by the consumer, using food that
would otherwise go to waste. Cricket flours have
a high PCDAAS score at 0.91, this is similar to
that of beef and soy (van Vliet et al., 2015). This
means that the proteins and specifically, amino
acids in crickets are highly digestible. Crickets
have high levels of isoleucine, leucine and valine,
the limiting amino acid is tryptophan (Kohler
etal., 2019). So, although crickets are a complete
protein, they are limited in at least one of the
essential amino acids. Another important factor
to consider is the effect of processing on the pro-
tein content of the products. Cricket powders that
were treated with high-temperature processing
methods showed sufficient thermostability
regarding protein (Montowska et al., 2019). This
is important because it means the protein digest-
ibility is not compromised through thermal pro-
cessing methods.

Another interesting source of protein is duck-
weed, also known as water lentils. Duckweed is
commonly eaten in southeastern Asian countries
such as Laos, Myanmar and Thailand and it’s
gaining attention from researchers and industries
across the world (de Beukelaar et al., 2019).
Duckweed is a plant belonging to the family
Lemnaceae, subfamilies of Landoltia, Lemna,
Pirodela, Wolfiella and Wolffia (Bog et al., 2019).
Its appearance is round, without roots (Kaplan
et al., 2019) resembling green lentils in colour
and shape, from which the name water lentils
originated. It floats on the water surface of ponds
and lakes, sometimes even in low current rivers.
Duckweed is one of the fastest growing plants,
with the unique ability to produce large quantities
of nutrients, with a staggering protein concentra-
tion of 20-43% (Appenroth et al., 2017; Bog
et al, 2019; de Beukelaar et al., 2019).
Furthermore, duckweed protein is highly bio-
available, with a PDCAAS score of 0.89, due to
high concentrations of all essential amino acids
(lysine, methionine, cysteine, phenylalanine, and
tyrosine, in particular) with high digestibility
(Appenroth et al., 2017; Kaplan et al., 2019). Due
to the limited information available on this food,
no data was found on its environmental footprint.
The carbon footprint of the duckweed itself can
be considered as negative due to its ability to
absorb carbon dioxide. Processing into food
ingredients may generate carbon emissions. In
terms of consumer acceptability, studies have
shown high liking for duckweed, with panellists
considering this plant material as a vegetable,
rather than a protein source, thus increasing its
acceptability in vegetable-containing meals (de
Beukelaar et al., 2019). Sensory quality and the
rapid production of biomass seems to indicate a
promising future for duckweed farming, but
assessment of its footprint is needed to evaluate
its sustainability.

Pea protein is expected to show a 12% CAGR
from 2021 to 2026 (Arteaga et al., 2021).
Additionally, pea protein is a viable and functional
protein source that contains around 70% w/w pro-
tein (Qamar et al., 2019). This is important because
it shows that the pea protein extraction process is
effective and proves viability and scalability. Pea
protein also has good sensory characteristics apart
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from some bitter notes which may play a role in
the way they are added to food (Arteaga et al.,
2020). Careful use of pea protein additions in food
should be able to mitigate these flavours and lead
to full consumer sensory acceptability. Peas have a
moderate water requirement: it takes 595 L of
water to produce one kilogram of product. This is
exponentially higher than the water requirement
for cricket production. The water use for peas also
may be high because the farmers producing peas
need to keep the availability of water high. This is
because if the pea plant becomes water-stressed
during key developmental and growth stages there
will be a reduction in the yield of the seed (Martin
et al., 1994). It only produces 0.49 kg CO, per kg
peas (Nette et al., 2016). Lastly, peas have a mod-
erate PCDAAS (0.68-0.71) depending on variet-
ies. Peas contain all the essential acids however
they are not complete due to their low levels of
methionine (Gorissen et al., 2018). Like grains,
legumes such as peas carry anti-nutritive factors
which may lead to decreased absorption of pro-
tein. An example of an amino acid inhibitor in peas
are trypsin inhibitors, trypsin inhibitors work by
being a competitive substrate for trypsin and
reduce protein digestion, however, cooking, soak-
ing, and processing peas help to remove these fac-
tors (Wang et al., 1998). This is an important factor
to consider during processing to enhance the bio-
availability of the protein in peas. The protein con-
tent of peas is not affected by thermal or
high-pressure processing such as the extrusion
process (Alonso et al., 2001). This aids the extrac-
tion of pea protein as it allows a range of processes
to be used without compromising the amino acid
profiles.

Microalgae are a unique photosynthetic organ-
ism made up of phycobiliproteins (Bleakley &
Hayes, 2017). Microalgae are fermented in biore-
actors and can be fed with spent grains, okara,
and molasses. Once again, this is a way of recy-
cling industrial food waste, whilst providing the
microalgae with sources of carbon and nitrogen.
An expected CAGR of 6.5% is estimated for
microalgae, and maybe once this company goes
global, more products will be available (Yahoo
Finance, 2021). This novel technology can pro-
duce a white powder that is odourless and can be
used as a base for plant-based milk. Whereas, the

brown powder has a seaweed aroma and provides
an umami flavour; this can be used as a meat
replacer for seafood and chicken products.
Currently, the initial price of protein flour is just
over NZD 4.00/100 g; with prices expected to
drop to $0.84 within 3 years, and then further
dropping to $0.28 within 10 years as production
scales up (Begum, 2020). Fermentation of micro-
algae results in a high PDCAAS of 0.81, how-
ever, the limiting amino acids in Chlorella spp. is
histidine and isoleucine (Wang et al., 2020). Even
though the amount of histidine and isoleucine is
restricted, microalgae are digestible; partially
because nutrients become more bioavailable after
fermentation. Fermentation reduces the levels of
non-nutritive compounds that inhibit digestive
enzymes (e.g., trypsin and chymotrypsin inhibi-
tors) and promote protein crosslinking (e.g., phe-
nolic and tannin compounds), additionally
production of microbial proteases partially
degrades and release some of the proteins (Cabuk
et al., 2018). When microalgae are processed into
flours, like Sophie’s Bionutrients, the cell walls
are mechanically ruptured. A study conducted in
2020 investigated PDCAAS of various algae and
showed that mechanically ruptured cell walls sig-
nificantly improved digestibility (Wang et al.,
2020). This is because the cellulose cell wall of
algae cannot be digested by humans; so true pro-
tein digestibility was initially 0.64 which then
increased to 0.81 once Chlorella Sorokiniana
algae were mechanically ruptured. A study on the
water footprint of growing microalgae in multi-
tubular photobioreactor was conducted showing
total water of approximately 0.96 m*/kg dry bio-
mass, which is 960 L required to produce 1 kg of
dry biomass (Martins et al., 2018). Furthermore,
90% of the water can be recycled in production or
can be upcycled into biofuel (Martins et al.,
2018). Along with this study, a carbon footprint
of the microalgae production was done in the
same pilot-scale multi-tubular photobioreactor. It
was discovered that a total of 1.72 kg CO,/kg dry
biomass is created (Martins et al., 2018).
Brewers spent grains are a byproduct of wort
extraction from beer brewing and are rich in
hydrophobic protein, fiber, and trace minerals
(Ikram et al., 2017). The spent grains are seen as
an opportunity to upcycle and use as an adjunct
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to fortify foods, leading to its rise in uses such as
the ReGrained extruded snacks. Stojceska et al.
(2008) found that by adding spent grains to
extruded snacks the protein content could be
enhanced significantly. Although barley uses a lot
of water to produce these snacks, they are envi-
ronmentally friendly as they are upcycled from
material that would otherwise be seen as waste.
This makes snacks price effective and environ-
mentally sustainable, ReGrained itself boasting
multiple certifications such as Non-GMO and
Organic (Regrained, 2021). This leads to con-
sumer acceptance; however, the sensory charac-
teristics may need to be enhanced to gain
preference. Although an older study, it was found
that an increase in the addition of brewers spent
grains to 15% of the extrudate deteriorated the
sensory characteristics of the product (Makowska
et al., 2013). This means that spent grains may
deliver some negative organoleptic properties
and care should be taken to negate this. Barley
has a low PCDAAS score at 0.61. This means
that although high amounts of protein can be put
into food there may be limiting amino acids or
low digestibility. In addition, soluble protein dis-
solve in water (to make beer), thus leaving only
some protein in the spent grains. This may be due
to cereals containing anti-nutritive factors such as
polyphenolic tannins which bind to proteins and
enzymes and in turn, reduce the bioavailability
and absorption of protein (Bjorck et al., 2012).
This is important to consider when using barley
in food products specifically with nutritive pro-
tein claims. Barley has an almost complete amino
acid profile with lysine being the limiting amino
acid, interestingly, brewers spent grains contains
high amounts of lysine and histidine and low
amounts of threonine, tryptophan, and methio-
nine (Lynch et al., 2016; Sauer et al., 1974). This
implies that the thermal process of wort extrac-
tion affects the amino acid profile of barley.
Lastly, barley has the highest water use for the
three protein sources, it takes 1,423 L of water to
produce one kilogram of product. Unlike peas,
cereals like barley have a shallow rooting system
and don’t have the same access to the volume of
water. Much like peas, however, the yield of bar-
ley is dependent on the plant not undergoing

water stress. When barley becomes water-
stressed, the time for ear emergence increases
and in turn decreases the yield of the ear
(Gonzalez et al., 2008). Because of this, it is
important to keep water in the soil when growing
barley, and because of the shallow roots, there is
a higher water use than peas.

4.3  Conclusions

In closing, protein is an essential macronutrient
that can be obtained from a wide variety of foods.
They support the development of healthy mus-
cles, bones, skin and hair, while providing energy
and modulating human metabolism. Quantity as
well as quality are important. All nine essential
amino acids should be present in a diet, not nec-
essarily in each meal, but definitely in a daily
plan. Also, the matrix is crucial. Different
protein-rich foods exert different health effects
on human, either positive or negative, based on
the amount consumed and based on the matrix
(fats, phytochemicals, hormones and so on).
Traditional sources of protein include dairy
(milk, milk powder, cheese and yoghurt), eggs,
meat (beef, poultry), fish, legumes, seeds and
nuts. Recently, consumer attention has shifted
toward alternative protein such as mycoprotein,
insects, duckweed, legume protein, algae and
upcycled ingredients (spent grains, defatted
flours). Animal sources often match excellent
bioavailability (high PDCAAS score) with low
sustainability (high water and carbon footprints).
Plant protein offer plenty quantity and are more
sustainable but sometimes less complete in
essential amino acids. Exceptions are available
(soy, pumpkin seeds) but limited by their sensory
profile. Therefore, a multidisciplinary approach
is encouraged. Consumers should choose more
plant-based protein from a variety of sources (to
achieve complete and balanced amino acid
intake). Second, food manufacturers should
improve their technology to fully unlock the
potential of nutrient-dense foods such as pump-
kin seeds. In addition, they may open to new, less
explored options, such as mycoprotein, duck-
weed, and perhaps insects and upcycled ingredi-
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ents (the last two might face more consumer
adversity). Overall, protein sources are numer-
ous and quality is available. It is a matter of
reducing the environmental footprint and choos-
ing from a wide variety of options, preferably
plant-based.
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Abstract

Fats are not all bad. In fact, we need them for
energy, to absorb fat soluble vitamins and to
grow healthy body and brain. Saturated lipids
should be consumed in moderation to prevent
cardiovascular disease, considering the length
of their fatty acid chain: the shorter the better.
This applies to health effects and footprint,
with short chain saturated fats being predomi-
nant in plants. Unsaturated lipids mostly come
from seeds and nuts, with vast differences in
water and carbon footprint, taste and price.
Again, they are not all the same. Finally,
omega-3 fatty acids are important for human
health. Fish is rich in docosahexanoic (DHA)
and eicosapentaenoic (EPA), particularly bio-
active, but intensive fishing may pose environ-
mental issues. Some plant sources are more
sustainable (seeds) but less abundant in DHA
and EPA or too expensive (algae). Recent
innovations offer interesting solutions by
enhancing taste and availability (price) of sus-
tainable solutions for lipids.
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5.1 Lipids for Human Nutrition
Lipids are an essential macronutrients in human
diet. Their key feature is the ability to dissolve in
non-polar solvents, such as oil. There are many
types of lipids. Biochemically, dietary lipids can
be: fatty acids, glycerolipids, glycerophospholip-
ids, sphingolipids, sterols, prenols, saccharolipids,
and polyketides (Fahy et al., 2005). Nutritionally,
an important classification separates fatty acids
into short chain (5 or less carbons), medium chain
(6-12 carbons) and long chain (13 or more car-
bons). Based on their degree of saturation, they are
further separated into saturated (no double bonds)
and unsaturated (1 or more double bonds), with
the latter further separated into monounsaturated
(1 double bond), polyunsaturated (2 or more dou-
ble bonds). Particular attention is given to the loca-
tion of the double bonds, categorizing fatty acids
as omega-3 (w-3), omega-6 (w-6) and omega-9
(w-9) (Koliaki et al., 2019; Leray, 2014).

This nutritional nomenclature reflects lipids
impact on human health. Lipids provide the most
energy among all nutrients: 9 kcal/g vs. 4 kcal/g
of carbohydrates and protein. In addition, they
exert several bioactivities: store energy in the

59

L. Serventi (ed.), Sustainable Food Innovation, Sustainable Development Goals Series,

https://doi.org/10.1007/978-3-031-12358-0_5

5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-12358-0_5&domain=pdf
https://orcid.org/0000-0002-5172-8515
mailto:Luca.Serventi@lincoln.ac.nz
https://doi.org/10.1007/978-3-031-12358-0_5

60

L. Serventi et al.

body, regulate hormonal activity, transmit ner-
vous messages, protect organs such as the brain,
and carry fat-soluble vitamins (A, D, E, K) (Leray,
2014). Nonetheless, excessive lipid consumption
results in negative consequences such as cardio-
vascular diseases, affecting blood vessels (throm-
bosis), hearth (heart dysfunctions) and brain
(stroke) (Koliaki et al., 2019; Leray, 2014). In
addition, lipids modulate gut microbiome (the
bacteria found in human intestine) by either pro-
moting or inhibiting specific bacteria, resulting in
either positive or negative effects on human health
(Schoeler & Caesar, 2019). It is noteworthy that
some fatty acids in the human body are not from
dietary lipids, but rather the result of microbial
fermentation of dietary fibre. Short chain fatty
acids such as acetic acid, butyric acid and propi-
onic acid support the growth of health-promoting
(probiotic) bacteria (Schoeler & Caesar, 2019).
Lipids are digested via inclusion in lipoproteins.
Based on the amount and type of lipids ingested,
these structures can be high density (more pro-
tein, HDL) or low density (LDL). A high ratio of
HDL over LDL is preferred for cardiovascular
health since they better flow in the bloodstream
(Koliaki et al., 2019; Leray, 2014).

Saturated lipids such as stearic acid (C18:0)
are present mostly in animal foods such as beef,
dairy and eggs, and some plants (palm and coco-
nut kernels). They have come under scrutiny for
their negative impact on cardiovascular health.
Recent studies have pointed a crucial difference
in health effects based on their chain length.
Dietary intake of medium chain saturated fatty
acids (common in foods like coconut) resulted in
higher levels of high density lipoprotein (HDL)
than that of long chain saturated fatty acids
(common in foods like meat and dairy) (Panth
et al.,, 2018). These findings suggest that both
saturation and length must be considered, depict-
ing positive health outcomes for medium chain
saturated fatty acids.

Unsaturated lipids such as oleic acid (C18:1,
n-9) are the preferred choices and are abundant in
plant-based foods (nuts, oily seeds, seaweeds)
and specific animal-based foods (eggs, fish). On
top of the well-known health properties, they also
exert antimicrobial properties (Das, 2018).
Among unsaturated fats, omega-3 fatty acids

such as a-linoleic acid (C18:1, n-3) are present in
seafood and few nuts and seeds. They protect
against inflammations, cardiovascular diseases
and cancer (Saini & Keum, 2018).

The effect of lipids on human health is wide.
Let’s take as example “Lorenzo’s oil”, a combi-
nation of different triglycerides that was formu-
lated to slow the effects of a degenerative neural
disease  called adrenoleukodystrophy  or
ALD. The two main compounds are erucic acid
and oleic acid, major constituents of rapeseed oil
and olive oil, respectively (Kaplan et al., 1993).
These two dietary lipids significantly improved
patient’s conditions. Even though Lorenzo’s oil
does not reverse the illness, it does show the
effect that diet can have on human health. In fact,
polar lipids, such as phosphatidyletanolamine
and sphingomyelin have been shown to support
brain health (Schverer et al., 2020).

Therefore, this book chapter presents and dis-
cuss traditional and innovative sources of lipids.
Lipids have been classified into saturated, unsat-
urated and omega-3 fatty acids, to offer the reader
with a comprehensive view (nutrition, sustain-
ability, acceptability) of food sources for each of
these nutrients. An example of the modern trajec-
tory of lipid-rich food products is depicted in
Fig. 5.1-5.3).

5.2 Traditional Food Sources
of Lipids
5.2.1 Saturated Lipids

Saturated lipids are mostly found in animal foods,
so butter and beef steak were chosen as represen-
tatives of dairy and meat. Nonetheless, plant-
based ingredients such as coconut and palm oil
score higher in saturated lipids, so coconut oil was
chosen as example (Table 5.1). Coconut oil is
almost entirely constituted by saturated lipids,
82.5 2/100 g (USDA, 2019), of medium chain.
The main fatty acid is lauric acid which only con-
tains 12 carbons (Wallace, 2019). Growing coco-
nut requires medium levels of water, arguably less
than other nuts: 4490 vs. 16,095 L/kg for coconut
and almonds, respectively (Mekonnen &
Hoekstra, 2011). Carbon footprint is low: only
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Fig.5.1 Representative
sources of saturated
lipids: traditional
(butter) and innovative
(blend of coconut oil
and sunflower oil)

Fig.5.2 Representative
sources of unsaturated
lipids: traditional
(almonds) and
innovative (avocado oil)

1.8 kg CO,/kg coconut oil (Shonnard et al., 2015),
minimising its environmental impact. This ingre-
dient is very popular due to its ability to be solid
at room temperature and dissolve in the mouth,
providing a creamy texture and nutty, slightly
acidic taste (Villarino et al., 2007). A similar but
ingredient, palm oil, has received negative feed-
back from consumers. It is widely used by the
food industry due to its low cost: 0.7 vs. 1.1-1.7
NZD/100 g (Countdown, 2021; Trading
Economics, 2021). Nonetheless, it requires large
volumes of land and produces far more carbon

Saturated
i Fats

-~ |
Unsaturated
Fats

emissions: 2.2-8.0 vs. 1.8 kg CO,/kg oil in com-
parison to coconut oil (Shonnard et al., 2015). The
large number, 8.0, accounts for land use in palm
harvesting due to deforestation of tropical land.
Therefore, coconut oil seems to be a more sustain-
able source of plant-based saturated lipids.
Looking at animal foods, the stark differences
lay in the lipid profile, being longer chain: pal-
mitic (C16:0) and stearic acid (C18:0) being the
predominant types (Hwang & Joo, 2017; Pustjens
et al., 2017). This is correlated with higher LDL
cholesterol, negatively associated with cardiovas-
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Fig.5.3 Representative
sources of omega-3 fatty
acids: traditional
(flaxseeds) and
innovative (hemp seeds,
chia seeds)

Table 5.1 Representative food sources of lipids: products, nutritional value (quantity, quality), sustainability (water
footprint, price), and acceptability

Nutrition Sustainability Acceptability \
Food Lipid Major fatty acids Water Carbon Price Sensory profile
products quantity | (% and structure) footprint footprint (NZD/100 g)
(g/100 g) (L water/kg | (kg CO,/kg
product) product)
Saturated lipids
Coconut 82.5 42% lauric (C12:0), 17% | 4,490 1.8 1.1-1.7 Colourless,
oil USDA myristic (C14:0) Mekonnen Shonnard Countdown | slightly acidic,
(2019) Wallace (2019) and etal. (2015) |(2021) sweet, salty,
Hoekstra nutty
(2011) Villarino et al.
(2007)
Butter 45.6 28% palmitic (C16:0), 5,553 9-15 1.1-2.4 Creamy, melt
USDA 12% stearic (C18:0) Hoekstra Flysjo Countdown | in mouth, salty,
(2019) Pustjens et al. (2017) (2012) (2011) (2021) sweet
O’Callaghan
et al. (2016)
Beef 11.4 26% palmitic (C16:0), 15,415 20-43 24-32 Tender, bloody,
USDA 9% stearic (C18:0) Hoekstra Ruviaro Countdown | brown, umami
(2019) Hwang and Joo (2017) (2012) etal. (2015) | (2021) Legako et al.
(2016)
Unsaturated lipids
Olive oil, |78.3 72% oleic (C18:1), 10% | 14,431 4.4-10.1 14-23 Fruity, bitter,
extra USDA linoleic (C18:2) Mekonnen Pattara etal. | Countdown | pungent
virgin (2019) Gurdeniz et al. (2010) and (2016) (2021) Lauri et al.
Hoekstra (2013)
(2011)
Almonds, |48.7 66% oleic (C18:1),25% | 16,095 2.6 2.7-33 Sweet, roasted,
roasted USDA linoleic (C18:2) Mekonnen Volpe et al. Countdown | nutty, hard
(2019) Coli¢ et al. (2017) and (2015) (2021) Lipan et al.
Hoekstra (2020)
(2011)

(continued)
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Table 5.1 (continued)

Nutrition Sustainability Acceptability \
Food Lipid Major fatty acids Water Carbon Price Sensory profile
products quantity | (% and structure) footprint footprint (NZD/100 g)
(g/100 g) (L water/kg | (kg CO,/kg
product) product)
Sesame 40.6 43% oleic (C18:1),41% 9,371 3.7 1.0-1.5 Paste: white,
seeds Elleuch linoleic (C18:2) Mekonnen Sah and Countdown | sesame aroma,
etal. Tenyang et al. (2017) and Devakumar | (2021) fluid
(2011) Hoekstra (2018) Hou et al.
(2011) (2018)
Omega-3 fatty acids
Flaxseeds |13.8 38-46% a-linolenic 5,168 0.46 0.8-1.1 Flour: dark,
NIH (C18:3.-3) Mekonnen | Jaiswal and | Countdown | viscous, grainy,
(2021) Teneva et al. (2014) and Agrawal (2021) oxidized
Hoekstra (2020) Zhu and Li
(2011) (2019)
Walnuts 5.4-10 8-15% a-linolenic 9,280 1.29 2.2-3.6 Nutty, oily,
Zwarts (C18:3,0-3) Mekonnen Marvinney Countdown | floral, sweet
et al. Zwarts et al. (1999) and etal. (2014) | (2021) Miller et al.
(1999) Hoekstra (2013)
(2011)
Salmon, 0.95-1.6 | 8-12% Docosahexanoic 1,950 6.5 7.2-9.0 Pink, smoky,
smoked Jensen (C22:6,w-3), 6-7% Hognes Ziegler et al. | Countdown salty, amine
et al. eicosapentaenoic etal. (2014) |(2021) (2021) odour
(2012) (C22:5,w-3), 1-3% Cardinal et al.
o-linolenic (C18:3.0-3) (2004)
Jensen et al. (2012)

cular health (Panth et al., 2018). Furthermore,
more water is required to produce red meat (up to
15,425 L/kg) (Hoekstra, 2012) and drastically
more carbon is emitted in the atmosphere: up to
15 and 43 kg CO,/kg of butter and beef, respec-
tively (Flysjo, 2011; Ruviaro et al., 2015). The
only positive factor for these foods is taste
(creamy, umami) (O’Callaghan et al., 2016) and
the lower fat content (46 g/100 g in butter and
11 g/100 g in steak) (USDA, 2019).

5.2.2 Unsaturated Lipids

Unsaturated lipids are mostly found in oily fruits,
nuts and seeds. The first difference that comes to
attention is the fatty acid profile. While fruits
mostly contain oleic acid (C18:1), nuts and seeds
contain more of its polyunsaturated form linoleic
acid (C18:2), with the highest linoleic content in
seeds (Colié et al., 2017; Gurdeniz et al., 2010;

Tenyang et al., 2017). Monounsaturated fatty
acids (MUFA) and polyunsaturated fatty acids
(PUFA) are metabolised differently, with the lat-
ter being more prone to being used as source of
energy due to the presence of more double bonds.
MUFA are less likely to oxidise in lipoproteins,
while PUFA lower the amount of LDL choles-
terol (DiNicolantonio & O’Keefe, 2017; Polley
et al., 2018). Therefore, a healthy diet requires
both MUFA and PUFA.

Environmentally, seeds require less water,
although still being demanding: about 10,000 vs.
about 15,000 L/kg (Mekonnen & Hoekstra,
2011) due to plant requirement (fruits, nuts,
seeds) and processing requirement (oil produc-
tion). The amount of carbon produced is moder-
ate and so is the price, with almonds releasing
about 3 kg CO,/kg product. Sustainability-wise,
sesame seeds seem slightly better, but not by
much. Thus, price and personal taste preference
may play a role.
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5.2.3 Omega-3 Fatty Acids

Sources of omega-3 fatty acids span from seeds
(chia, flax) to nuts (walnuts) and seafood (salmon,
seaweeds). Plants offer extremely large amounts
of these nutrients: 5-14 g/100 g vs. only 0.95—
1.6 g/100 g of salmon (Jensen et al., 2012; NIH,
2021; Zwarts et al., 1999). Nonetheless, it is not
the same nutrient. While plants only contain
a-linolenic acid (C18:3, w-3) (ALA), fish also
contains docosahexanoic acid (C22:6, ®-3)
(DHA) and eicosapentaenoic acid (C22:5, w-5)
(EPA) (Jensen et al., 2012; Teneva et al., 2014;
Zwarts et al., 1999). Nutritionally, each one of
these 3 main omega-3 exerts different bioactivi-
ties: ALA effectively lowers LDL cholesterol,
DHA and EPA enhance the synthesis of tissue
factor pathway inhibitor, an anticoagulant protein
(Goyens & Mensink, 2006). The ALA can be
partially converted into DHA and EPA by the
human body but with low efficiency. It is there-
fore important to include a variety of foods in our
diet. Fatty fish and seaweeds are the main source
of DHA and EPA (Jensen et al., 2012; Schmid
et al., 2018). Thus, inclusion of seafood in the
diet is recommended, keeping in mind carbon
emissions. While salmon production produces
about 6.5 kg CO,/kg smoked salmon, seaweeds
have the extraordinary ability to sequester atmo-
spheric carbon (Leong et al., 2021), thus result-
ing in a negative carbon balance, making them an
excellent sustainable choice of omega-3 fatty
acids.

Environmentally, flaxseeds have lower impact
than other options, along with the abovemen-
tioned seaweeds. Both of these foods are used as
ingredients and/or condiments in bakery products
(seeds), soups and sushi (seaweeds). Every
source of omega-3 fatty acids faces the challenge
of being prone to oxidation, with consequent
“fishy” smell. Seeds and nuts are darker and nut-
tier, while smoked salmon scores much higher in
terms of appreciation, being pink, smoky and
salty (Cardinal et al., 2004). Unfortunately, it is
also the most expensive food: 7.2-9.0 vs 0.8-3.6
NZD/100 g (Countdown, 2021). Thus, environ-
mental concerns and price limit the appeal of
fish, while sensory is the main challenge for
plant-based options.

5.3 Innovative Food Sources
of Lipids
5.3.1 Saturated Lipids

Given the lower footprint of coconut production,
as opposed to palm oil, meat and dairy, the mar-
ket of coconut-based foods has grown steadily, at
an estimated 7% CAGR (compound annual
growth rate) in 2021-2026 (MarketWatch, 2021).
This trend produced vegetable spreads, yoghurt
and ice cream that carry 54, 23 and 7.4 g satu-
rated fats/100 g, respectively (Duck Island, 2021;
Feliz Whole Foods, 2021; Pato et al., 2021;
Raglan, 2021; Soler, 2005). Coconut yoghurt and
ice cream are mainly a source of medium chain
saturated fat C12 (lauric acid). Interestingly, the
spread is a combination of coconut and sunflower
oil (Feliz Whole Foods, 2021). The combination
of saturated and unsaturated vegetable oils is
becoming common in the food industry. One of
the reasons is the different melting point (high for
coconut, low for sunflower) which allows for
highly acceptable sensory quality: creamy,
mouth-melting and coating (Sura et al., 2020).
This type of product results in high acceptability,
while presenting moderate environmental impact.
Nutritionally, this integration results in less lauric
acid (saturated) and more oleic acid (unsaturated)
offering a more comprehensive lipid profile due
to the inclusion of sunflower oil (Onemli, 2012).
Yoghurt and ice cream from coconut received
high acceptability from plant-based consumers,
while still rating lower than dairy in terms of taste
and creaminess (Dong et al., 2021; Grasso et al.,
2020).

5.3.2 Unsaturated Lipids

Modern sources of lipids, their bioavailability
and footprint are presented in Table 5.2. Just like
for traditional sources, unsaturated lipids are
found in fruits, nuts and seeds. What changes is
processing and, sometimes, the raw material
itself. For example, while olive oil is a well-
established staple food, particularly in the
Mediterranean cuisine, avocado oil is an emerg-
ing condiment, with an estimated 5.9% CAGR in
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Table 5.2 Innovative food sources of lipids: raw materials, bioavailability (fatty acid profile) and sustainability (water

and carbon footprint)

Products Raw materials Bioavailability Sustainability \
Fatty acid profile Water footprint Carbon footprint
(Quantity, % total lipid) (L water/kg product) | (kg CO,/kg

product)

Saturated lipids

Coconut/sunflower | Coconut, 54 ¢/100 g 4,490 (seeds) 1.8

spread sunflower seeds | Feliz Whole Foods (2021) Mekonnen and Shonnard et al.

Coconut yoghurt | Coconut 23 ¢/100 g Hoekstra (2011) (2015)
51% Lauric (C12:0), 9.6%
Myristic (C14:0)
Pato et al. (2021) and Raglan
(2021)

Coconut ice cream | Coconut 7.4¢g/100 g
50% Lauric (C12:0)
Duck Island (2021) and Soler
(2005)

Unsaturated lipids

Avocado oil Avocado 78 g/100 g 1,981 (avocado) 1.4
56-68% oleic (C18:1), 10-19% Mekonnen and Hadjian et al.
linoleic (C18:2) Hoekstra (2011) (2019)
Green and Wang (2020) and
Olivado (2021)

Cashew butter Cashew nuts 34 ¢/100 g 14,218 (cashew 22
62% oleic (C18:1), 19% linoleic | nuts) Agyemang
(C18:2) Mekonnen and etal. (2016)
Ghazzawi and Al-Ismail (2017) Hoekstra (2011)
and Pic’s (2021)

Sunflower butter Sunflower seeds | 48 g/100 g 3,366 (sunflower 0.88
44-74% linoleic (C18:2), seeds) Yousefi et al.
14-43% oleic (C18:1) Mekonnen and (2017)
Akkaya (2018) and Ceres Hoekstra (2011)
(2021a, b)

Omega-3 fatty acids

Hemp seeds oil Hemp seeds 19 g/100 ml 3,685 (hemp) 0.68
16-19% o-linolenic (C18:3.w-3) | Mekonnen and Campiglia
Babiker et al. (2021), Ceres Hoekstra (2011) et al. (2020)
(2021a, b), and Hemp Farm
(2021)

Duckweed (water | Lemnaceae 1.7-2.4 g/100 g Not available, 98% | —3.0

lentils, lentein) 33-48% a-linolenic (C18:3.w-3) | water recyclable Mohedano
Appenroth et al. (2017) and Parabel (2021) et al. (2019)
Parabel (2021)

Chia drink Chia seeds 0.8 g/100 ml Not available 1.2
52-69% a-linolenic (C18:3.w-3) Jay (2015)

Chia Sisters (2021) and De Falco
et al. (2017)

the 2021-2026 timeframe (360ResearchReports,
2020). This was likely due to the popularity of
avocado as fruit. Its composition is comparable to
that of olive oil, with a majority of oleic acid, fol-
lowed by linoleic (Green & Wang, 2020; Olivado,
2021). Avocados require slightly less water than

olives to grow (1,981 vs. 3,015 L/kg) (Mekonnen
& Hoekstra, 2011) but these numbers must be put
in context. Olive trees require moderate irrigation
and grow in temperature climates (Berenguer
et al., 2006). Avocado trees require less water
when grown in tropical conditions. Nonetheless,
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avocado popularity has led to the incorporation
of this fruit in the farms of several countries of
various climates (Central America, South
America, East Africa, South East Asia, Oceania).
Thus, the actual footprint might be higher based
on geographical location (Sommaruga &
Eldridge, 2020). The carbon footprint is compa-
rable to that of olive oil, but it could become
greater ~when considering  transportation.
Consequently, growing locally is a better option
when the climate allows (subtropical, warm and
humid with limited to no frost). What differenti-
ates these two sources of oil is sensory. While
avocado oil resemble olive one in dark green
colour, aroma and taste are different, described as
grassy and vinegar (Hausch et al., 2020) thus lim-
iting its consumer acceptance. In addition, extra
virgin avocado oil is very expensive, as much as
2-3 times more than extra virgin olive oil
(Countdown, 2021), likely due to the limited sup-
ply chain and manufacturing facilities established
for this new product.

Spreads from nuts and seeds are far more suc-
cessful in terms of consumer acceptance.
Building on the popularity of peanut butter, man-
ufacturers broadened the product range to almond
butter, cashew butter, macadamia butter and even
sunflower butter. The idea is offering a high oil
spread (about 50% oil) with protein, fibre and
other nutrients, while delivering new flavours.
Compared to peanut butter, the composition is
similar, with more linoleic acid: 44—74 g/100 g in
sunflower spread vs. 27 g/100 g (Akkaya, 2018;
Ozcan & Seven, 2003). Environmentally, seeds
seem to be a better option, requiring as far as 5
times less water than nuts to be produced and
with less than half of carbon emissions
(Agyemang et al., 2016; Mekonnen & Hoekstra,
2011; Yousefi et al., 2017). Nonetheless, prices
are very high (Countdown, 2021), possibly
because of their novelty and limited supply, limit-
ing their applications in human diet. Nonetheless,
it opens the door to new ingredients.

5.3.3 Omega-3 Fatty Acids

Innovation is strong in the area of omega-3 fatty
acids. Apart from the well-known sources of fish,

walnuts and flaxseeds, new seeds and seafood
have arisen. Chia seeds offer similar nutritional
benefits as flaxseeds (De Falco et al., 2017,
Teneva et al., 2014) with comparable sensory
profile (Jay, 2015; Zhu & Li, 2019). Therefore, a
beverage made out of chia seeds and fruit juice
results in a smooth, viscous texture, where the
flavour is impacted mostly buy the fruits rather
than the seeds themselves.

In 2018, hemp seeds have been legislated as
safe for human consumption in most countries
and markets (North and South America, European
Union, Oceania) with restrictions mostly in
Africa (Feldmann et al., 2020). This change
addressed the fact that hemp seeds from food-
grade cultivars contain little to no tetrahydrocan-
nabinol (THC), which is the compound
responsible for the psychoactive effects of hemp.
Legal limits for THC concentrations are in place,
such as 10 mg/kg seeds in New Zealand (MPI,
2020). Hemp seeds oil has quickly become popu-
lar, reaching CAGR of 18.5% for the USA alone,
in the 2020-2030 decade (Future Market Insights,
2021). The nutritional potential is great,
delivering as much as 19 g/100 ml of omega-3
fatty acids (Babiker et al., 2021; Ceres, 2021a, b;
Hemp Farm, 2021). To put it in perspective, this
is more than flaxseeds, which contains 14 g/100 g
(NIH, 2021). Similarly to other plants, ALA is
the only omega-3 fatty acid present. The environ-
mental impact is just as interesting: moderate
water consumption and very low carbon emis-
sions (0.68 kg CO,/kg hemp seeds) characterize
hemp harvesting (Campiglia et al., 2020;
Mekonnen & Hoekstra, 2011). The omega-6 to
omega-3 ratio is 3:1, which is well-balanced
nutritionally, while sensory might be a challenge
due to the grassy, bitter aftertaste inherent to raw
hemp seeds phenolics (Leonard et al., 2020).
Further development in food technology should
aim at improving the sensory quality of this
ingredient while retaining its large nutritional
potential for sustainable nutrition.

The biggest potential in the area of new
sources of omega-3 fatty acids is seafood. While
the concept of seafood typically refers to oceans,
lakes and rivers, it can also be extended to ponds.
Free-floating plants occur on the surface of still
waters, such as ponds. Duckweed, also known as
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water lentil, due to its shape, is an example of
such plant. Recent demands for sustainable nutri-
tion have highlighted the potential of duckweed
to deliver numerous nutrients, including omega-3
fatty acids (Bog et al., 2019). In 100 g of duck-
weed (wet weight) about 1.7-2.4 g are repre-
sented by the omega-3 fatty acid ALA, covering
up to half of the lipid profile (Appenroth et al.,
2017). The outstanding advantage of embracing
duckweed as food is the environmental benefit.
Not impact, but benefit. Being a water plant it is
hard to quantify the water footprint. A food com-
pany claims that 98% of the water used to grow
duckweed can be recycled (Parabel, 2021). This
is possible, due to the ability of this plant to filter
water. In fact, it is more commonly known for
wastewater treatment (Li et al., 2020). Duckweed
plant absorbs nitrogen, phosphorous and carbon
from water and fixes it in its tissues to build pro-
tein and starch (Chen et al., 2018). This means
that duckweed effectively removes nitrogen and
carbon from water. This ability has been used to
purify eutrophic water (polluted water such as
waste streams from food processing or farming)
(Chen et al., 2018; Li et al., 2020). A specific
study quantified the amount of carbon seques-
tered and emitted by duckweed plants, balancing
fixation and emissions. The result was that duck-
weed can fix up to 3 times the amount of CO, that
it produces (Mohedano et al., 2019). Therefore,
the carbon footprint of this plant is negative:
—3.0 kg CO, produced per kg plant. This is an
exciting result, showing the nutrition can some-
times be achieved without contributing to emis-
sions but, in fact, reducing them. Obviously, this
number does not account for food processing.
Duckweed is typically harvested and dried prior
to sales. Nonetheless, the possibility is there.

A special mention must be given to seaweed.
Traditional ingredients in Asian cuisines, sea-
weeds contain lipids and omega-3 fatty acids.
Unlike other plants, seaweed contain all the three
main types of omega-3 fatty acids: ALA, DHA
and EPA (Schmid et al., 2018). This gives them a
more complete profile when compared to other
plant foods, while causing less environmental
impact than fish. In fact, seaweeds can sequester
carbon from the ocean and fix it into their tissues,

mostly to build fibre (Leong et al., 2021). Once
again, plants with the ability to grow and thrive in
water can deliver high quality lipids with benefits
for the environment. The challenges lay in the
handling of this plant material (collection, dry-
ing, storage), considering that they contain
80-90% water (El-Said & El-Sikaily, 2013) and
the sensory quality (fishy, bitter, salty taste)
(Stévant et al., 2020).

5.3.3.1 Omega-3 Fatty Acids
and Covid-19

One interesting piece of information worth pre-
senting is the role of polyunsaturated fatty acids
(PUFA), and particularly omega-3 fatty acids, in
the prevention and treatment of Covid-19 illness.
Numerous recent studies have investigated this
relationships, generating interesting information,
worth studying further (Doaei et al., 2021; Goc
et al., 2021; Hathaway III et al., 2020).

One study observed that PUFA can selectively
bind to ACE2 (Angiotensin Converting Enzyme
2), which is the receptor for the Covid-19 virus,
also known as SARS-CoV-2 (Goc et al., 2021).
Therefore, PUFA limit the probability of this
virus to successfully infect the host. Specifically,
omega-3 fatty acids ALA, EPA and DHA (com-
monly found in seafood) and linoleic acid (ani-
mal and plant sources) can bind to this receptor,
with EPA and DHA more successful than the oth-
ers in doing so (Goc et al., 2021).

Similarly, another study showed that EPA and
DHA are protective of cardiovascular diseases at
blood concentrations of approximately 8%, while
a values below 4% have been associated to higher
mortality risk by cardiovascular disease. These
nutrients have been suggested to lessen the com-
plications of Covid-19 symptoms as result of a
reduction in inflammation biomarkers (Hathaway
I et al., 2020).

An in vivo study on Covid-19 patients docu-
mented a significantly higher survival rate after
1 month in those who were administered a diet
rich in polyunsaturated fatty acids: 21% vs. 3%
survival rate in the PUFA and control group,
respectively. This study focused again on EPA
and DHA (in a 2:1 ratio) (Doaei et al., 2021).
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Finally, when talking about disease prevention
and management, nutrition and lifestyle must be
considered altogether. In the case of supporting
immune health, the following advice has been
given (Minich & Hanaway, 2020):

e Nutrition
— Eat fruit, vegetables, fibre-rich foods, pro-
biotic fermented foods
— Avoid highly processed and refined food
products rich in salt, sugar, saturated fats
and with high glycemic index
e Lifestyle
— Have a good sleep (6-8 h)
— Exercise
— Socialise and surround yourself with posi-
tive people and emotions.
These results by no mean represent medical
advice, but they do offer insights on how nutri-
tion and lifestyle can significantly effect human
health. When choosing food we are choosing
how to take care of ourselves.

5.4  Conclusions

This chapter has shown the vast number of dietary
sources of lipids. Animal-based foods mostly
supply saturated fats with long chain, while spe-
cific nuts (coconut, palm) provide medium chain
saturated fats. Unsaturated fats can be found in
seafood (fish, seaweed), oily fruits, nuts and
seeds. Omega-3 fatty acids are more abundant in
plants, but often limited to ALA (with the excep-
tion of seaweeds) while animal sources like
salmon and other fatty fish deliver ALA, DHA
and EPA. The environmental impact ranges from
moderate to high for most of these sources, par-
ticularly for highly acceptable flavours (butter,
beef, salmon, olive oil, almonds). Recent innova-
tion have shifted the attention to spreads made
with coconut oil, seeds and nuts, particularly
effective in offering taste and sustainability when
blended together. Lastly, aquaculture has shown
enormous potential to produce sustainable nutri-
tion. Plants like duckweed (water lentils) and
algae like seaweeds contain a wide array of
omega-3 fatty acids while sequestering carbon

from the environment. Their carbon footprint is
actually negative. This leaves room to the food
industry to manufacture them into palatable food
products (cooked, dried or other forms) with
minimal impact.
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Abstract

We need numerous minerals for several rea-
sons: strong bones, healthy brain, immunity,
metabolism, red blood cells, reproductive
health and more. Some are needed in large
daily amounts such as mg (electrolytes), oth-
ers in lower amounts such as pg (trace miner-
als). Geography is key, since minerals are
found in soil and water. Food sources can con-
centrate minerals differently. For example,
potassium abounds in bananas, iodine in sea-
food, zinc in organ meat and hemp seeds.
Quality is important too: calcium is found in
dairy and leafy greens, iron is abundant in
meat and lentils. What differs is their bioavail-
ability due to antinutrients (plant) and other
factors such as acidity (animal). Food process-
ing can optimize absorption of such nutrients.
Furthermore, overlooked sources such as
defatted seeds and “ugly” produce are abun-
dant in minerals. Modern innovations can
enhance their appeal by developing new food
products which combine nutrition, low foot-
print and affordable taste.
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Minerals for Human
Nutrition: Electrolytes
and Trace Minerals

6.1

Minerals are inorganic material, found in soil
and water. Chemically, they are elements, not to
be confused with the other minerals: salts pres-
ent in rocks and soil. In human nutrition, the
word “minerals” is used to describe chemical
elements that are essential for humans. We don’t
synthesize them, we need them from food.
Minerals are found in water and soil. From these
resources, animals and plants absorb minerals
and store them in different amounts. Large dif-
ferences in mineral amount are present based
on geographical location. Therefore, specific
regions of the world are more or less abundant in
these nutrients. The human body specifically
needs 16 minerals, which are therefore deemed
as essential, classified in 2 main groups based on
their recommended daily intake (RDI) macro-
minerals and trace minerals (Gharibzahedi &
Jafari, 2017).
Macro-minerals or

above100 mg/day) include:

Electrolytes (RDI
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— Calcium (Ca)
— Chloride (Cl)
— Magnesium (Mg)
— Phosphorous (P)
— Potassium (K)
— Sodium (Na)
— Sulfur (S).
Why do we need them? Well, several reasons.
Calcium (Ca) strengthens bones and teeth, and
supports the immune system, muscle contraction
and the nervous system (Gharibzahedi & Jafari,
2017; Peacock, 2010). Chloride (Cl) is needed in
the stomach to produce hydrochloric acid and
start the digestion (Gharibzahedi & Jafari, 2017;
Turck et al., 2019). Magnesium (Mg) supports
protein synthesis as well as the immune system,
muscular and nervous dynamics by activating
vitamin D (Gharibzahedi & Jafari, 2017,
Uwitonze & Razzaque, 2018). Phosphorous (P)
exhibits similar bioactivities as magnesium and,
in addition to that, it provides energy by being a
structural component of the ATP molecules
(Chen et al., 2017; Gharibzahedi & Jafari, 2017;
Wilck et al., 2019). Potassium (K) is involved in
the fluid balance, along with sodium (Na), thus
supporting muscles and nerves and regulating
blood pressure (Arnold et al., 2017; Gharibzahedi
& Jafari, 2017). Sulfur (S) is involved in the pro-
tection against bacteria and toxins (Gharibzahedi
& Jafari, 2017; Jonsson et al., 2019).

Trace minerals (RDI belowl100 mg/day)
include:
— Chromium (Cr)
— Cobalt (Co)
— Copper (Cu)
— Fluoride (F)
— lodine (I)
— Iron (Fe)
— Manganese (Mn)
— Molybdenum (Mo)
— Selenium (Se)
— Zinc (Zn).
Trace minerals are equally as important as elec-
trolytes, despite being needed in lower amounts.
Chromium (Cr) affects fat metabolism (synthesis
of cholesterol and fatty acids) and carbohydrate
metabolism (insulin activity) (Gharibzahedi &
Jafari, 2017; Swaroop et al., 2019). Cobalt (Co)

is the central element in Vitamin B12, essential
for healthy red blood cells. Interestingly, exces-
sive blood concentrations of cobalt (>300 pg/L)
can be toxic (Gharibzahedi & Jafari, 2017,
Leyssens et al., 2017). Copper (Cu) is a key ele-
ment in a wide range of processes, such enzymes
and immune system (Gharibzahedi & Jafari,
2017; Prohaska, 2011). Fluoride (F) is essential
for bone and tooth health (Gharibzahedi & Jafari,
2017; Stepec & Ponikvar-Svet, 2019) whereas
iodine guarantees thyroid health (Gharibzahedi
& Jafari, 2017; Abel et al., 2018). Iron (Fe) is
needed to synthesise red blood cells and provide
energy, also as enzyme constituent (Gharibzahedi
& Jafari, 2017; McClung, 2019). Manganese
(Mn) is vital for brain health, while Molybdenum
(Mo) and Selenium (Se) activate antioxidant
enzymes (Balachandran etal., 2020; Gharibzahedi
& Jafari, 2017; Stupin et al., 2017). Finally, Zinc
(Zn) is crucial for the reproductive system as well
as for immunity (Gharibzahedi & Jafari, 2017,
Kerns et al., 2018).

It is important to clarify the concept of bio-
availability. Eating food or drinking water that
contains nutrients does not mean absorbing all of
it. Only a percentage of dietary minerals reaches
our bloodstream through intestinal absorption.
This is due to several reasons: the structure of the
minerals themselves, food matrix, as well as the
presence of promoters of absorption (organic
acids such as citric, malic and lactic acid, but also
vitamin A and P-carotene) or inhibitors (phytic
acid, fibre, lignin, oxalate, and sometimes inter-
action with other minerals). Lastly, the health sta-
tus of the subject plays a role too (Affonfere
et al., 2021). In this regard, processing can come
to a help. Common technologies such as soaking,
boiling, germination and fermentation can
degrade inhibitors, thus enhancing bioavailability
(Affonfere et al., 2021; Kumari & Platel, 2020).

Deficiencies in any of these nutrients can
result in serious disease. Therefore, it is para-
mount to achieve enough of these minerals
through nutrition. Doing so sustainably is a social
responsibility and allows us to respect and pro-
mote local communities. This chapter provides a
comprehensive discussion of the traditional and
innovative food sources of a representative range
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of essential minerals. Differences in geographical
locations will result in altered values of mineral
concentration and food availability. Nonetheless,
our scope is to provide the reader with the big

Fig. 6.1 Representative
sources of Calcium:
traditional (cows cheese)
and innovative (kale)

Fig. 6.2 Representative
sources of Magnesium:
traditional (pumpkin
seeds) and innovative
(chia beverage)

picture on minerals: sources, bioavailability, sus-
tainability and acceptability. An example of the
modern trajectory of mineral-rich food products
is depicted in Figs. 6.1-6.4.
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Fig. 6.3 Representative
sources of Iron:
traditional (liver) and
innovative (chickpea
crackers). (Image:
https://wordpress.org/
openverse/image/
d7el3ela-2ac7-449d-
808d-676554cb411e
(jlastras))

Fig. 6.4 Representative
sources of Zinc:

traditional (oysters) and
innovative (hemp seeds)

6.2 Traditional Food Sources
of Minerals
6.2.1 Electrolytes (Calcium,

Magnesium, Potassium,
Sodium)

As stated in Sect. 6.1, electrolytes are calcium,
chloride, magnesium, phosphorous, potassium,
sodium and sulfur. Phoshporous and sulfur are

found in protein-rich foods. Sulfure, in particular,
is found in 4 amino acids: methionine, cysteine,
homocysteine, and taurine (Brosnan & Brosnan,
2006). Therefore, these electrolytes are consid-
ered in the discussion of protein (Chap. 5).
Sodium and chloride are considered together,
since they often appear in the same food sources
such as salt. Calcium, magnesium and potassium
complete this overview.
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Calcium is needed for bone health, therefore
recommended to prevent bone fractures.
Comprehensive studies have documented dietary
calcium intake (Balk et al., 2017) and incidence
of hip fracture (Curtis et al., 2017), commonly
associated to insufficient calcium status. The
highest intake of calcium (>800 mg/day) was
recorded in western and Nordic countries (North
America, Europe, Scandinavia and Oceania)
while low intakes (<500 mg/day) were found in
South America and Asia, with limited informa-
tion available from Africa. This was attributed to
the higher consumption of milk and dairy prod-
ucts in western countries (Balk et al., 2017).
Nonetheless, the world map of hip fracture
revealed the exact opposite of what one might
believe. The high calcium consuming regions
showed higher prevalence of hip fractures (150—
250 fractures/100,000 people) as opposed to the
low calcium consuming regions (<150 frac-
tures/100,000 people) (Curtis et al., 2017).
Therefore, consuming calcium itself is not
enough, absorption is key. Absorption of calcium
is affected by diet and exercise. An interesting
study compared 3 diets (animal-based, plant-
based and mixed) showing that the mixed pattern
correlated to higher bone density, a marker of
bone health. This study reported the need for
absorption promoters: fibre, potassium, retinol
(mostly from plants) and Vitamin B12 (mostly
from animals). These promoters enhance calcium
absorption, contrasting the inhibitory effect of
cholesterol, high protein, high fat (mostly from
animals) and antinutrients (mostly from plants).
This nutrient combination overlaps with that of
the Mediterranean diet, rich in wholegrains, nuts,
seeds and with low to moderate amounts of dairy
and seafood (Melaku et al., 2017). Antioxidants
were also found to be positively correlated with
bone density (Kim et al., 2021). Finally, exercise
has been shown to improve bone health. While
walking merely limits bone mass loss, strength-
ening exercise (weight-lifting or movements that
require muscle strength above that of a daily rou-
tine) and aerobic activities (running, biking) sig-
nificantly increase bone density (Benedetti et al.,
2018). Therefore, both diet and physical activity
are key to healthy bones. Diet-wise, dairy repre-

sent the most abundant source of calcium. For
example, cheddar cheese delivers 740 mg/100 g,
covering 60-71% of the RID for women and
men, respectively (NIH, 2021; USDA, 2019).
Unfortunately, the environmental footprint of
dairy is large, requiring 5,000-5,500 L water/kg
cheddar cheese (Kumar & Joshiba, 2019), pro-
ducing a whopping 14 kg CO,/kg cheese
(Gosalvitr et al., 2019). Its high popularity is due
to the enticing taste, almost addicting (umami
taste), described as sweet, bitter, creamy and
milky (Zhao et al., 2019) (Table 6.1).

Magnesium, on the contrary, is found mainly
in plant-based foods, with roasted pumpkin seeds
being one of the major sources: on average, 100 g
of pumpkin seeds deliver 153 mg of magnesium,
which is 43-48% of the RDI (NIH, 2021).
Environmentally very friendly, pumpkin produc-
tion requires very little water (less than 100 L/kg)
(Fandika et al., 2019) releasing as little as 0.1—
0.2 kg COykg pumpkin (Schifer & Blanke,
2012). These results are common for vegetables.
The challenge here is sensory. It is much easier to
eat 100 g of cheese than 100 g of roasted seeds
since the latter taste nutty yes, but are also hard in
texture (Uddin et al., 2016). Both cheese and
pumpkin are relatively expensive, reaching 1.3
and 1.9 NZD/100 g for cheese and roasted pump-
kin seeds, respectively (Countdown, 2021).

Far easier is the access to potassium, sodium
and chloride. Potassium is found in moderate
amounts (10-20% RDI) in fruits (dried fruits,
fresh bananas and oranges), vegetables (pump-
kins, potatoes), grains (legumes such as lentils)
with lower amounts in dairy and meat (NIH,
2021). Of these, the most commonly consumed
food is fruit, particularly bananas (Bolton et al.,
2019), hence the choice for this discussion. There
are numerous cultivars of bananas, with
Cavendish being one of the most common. On
average, 100 g of bananas guarantee about
358 mg of potassium (USDA, 2019), equal to
10% of the RDI (EFSA, 2019). They are tasty,
sweet (Cano et al., 1997) and cheap, usually
below 1 dollar per 100 g (Countdown, 2021). On
top of that, banana production is environmentally
friendly, requiring only 790 L water/kg product
(Mekonnen & Hoekstra, 2011) and releasing
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Table 6.1 Representative food sources of electrolytes: products, nutritional value (quantity, bioavailability), sustain-
ability (water and carbon footprint) and acceptability (price, sensory)

Nutrition Sustainability Acceptability
Minerals Bioavailability | Water footprint | Carbon Price
quantity (% RDI) (L water/kg footprint (NZD/100 g)
(mg/100 g) product) (kg COy/kg
Food products product) Sensory profile
Calcium
Cheddar 714 60-71% 5,000-55,000 14 1.3 Sweet, bitter,
cheese USDA (women, men) | Kumar and Gosalvitr Countdown umami, milky,
(2019) NIH (2021) Joshiba (2019) |etal. (2019) | (2021) creamy
Zhao et al.
(2019)
Magnesium
Roasted 153 43-48% 82 0.1-0.2 1.9 Brown/green,
pumpkin NIH (2021) NIH (2021) Fandika et al. | Schifer and | Countdown hard, nutty
seeds (2019) Blanke (2021) Uddin et al.
(2012) (2016)
Potassium
Banana 358 10% 790 0.5-1.0 0.8 Pale yellow,
USDA EFSA (2019) Mekonnen and | Iriarte et al. | Countdown firm, sweet
(2019) Hoekstra (2014) (2021) Cano et al
(2011) (1997)
Sodium,
chloride
Bread 406-455 20-23% 1,608 0.5 0.3-04 Porous
Coyne etal. | EFSA (2019) Mekonnen and | Ingrao et al. | Countdown appearance,
(2018) Hoekstra (2018) (2021) floury, malty,
(2011) buttery
Heenan et al.
(2008)

0.5-1.0 kg COy/kg product (Iriarte et al., 2014).
Bananas grow in tropical weather, with abun-
dance of rainfall and water. Their harvesting
requires minimum amount of fertilizers, pesti-
cides and post-harvest energy input (electricity,
packaging) (Iriarte et al., 2014). The key issue
here is transport. Bananas only grow in tropical
regions, thus export to other parts of the world
result in carbon footprint. This varies from coun-
try to country, but it can be quite high, resulting
in double emissions, from 0.5 to 1.0 kg CO,/kg
bananas, as a consequence of the oil use for over-
seas transport (Iriarte et al., 2014). These factors
ignited a debate on whether eating bananas in
non-tropical countries is bad for the environment
(Berners-Lee, 2020). As you can see from
Table 6.1, the footprint numbers don’t look bad,
but minimising transportation of food can achieve
both lower carbon emissions and higher quality

(fresh food, can hardly be kept as such when
shipped long distance, particularly true for per-
ishable items such as produce). Therefore, alter-
natives to bananas based on local supply. Luckily,
potassium is found in a variety of fruits, vegeta-
bles and grains, offering sustainable solutions:
local sources of potassium with similar quantity
and quality.

Sodium and chloride are both essential (we
need them) and an element of concern (if con-
sumed excessively). They also known as salt
when combined into sodium chloride (NaCl),
which is their main source. Salt is used in a vari-
ety of processed foods, with bread being the most
common example. Typically, bread contains up
to 1% of salt, that means anywhere from 406 to
455 mg of sodium/100 g bread (Coyne et al.,
2018) which covers 20-23% of the RDI of
2,300 mg per day (EFSA, 2019). The RDI for



6 Minerals

79

chloride is 3,100 mg per day (Turck et al., 2019)
and bread typically contains around 600 mg of
chloride since salt is 60% chloride. Bread pro-
duction is quite sustainable: requiring moderate
amounts of water (1,608 L water/kg bread0
(Mekonnen & Hoekstra, 2011) and releasing as
little as 0.5 kg COy/kg bread (Ingrao et al., 2018)
due to its simple processing. Bread main ingredi-
ents is wheat flour and wheat is a highly produc-
tive crop. Breadmaking involves mixing,
fermentation, baking and packaging, which can
be carried out on a large scale, with low energy
input and carbon emissions (Ingrao et al., 2018).
Adding to this, bread can be cheap, as low in
price as 0.3-0.4 NZD/100 g (Countdown, 2021)
and very tasty, almost addicting, due to its fluffy,
porous texture, malty taste and buttery texture
(Heenan et al., 2008). It could almost be said that
bread does too much of a good job in delivering
chloride and sodium, with the risk of contributing
to excess salt intake. To avoid this risk, foods that
are highly processed should be avoided or lim-
ited, things like canned foods, preserved vegeta-
bles, ham, cheese, contain high levels of salt, thus
caution must be paid if and when approaching
such foods.

6.2.2 Trace Minerals (Copper,
lodine, Iron, Selenium, Zinc)

Trace minerals are chromium, cobalt, copper,
fluoride, iodine, iron, manganese, molybdenum,
selenium and zinc. Chromium is found in meat
and grains, similarly to iron, which will be dis-
cussed in detail in this section. Cobalt is a key
element in vitamin B12 so it will be included in
Chap. 7 (water soluble vitamins). Fluoride is
found in produce, grains and meat, depending on
abundance in the soil. Manganese and molybde-
num are found in wholegrains and seafood.
Copper, iodine, iron (heme and non-heme), sele-
nium and zinc are presented as case study for
trace minerals (Table 6.2).

Copper is found in very high levels in beef
liver and oyster, thus the latter was chosen as
example. A 100 g serving of beef liver delivers as
much as 15 mg/100 g of copper, meaning 16

times the RDI (NIH, 2021). This is due to the
functionality of liver in ruminants, filtering food
and stocking minerals. Therefore, little of this
food is needed to supply adequate levels of cop-
per. It is important to state that excessive con-
sumption of copper leads to toxic reactions,
particularly damaging to the human liver (Taylor
et al., 2020). The highest tolerable intake of cop-
per is listed by NIH as 10 mg day, equal to about
67 g of beef liver (NIH, 2021). Thus, the high
copper content of beef liver can be seen as both
positive and negative, based on the amount con-
sumed. Moreover, this food comes with an envi-
ronmental price of resources needed (up to
16,000 1 water/kg beef) (Gerbens-Leenes et al.,
2013) and emissions produced. Cows farming
requires land, water, feed and results in emissions
from both cows and farming equipment .The car-
bon footprint of beef ranges from 18 to 25 kg
COy/kg beef, for conventional and organic farm-
ing, respectively (Buratti et al., 2017). Price is
moderate at 1.8 ND/100 g (New Zealand Fresh,
2021) being an organ meat, but flavour is polar-
izing due to a strong smell and taste (Kolbabek
et al., 2019) adding a sensory challenge to the
nutritional and environmental one (Tables 6.3
and 6.4).

Iodine is an interesting microelement, in the
sense that its significant food source is seafood,
whether plant or animal (seaweed, fish). The term
seaweeds encompasses numerous varieties of
plants, which contain 1.6-2.2 mg/100 g of dry
seaweeds (NIH, 2021; Teas et al., 2004), mean-
ing 10 times more than what we need. Unlike
beef liver (serving size 75 g), a serving size of dry
seaweeds is around 10 g (NIH, 2021) thus result-
ing in 1-1.5 times the daily need. It could be said
that one serving of seaweed a day covers the
iodine need. Another exciting factor is the posi-
tive effect on water quality. Seaweeds are capable
of sequestering more CO, than they emit, with
the only process contributing to emissions in dry-
ing. The combination of these two factors is a
negative carbon footprint, from —49 to —85 kg
COy/kg seaweed (Thomas, 2021). This is huge
potential. It is therefore important to tackle the
two challenges of dry seaweeds: price and taste.
Nori costs around 11 ND/100 g (Countdown,
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Table 6.2 Representative food sources of trace minerals: products, nutritional value (quantity, bioavailability), sustain-
ability (water and carbon footprint) and acceptability (price, sensory)

Nutrition Sustainability Acceptability
Minerals Bioavailability | Water Carbon Price
quantity (% RDI) footprint (L footprint (kg | (NZD/100 g)
Food (mg/100 g) water/kg COy/kg
products product) product) Sensory profile
Copper
Beef liver 15 1,621% 15,712 18-25 1.8 Brown, strong
NIH (2021) | NIH (2021) Gerbens- Buratti et al. New Zealand | smell, salty,
Leenes et al. (2017) Fresh (2021) compact
(2013) Kolbédbek et al.
(2019)
Iodine
Dry 1.6-2.2 1,127-1,550% | Not available | —49/—85 11 Salty, sea
seaweeds NIH (2021); | NIH (2021) Thomas Countdown aroma, crispy,
Teas et al. (2021) (2021) umami
(2004) Stévant et al.
(2018)
Iron
Heme
Pork liver 23 129-290% 5,988 2944 2.3 Umami, hard,
USDA (women, men) | Mekonnen Vergé et al. Countdown bitter
(2019) NIH (2021) and Hoekstra | (2016) (2021) Zamuz et al.
(2011) (2019)
Oysters 9.4 52-118% Not available | 1.9 4.7 Marine odour,
NIH (2021) (women, men) Tamburini Countdown earthy, salty,
NIH (2021) etal. (2019) (2021) firm, juicy,
chewy
Cochet et al
(2015)
Non-Heme
Hummus 2.4 13-30% 4,177 0.18 1.6 Palatable
Wallace (women, men) | Mekonnen Saget et al. Countdown Reister and
etal. (2016) | NIH (2021) and Hoekstra | (2020) (2021) Leidy (2020)
(2011)
Dark 12 67-150% 17,196 2.0-4.7 1.7 Nutty, berry and
chocolate USDA (women, men) | Mekonnen Pérez-Neira Countdown coffee taste,
(2019) NIH (2021) and Hoekstra | et al. (2020) (2021) grainy, hard
(2011) De Pelsmaeker
etal. (2019)
Selenium
Canned 108 196% Not available |3.7-7.7 1.4 Pink, fishy,
tuna in NIH (2021) | NIH (2021) Avadi et al. Countdown salty, oily,
vegetable (2015) (2021) mealy
oil Caponio et al.
(2010)
Zinc 87 792% Not available | 1.9 4.7 Marine odour,
Oyster NIH (2021) | NIH (2021) Tamburini Countdown earthy, salty,
et al. (2019) (2021) firm, juicy,
chewy
Cochet et al

(2015)
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Table 6.3 Innovative food sources of electrolytes: raw materials, bioavailability and sustainability (water and carbon

footprint)

Products Raw materials | Bioavailability Sustainability \
Mineral quantity (mg/100 g) | Water footprint (L Carbon footprint (kg CO,/
and %RDI water/kg product) kg product)

Calcium

Kale Kale 197 (16-20%) Not available 0.1-0.4
NIH (2021); Szutowska Yuttitham (2019)
et al. (2020)

Magnesium

Chia Chia 295 (82-92%) (men, Not available Not available

beverage women)

Chia Sisters (2021); NIH
(2021)
Potassium
Banana bites | Upcycled 1,500 (43%) 790 0.5-1.0
bananas Barnana (2021), EFSA Roibas et al. (2015) Iriarte et al. (2014)
(2019)

Sodium,

chloride

Kelp powder | Kelp 3,300 (165%) Not available —49/-85
EFSA (2019), Pacific Thomas (2021)
Harvest (2021)

2021) meaning 1.1 NZD per serving. The smell is
fishy and salty, which could deter many from eat-
ing it, while the umami flavour could enticing
Stévant et al. (2018).

Iron is a major source of discussion since its
deficiency can cause anemia, which is worryingly
abundant in children (43% globally) and women
in reproductive age (39% globally), mostly from
Africa and Asia (Blanco-Rojo & Vaquero, 2019).
Iron is present in two forms: heme and non-
heme. Heme is the free form of iron and it is
found only in animal food such as meat. Non-
heme iron is the bound form, thus less bioavail-
able, found in plants (such as grains and leafy
greens) and animals, requiring acidity to be
released from its components (Blanco-Rojo &
Vaquero, 2019).

An example of heme iron is pork liver. As
stated above, animal liver can store numerous
minerals and other nutrients, delivering on aver-
age 23 g iron per 100 g liver (USDA, 2019),
which equals to 129% of the RDI for women and
290% of the RDI for mean (NIH, 2021). Women
require more iron (18 vs. 8 mg/day) due to men-
struation, reaching as high as 27 mg/day during
pregnancy (NIH, 2021). Therefore, high quanti-

ties of bioavailable iron are crucial for their
health. Pork liver can deliver to this need, with
moderate footprint (higher than plants, lower
than cows): about 6000 L water needed
(Mekonnen & Hoekstra, 2011) and 2.9-4.4 kg
CO, emitted (Vergé et al., 2016) per kg produced.
The price is reasonable and sensory quality car-
ries both the challenge of bitterness and the
attractivity of umami (Zamuz et al., 2019).
Seafood is another source of heme iron is sea-
food. Oysters are quite rich in iron, compara-
tively lower than pork liver (9.4 vs. 23 mg/100 g)
and twice as expensive (4.7 vs 2.3 NZD/100 g)
(Countdown, 2021). Interestingly, they are more
environmentally friendly, emitting about half as
much carbon dioxide (1.9 vs. 2.9-4.4 kg CO,/kg
product) due to oyster ability to absorb large
quantities of carbon from the water (Tamburini
et al., 2019).

Non-heme iron is commonly found in legumes
and spinach, but not many people know that it is
also found in chocolate. Among legumes, chick-
peas are one of the highest sources of iron. They
are often processed into hummus, which can
deliver 2.4 mg/100 g (Wallace et al., 2016). It is
obviously a moderate amount: 13-30% RDI
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Table 6.4 Innovative food sources of trace minerals: raw materials, bioavailability and sustainability (water and car-

bon footprint)

Products Raw materials Bioavailability Sustainability \
Mineral quantity (mg/100 g) and | Water footprint Carbon footprint
%RDI (L water/kg (kg COykg
product) product)
Copper
Defatted sunflower | Defatted 3.0 (325%) 1,356 3.8 (oil)
meal sunflower seeds | Planetarians (2021) Mekonnen and Schmidt (2015)
Hoekstra (2011)
Iodine
Roasted nori Seaweeds 1.6-2.2 (1127-1550%) Not available —49/-85
Ceres Organics (2021); Teas Thomas (2021)
et al. (2004); USDA (2019)
Iron
Heme
Mussel powder Mussels 11 (61-138%) Not available 0.6 (mussels)
(women, men) Yaghubi et al.
Nutri NZ (2021); Waitaki (2021)
Biosciences (2019)
Grass fed beef liver | Beef 5.8 (12-27%) 13,074 19-37
supplement (women, men) Rodrigues and Yaghubi et al.
Home Grown Primal (2021) Dziedzic (2021) (2021)
Non-Heme
Chickpea crackers Chickpeas 5.9 (33-74%) 4,177 0.18 (chickpeas)
(women, men) Mekonnen and Saget et al.
Krippu (2021) Hoekstra (2011) (2020)
Chocolate energy Cacao 11 (61-138%) 17,196 2.0-4.7
bar (women, men) Mekonnen and Pérez-Neira
The Functional Chocolate Hoekstra (2011) et al. (2020)
Company (2021); USDA (2019)
Selenium
Roasted Brazil nuts | Brazil nuts 0.7-3.0 (1272-5454%) 9,063 2.0
Cardoso et al (2017); NIH HEALabel (2021) | HEALabel
(2021) (2021)
Zinc
Hemp flour Hemp seeds 5.4-6.7 (49-61%) 3,685 0.68
Mihoc et al. (2012) Mekonnen and Campiglia et al
Hoekstra (2011) (2020)

(NIH, 2021) so it has to be part of a varied diet to
guarantee sufficient intakes. Bioavailability of
non-heme iron is increased by acidity and vita-
min C, which reverse the antinutrient effects of
phytate and oxalate (He et al., 2019) thus the
presence of lemon juice in hummus can enhance
its nutritional relevance. On a positive note,
chickpeas have marginal environmental impact,
requiring about 4,000 L water and producing
only 0.18 kg CO, (Mekonnen & Hoekstra, 2011;
Saget et al., 2020), are cheap and with a pleasant

taste (Reister & Leidy, 2020). Dark chocolate
is a fascinating topic. Yes, it contains 12 mg/100 g
of non-heme iron, sufficient for 2/3 of women
RDI and more than enough for men (USDA,
2019; NIH, 2021) but at a cost. Cocoa farming,
distribution and chocolate production require a
lot of resources, consuming a staggering 17,000 L
of water per kg of chocolate (Mekonnen &
Hoekstra, 2011) while producing relevant
levels of carbon: 2.0-4.7 kg CO, (Pérez-Neira
et al., 2020).
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The environmental implications of cocoa are
various due to its limited geographical origins
(Mediterranean and tropical climates). With
countries within south America being large
exporters of this product with the implication of a
lower socioeconomic climate being involved
with low consideration for ethical environmental
principles with how the cocoa is produced. This
has caused a large degree of environmental dam-
age which makes cocoa a volatile product on its
accountability for sustainable production, with a
large degree of deforestation in South America
being correlated to cocoa production. Due to it
also being a product match is extremely hard to
manage and produce correctly there is a large
degree of management that has sought after the
use of environment damaging artificial fertilizers
which cause soil erosion (Confectionery News,
2015). It also takes 17,000 litres of water to pro-
duce one kilo of cocoa beans which is high in
consideration to how much water is being used
concerning fertilizer which is accountable for
nitrate leeching which causes soil erosion
(Mekonnen & Hoekstra, 2011).

Selenium is found in a variety of foods, par-
ticularly seafood such as fish (tuna, sardines,
shrimps and others). Tuna canned in vegetable oil
is a staple food in many diets, with 100 g of it
delivering twice as much selenium as needed:
108 mg/100 g (NIH, 2021; NOH, 2021). Its fishy,
salty and mealy flavour is praised by many
(Caponio et al., 2010) and the price is reasonable.
The carbon footprint is the only challenge: rang-
ing from 3.7 to 7.7 kg CO,/kg canned tuna based
on the type of oil chosen, with olive oil carrying
heavier carbon burden than vegetable oil (Avadi
etal., 2015).

Zinc, finally, is found in seafood and meat, as
well as grains and seeds. One source stands out,
covering as much as 8§ times the RDI: oysters
(NIH, 2021). Oysters also present the big advan-
tage of producing low to moderate impact, with a
carbon footprint of 1.9 (Tamburini et al., 2019).
As discussed for iron, oysters can sequester car-
bon from the ocean, thus minimizing the impact
of fishing and food processing. Challenges
mainly reside in the price and acquired taste:
fishy aroma, firm and chewy texture (Cochet
etal., 2015).
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6.3 Innovative Food Sources

of Minerals
6.3.1 Electrolytes (Calcium,

Magnesium, Potassium,
Sodium)

Innovation in the field of electrolytes explored
plant-based and upcycled options, with a focus
on sustainability. Calcium can be found in green
leafy vegetables such as spinach and kale, con-
sumed either fresh or juiced. Kale contains mod-
erate amount of calcium: 16-20% of the RDI
(NIH, 2021; Szutowska et al., 2020). Nonetheless,
green leafy vegetables like kale and spinach con-
tain oxalate, a phytochemical known to inhibit
calcium absorption by binding to it causing its
excretion, potentially leading to kidney stones
(von Unruh et al., 2004). Nonetheless, bioavail-
ability of calcium from kale is higher than dairy:
40 vs. 30% absorption of dietary calcium, respec-
tively. This is due to the different effect of cal-
cium inhibitors in dairy (phosphorus and
sulfur-containing proteins) and calcium absorp-
tion enhancers (vitamin D) compared to vegeta-
bles (phytate, oxalate) (Melse-Boonstra, 2020).
Generally speaking, vegetables contain less cal-
cium than dairy (about 3 times less, per 100 g
basis) with comparable or slightly higher calcium
absorption (20—40%) (Melse-Boonstra, 2020).
Therefore, a healthy diet should consist of differ-
ent dietary sources of calcium to guarantee ade-
quate intake. Environmentally, vegetables offer
the advantage of emitting far less carbon, as little
as 30 times less: 0.1-0.4 kg CO,/kg (with a 1.8
value recorded in one case (Yuttitham, 2019) ver-
sus 14 kg CO,/kg of cheddar cheese (Gosalvitr
et al., 2019). Kale as an ingredient represent an
alternative way to consume calcium, nutritionally
comparable to dairy, environmentally less
impactful.

Magnesium, on the other hand, can be found
mostly in plant foods. The challenge stands in
their sensory quality and price. While nuts taste
good but are expensive, seeds are more afford-
able but not as enticing (Countdownm, 2021;
Uddin et al., 2016). Luckily, seeds are versatile.
Those rich in mucilage, such as basil, chia and
flax seeds can enhance juiciness of bakery prod-
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ucts and mouthfeel of beverages and yoghurt
(Marand et al., 2020; Martinez-Padilla, 2021;
Niknam et al., 2019). A very popular new product
is chia beverage. This drink takes advantage of
the mucilage (which is a type of soluble fibre)
found in chia seeds, making the beverage more
viscous without affecting taste. The result is a
beverage with pleasant mouthfeel (more viscous
than water, but less viscous than smoothies), with
the nutritional potential of chia seeds, which also
includes magnesium (Ullah et al., 2016). The
company Chia Sisters sell a beverage made with
hydrated chia seeds, apple and blackcurrant con-
centrates, plus blackcurrant flavour (Chia Sisters,
2021). A 100-ml serve of this drink contains
295 mg magnesium, which means 82-92% of the
RDI (Chia Sisters, 2021; NIH, 2021). This is a
superior magnesium profile when compared to
the next best food option, roasted pumpkins,
which only account for half the amount (43—
48%) (NIH, 2021). That’s why it is important to
ask the next question: what is the environmental
cost of chia seeds? To the best of our knowledge,
no information is available on this topic. Thus,
research is warranted to guarantee that this is a
sustainable choice.

Potassium is found in a variety of foods, but it
is still banana to dominate the scene. Produce has
short shelf-life, thus upcycling by-products with
appropriate technology can be a solution.
Bananas are processed into shelf-stable products
such as salty chips (similar to potato chips, where
potatoes are replaced by bananas and plantains)
and cookies (with banana puree as first ingredi-
ent, providing structure and taste) (Barnana,
2021). This is a case where processing has a posi-
tive impact, with banana chips containing 4 times
more potassium than fresh bananas as result of
their drying process (Barnana, 2021; EFSA,
2019). Because many bananas are rejected for
export if they are not perfect in appearance, are
worn out, or are overripe. Barnana dehydrates
these bananas to prevent food waste on organic
banana farms (Barnana, 2021).

Sodium and chloride are most commonly
found in bread, but many options are available.
Now, given seaweeds nutritional value and low
footprint, what about seaweed-based foods as
source of minerals. Kelp powder is obtained upon

drying of kelp, a brown algae. A typical serving
size of dry seaweed is 10 g, which translates into
16.5% of the RDI (EFSA, 2019; Pacific Harvest,
2021). Kelp is rich in minerals, including sodium,
potassium, calcium and magnesium (Schiener
et al., 2014) and its affordable price can make up
for this defect to some extent (Perry et al., 2019).
Therefore, as one of the most abundant electro-
lytes in kelp, sodium is easily absorbed and uti-
lized by human body.

While this sodium content is comparable to
that of 100 g of bread, the impact on the environ-
ment is far lower. Let’s look at carbon: while
breadmaking is nearly carbon neutral with 0.5 kg
COy/kg bread (Ingrao et al., 2018) kelp powder
production is actually carbon negative, as low as
—49/-85 kg COykg dry seaweed (Thomas,
2021). It must be noted that is quite difficult to
calculate exactly how much carbon is seques-
tered by algae in oceans and other water reser-
voirs, as opposed to calculations based on
laboratory settings. Nonetheless, the scientific
community agrees that algae absorb large quanti-
ties of carbon from the water, factually cleaning
it (Krause-Jensen & Duarte, 2016). Kelp culture
is considered to be the least harmful form to
aquaculture and the marine environment.
Moreover, kelp can provide a series of ecosystem
services for a variety of marine environments. In
the temperate zone of the northern hemisphere,
the natural community of Laminaria plays a key
role in the coastal ecosystem (Visch et al., 2020).
They not only provide shelter for a variety of
related marine life but also provide foraging and
breeding places for them (Walls et al., 2017).
Compared with the natural community of kelp,
kelp farms had the least effect on dissolved inor-
ganic nutrient concentration and benthic oxygen
flux, because most kelp farms did not need addi-
tional nitrogen fertilizer (Visch et al., 2020).

6.3.2 Trace Minerals (Copper,
lodine, Iron, Selenium, Zinc)

A very interesting innovation in the field of cop-
per is upcycled sunflower meal. The oil industry
generates by-products such as defatted sunflower
meal, which is abundant in fibre, protein and
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minerals. The company Planetarians (2021) esti-
mates 3.0 mg of copper in 100 g of their flour,
this means an astounding 325% of the RDI. The
ability to absorb copper is directly related to the
amount of ascorbic acid (vitamin C) which is
contained within the food ingredient. This is due
to ascorbic-binding to the site of the enzyme
cytochrome ¢ oxidase, which plays a critical role
in cellular energy production (Milne & Omaye,
1980). This enzyme is responsible for the absorp-
tion of copper and can be rapidly blocked by the
excess of vitamin C. It would be recommended
for copper absorption for an individual with cop-
per deficiency to eat copper-rich foods separately
from vitamin C rich foods. Being a by-product
means lower resources needed: the water foot-
print of defatted sunflower meal is only 1,356 L/kg,
3 times lower than that of sunflower seeds
(3,366-3,410 L/kg) (Mekonnen & Hoekstra,
2011).

JTodine can be found in seafood, with roasted
nori taking advantage of a growing market,
whose CAGR is expected to reach 11% by 2027
(PR Newswire, 2021). A 10 g serve of roasted
nori can provide excellent levels of iodine: 127—
155% of the RDI (Ceres Organics, 2021; Teas
et al., 2004; USDA, 2019). All of these while
sequestering CO, from the ocean (Thomas,
2021).

Heme iron mostly comes from animal flesh.
The meat industry has researched the areas of
mussel powder and beef liver supplements to
offer nutrition and taste. Green-Lipped mussel
powder is freeze dried for enhanced shelf-life of
this otherwise short-living food. Mussel powder
provides a relevant 61-138% of the iron RDI for
women and men in 100 g (Nutri NZ, 2021;
Waitaki Biosciences, 2019) with a very low car-
bon footprint of 0.6 kg CO2/kg mussels, due to
their ability to filter water (Yaghubi et al., 2021).
Only the drying and packaging processes will
add to the emissions. A land-based option is beef
liver supplement. The beef liver is freeze dried to
maintain the integrity of the vitamins and miner-
als that naturally occur in the raw ingredient nat-
urally (Home Grown Primal, 2021). Nonetheless,
the iron content is not particularly high (12-27%
RDI) (Home  Grown  Primal, 2021).
Environmentally, the cost of beef ingredients is

still too high: 13,074 L water needed and
19-37 kg CO, emitted per kg (Rodrigues &
Dziedzic, 2021; Yaghubi et al., 2021).

In the plant kingdom, non-heme iron can
come from chickpeas. A new innovative product
that uses chickpeas as a source of iron is Krippu’s
Bio chickpea crackers with rosemary. Chickpea
flour is the main ingredient in this food product,
sunflower seeds and herbs such as rosemary,
thyme, oregano and Himalayan salt are also
added. Chickpea flour is processed from freeze
drying the chickpeas to form a powder. This is
also an example of a value added product as the
way the raw ingredient is process increases the
value of the product. The amount of iron per
100 g of chickpeas is 33-77% (Krippu, 2021).
With the advantage, in this case, of a low foot-
print, especially for carbon emissions. This
makes chickpea crackers stand out over choco-
late energy bars, which do contain more iron, but
cost 4 more times in terms of water requirement
and 10-25 times more in terms of carbon emis-
sions (Mekonnen & Hoekstra, 2011; Pérez-Neira
et al., 2020; Saget et al., 2020).

As for selenium, brazil nuts have gained much
popularity in the recent years. Their nutty, pleas-
ant taste combines with an astonishing selenium
content: 1,272-5,454% of the RDI (Cardoso
etal.,2017; NIH, 2021). Therefore, a small hand-
ful of these nuts would provide more than enough
selenium. Limited information is available on the
footprint, making it imperative to determine such
values.

Zinc. A recently considered source of zinc is
hemp flour. Given the recent changes in legisla-
tion, hemp seeds have been deemed safe and
legal for human consumption in most countries,
launching its market (fibre, flour, hearts, oil) with
a CAGR of 34% until 2026 (Intrado, 2021).
Hemp flour contains on average 50% of the RDI
for zinc (Mihoc et al., 2012), which is very high
for plant foods, but drastically lower than oysters
(16 times less). What makes hemp flour interest-
ing is how gentle it is on the environment. The
amount of water needed to grow and harvest
hemp seeds is moderate, 3,685 L/kg (Mekonnen
& Hoekstra, 2011), but this plant can offer so
many solutions: seeds, leaves and fiberous com-
ponents have multiple applications in food and
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textiles. In addition, only 0.68 kg CO,/kg hemp
seeds are released (Campiglia et al., 2020), mak-
ing this plant versatile and sustainable.

6.3.3 Aquafaba Powder

A honorable mention goes to Aquafaba powder.
This ingredients is obtained from the boiling
water of chickpeas, which is further packages as
a liquid (Ingredion, 2021) or sold as a powder
(Vor Foods, 2021). As much as one third of the
powder is represented by minerals. The mineral
profile of Aquafaba from chickpeas consisted of
potassium, phosphorous, sulphur, magnesium,
calcium, sodium, iron, zinc, manganese, copper
and molybdenum (Damian et al., 2018; Serventi,
2020). The serving size is not established, but it is
safe to consider it either 100 ml of liquid or 5 g of
powder (the liquid is typically 5% solids)
(Serventi, 2020). Therefore, Aquafaba can deliver
the following mineral profile:

* Molybdenum (94% RDI)

e Copper (7-9% RDI, men, women)

* Manganese (5—6% RDI, women, men)
¢ Iron (3—7% RDI, women, men)

¢ Potassium (6% RDI).

It is interesting to note that another boiling water,
that of soybeans, contains twice as much iron and
potassium (Serventi et al., 2018; Serventi, 2020).
Therefore, given the large volume of soybean
processing (soymilk, tofu, tempeh, texturize pro-
teins and many other food products) soy cooking
water could be the next source of iron and
potassium.

6.4  Conclusions

In closing, essential minerals can be found in a
variety of foods, with large differences in terms
of bioavailability, sustainability and acceptabil-
ity. This chapter offered a representative range of
dietary sources, traditional and innovative.
Traditionally, electrolytes and minerals can be
found in organ meats, fish, dairy, eggs, grains,

seeds, nut, fruits and vegetables. Novel mineral-
rich foods are either less known foods (such as
Brazil nuts, hemp seeds flour) or upcycled ingre-
dients (defatted sunflower meal, Aquafaba). It is
interesting how the food matrix affects bioavail-
ability. For example, vitamin C has been shown
to reduce copper absorption (by binding to an
absorption enzyme) whereas is increases the
absorption of non-heme iron (by releasing it from
phytates and other antinutrients). As for calcium,
absorption is guaranteed by promoters (fibre,
potassium, Vitamin A and Vitamin B12) and con-
trasted by inhibitors (cholesterol, high protein
and saturated fats from animals and oxalate from
plants). Therefore, adhering to a diverse diet is
key for mineral nutrition, while opting for sus-
tainable choices helps the environment, thus our
community.

Acknowledgments Authors would like to acknowledge
Sam Howard, Casey McAvoy, Arnold Ruan and Duncan
Vroland for contributing to data collection.

References

Abel, M. H., Korevaar, T. I, Erlund, I., Villanger, G. D.,
Caspersen, I. H., Arohonka, P., et al. (2018). Iodine
intake is associated with thyroid function in mild to
moderately iodine deficient pregnant women. Thyroid,
28(10), 1359-1371.

Affonfere, M., Chadare, F. J., Fassinou, F. T. K,
Linnemann, A. R., & Duodu, K. G. (2021). In-vitro
digestibility methods and factors affecting minerals
bioavailability: A review. Food Reviews International,
1, 1-29.

Arnold, R., Pianta, T. J., Pussell, B. A., Kirby, A., O’Brien,
K., Sullivan, K., et al. (2017). Randomized, controlled
trial of the effect of dietary potassium restriction
on nerve function in CKD. Clinical Journal of the
American Society of Nephrology, 12(10), 1569-1577.

Avadi, A., Bolanos, C., Sandoval, 1., & Ycaza, C. (2015).
Life cycle assessment of Ecuadorian processed tuna.
The International Journal of Life Cycle Assessment,
20(10), 1415-1428.

Balachandran, R. C., Mukhopadhyay, S., McBride, D.,
Veevers, J., Harrison, F. E., Aschner, M., et al. (2020).
Brain manganese and the balance between essen-
tial roles and neurotoxicity. Journal of Biological
Chemistry, 295(19), 6312-6329.

Balk, E. M., Adam, G. P., Langberg, V. N., Earley, A.,
Clark, P., Ebeling, P. R., et al. (2017). Global dietary
calcium intake among adults: a systematic review.
Osteoporosis International, 28(12), 3315-3324.



6 Minerals

87

Barnana. (2021). URL: https://barnana.com/collec-
tions/chewy-banana-bites/products/organic-original-
chewy-banana-bites. Accessed 2021, August 20.

Benedetti, M. G., Furlini, G., Zati, A., & Letizia Mauro,
G. (2018). The effectiveness of physical exercise
on bone density in osteoporotic patients. BioMed
Research International, 2018, 4840531.

Berners-Lee, M. (2020). How bad are bananas?: The car-
bon footprint of everything. Profile Books Ltd..

Blanco-Rojo, R., & Vaquero, M. P. (2019). Iron bio-
availability from food fortification to precision nutri-
tion. A review. Innovative Food Science & Emerging
Technologies, 51, 126—138.

Bolton, K. A., Trieu, K., Woodward, M., Nowson, C.,
Webster, J., Dunford, E. K., et al. (2019). Dietary
intake and sources of potassium in a cross-sectional
study of Australian adults. Nutrients, 11(12), 2996.

Brosnan, J. T., & Brosnan, M. E. (2006). The sulfur-
containing amino acids: An overview. The Journal of
Nutrition, 136(6), 1636S-1640S.

Buratti, C., Fantozzi, F., Barbanera, M., Lascaro, E.,
Chiorri, M., & Cecchini, L. (2017). Carbon foot-
print of conventional and organic beef production
systems: An Italian case study. Science of the Total
Environment, 576, 129-137.

Cano, M. P., de Ancos, B., Matallana, M. C., Camara,
M., Reglero, G., & Tabera, J. (1997). Differences
among Spanish and Latin-American banana cultivars:
morphological, chemical and sensory characteristics.
Food Chemistry, 59(3), 411-419.

Cardoso, B. R., Duarte, G. B. S., Reis, B. Z., & Cozzolino,
S. M. (2017). Brazil nuts: Nutritional composition,
health benefits and safety aspects. Food Research
International, 100, 9-18.

Campiglia, E., Gobbi, L., Marucci, A., Rapa, M.,
Ruggieri, R., & Vinci, G. (2020). Hemp seed pro-
duction:  Environmental impacts of Cannabis
sativa L. Agronomic practices by life cycle assess-
ment (LCA) and carbon footprint methodologies.
Sustainability, 12(16), 6570.

Caponio, F., Bilancia, M. T., Summo, C., Gomes, T., &
Pasqualone, A. (2010). A survey of in-oil canned tuna
quality by sensory analysis and the determination
of the oxidative degradation of the liquid medium.
International Journal of Food Properties, 13(4),
672-681.

Ceres Organics. (2021). URL: https://ceres.co.nz/products/
grocery/ceres-organics/snack-foods/organic-roasted-
seaweed-nori-snack/. Accessed 2021, August 25.

Chia Sisters. (2021). Accessed from https://www.chiasis-
ters.co.nz/.

Chen, K., Jiang, W. D., Wu, P, Liu, Y., Kuang, S. Y.,
Tang, L., et al. (2017). Effect of dietary phospho-
rus deficiency on the growth, immune function and
structural integrity of head kidney, spleen and skin in
young grass carp (Ctenopharyngodon idella). Fish &
Shellfish Immunology, 63, 103—126.

Cochet, M., Brown, M., Kube, P,, Elliott, N., & Delahunty,
C. (2015). Understanding the impact of growing
conditions on oysters: a study of their sensory and

biochemical characteristics. Aquaculture Research,
46(3), 637-646.

Confectionery News. (2015). URL: https://www.confec-
tionerynews.com/Article/2015/04/29/What-is-the-
environmental-impact-of-cocoa-production. Accessed
2021, September 3.

Countdown. (2021). URL: https://shop.countdown.co.nz/.
Accessed 2021, August 19.

Coyne, K. J., Baldridge, A. S., Huffman, M. D., Jenner,
K., Xavier, D., & Dunford, E. K. (2018). Differences
in the sodium content of bread products in the USA
and UK: Implications for policy. Public Health
Nutrition, 21(3), 632-636.

Curtis, E. M., Moon, R. J., Harvey, N. C., & Cooper,
C. (2017). Reprint of: The impact of fragility frac-
ture and approaches to osteoporosis risk assessment
worldwide. International Journal of Orthopaedic and
Trauma Nursing, 26, 7-17.

Damian, J. J., Huo, S., & Serventi, L. (2018).
Phytochemical content and emulsifying ability of
pulses cooking water. European Food Research and
Technology, 244(9), 1647-1655.

De Pelsmaeker, S., De Clercq, G., Gellynck, X., &
Schouteten, J. J. (2019). Development of a sensory
wheel and lexicon for chocolate. Food Research
International, 116, 1183-1191.

EFSA. (2019). URL: https://www.efsa.europa.eu/en/efsa-
journal/pub/5778. Accessed 2021, August 20.

Fandika, I. R., Kemp, P. D., Millner, J. P, & Horne, D.
(2019). Water footprint differences of producing culti-
vars of selected crops in New Zealand. In Irrigation in
agroecosystems. IntechOpen.

Gerbens-Leenes, P. W., Mekonnen, M. M., & Hoekstra,
A. Y. (2013). The water footprint of poultry, pork and
beef: A comparative study in different countries and
production systems. Water Resources and Industry, 1,
25-36.

Gharibzahedi, S. M. T., & Jafari, S. M. (2017). The impor-
tance of minerals in human nutrition: Bioavailability,
food fortification, processing effects and nanoencap-
sulation. Trends in Food Science & Technology, 62,
119-132.

Gosalvitr, P., Cuellar-Franca, R., Smith, R., & Azapagic,
A. (2019). Energy demand and carbon footprint of
cheddar cheese with energy recovery from cheese
whey. Energy Procedia, 161, 10-16.

He, W., Li, X., Ding, K., Li, Y., & Li, W. (2019).
Ascorbic acid can reverse the inhibition of phytic
acid, sodium oxalate and sodium silicate on iron
absorption in Caco-2 cells. International Journal for
Vitamin and Nutrition Research, 88(1-2). https://doi.
org/10.1024/0300-9831/a000503

HEALabel. (2021). URL: https://healabel.com/b--
ingredients/brazil-nuts. Accessed 2021, August 26.

Heenan, S. P., Dufour, J. P., Hamid, N., Harvey, W.,
& Delahunty, C. M. (2008). The sensory quality of
fresh bread: Descriptive attributes and consumer
perceptions. Food Research International, 41(10),
989-997.


https://barnana.com/collections/chewy-banana-bites/products/organic-original-chewy-banana-bites
https://barnana.com/collections/chewy-banana-bites/products/organic-original-chewy-banana-bites
https://barnana.com/collections/chewy-banana-bites/products/organic-original-chewy-banana-bites
https://ceres.co.nz/products/grocery/ceres-organics/snack-foods/organic-roasted-seaweed-nori-snack/
https://ceres.co.nz/products/grocery/ceres-organics/snack-foods/organic-roasted-seaweed-nori-snack/
https://ceres.co.nz/products/grocery/ceres-organics/snack-foods/organic-roasted-seaweed-nori-snack/
https://www.confectionerynews.com/Article/2015/04/29/What-is-the-environmental-impact-of-cocoa-production
https://www.confectionerynews.com/Article/2015/04/29/What-is-the-environmental-impact-of-cocoa-production
https://www.confectionerynews.com/Article/2015/04/29/What-is-the-environmental-impact-of-cocoa-production
https://shop.countdown.co.nz/
https://www.efsa.europa.eu/en/efsajournal/pub/5778
https://www.efsa.europa.eu/en/efsajournal/pub/5778
https://doi.org/10.1024/0300-9831/a000503
https://doi.org/10.1024/0300-9831/a000503
https://healabel.com/b-ingredients/brazil-nuts
https://healabel.com/b-ingredients/brazil-nuts

88

L. Serventi et al.

Home Grown Primal. (2021). Grass fed beef liver
supplements. Home Grown Primal. URL: https:/
homegrownprimal.co.nz/products/grass-fed-beef-
liver-supplements. Accessed 2021, August 25.

Ingrao, C., Licciardello, F., Pecorino, B., Muratore, G.,
Zerbo, A., & Messineo, A. (2018). Energy and environ-
mental assessment of a traditional durum-wheat bread.
Journal of Cleaner Production, 171, 1494-1509.

Ingredion. (2021). URL: https://www.ingredion.com/na/
en-us/ingredient/evanesse-cb-6194-37606h00.html.
Accessed 2021, September 2.

Intrado. (2021). URL: https://www.globenewswire.
com/news-release/2021/04/08/2206841/0/en/
Global-Research-Study-on-Industrial-Hemp-Market-
Size-Will-Reach-36-Billion-at-34-CAGR-by-2026-
Facts-Factors.html. Accessed 2021, September 2.

Iriarte, A., Almeida, M. G., & Villalobos, P. (2014).
Carbon footprint of premium quality export bananas:
Case study in Ecuador, the world’s largest exporter.
Science of the Total Environment, 472, 1082—1088.

Jonsson, W. O., Margolies, N. S., & Anthony, T. G.
(2019). Dietary sulfur amino acid restriction and
the integrated stress response: Mechanistic insights.
Nutrients, 11(6), 1349.

Kerns, K., Zigo, M., & Sutovsky, P. (2018). Zinc: A nec-
essary ion for mammalian sperm fertilization compe-
tency. International Journal of Molecular Sciences,
19(12), 4097.

Kim, D., Han, A., & Park, Y. (2021). Association of
Dietary Total Antioxidant Capacity with bone mass
and osteoporosis risk in Korean women: analysis of
the Korea National Health and nutrition examination
survey 2008-2011. Nutrients, 13(4), 1149.

Kolbdbek, P., Maxov4d, P., Kourimska, L., LukeSova, D.,
& Kotrba, R. (2019). Sensory evaluation of liver/meat
paté made from fresh or frozen eland meat and beef.
Scientia Agriculturae Bohemica, 50(2), 71-79.

Krause-Jensen, D., & Duarte, C. M. (2016). Substantial
role of macroalgae in marine carbon sequestration.
Nature Geoscience, 9(10), 737-742.

Krippu. (2021). URL: https://www.krippu.com/produkts/
nutritional-value-bio-rosemary/.  Accessed 2021,
August 25.

Kumar, P. S., & Joshiba, G. J. (2019). Water footprint of
agricultural products. In Environmental water foot-
prints (pp. 1-19). Springer.

Kumari, M., & Platel, K. (2020). Impact of soaking, ger-
mination, fermentation, and thermal processing on the
bioaccessibility of trace minerals from food grains.
Journal of Food Processing and Preservation, 44(10),
el4752.

Leyssens, L., Vinck, B., Van Der Straeten, C., Wuyts, F.,
& Maes, L. (2017). Cobalt toxicity in humans—A
review of the potential sources and systemic health
effects. Toxicology, 387, 43-56.

Marand, M. A., Amjadi, S., Marand, M. A., Roufegari-
nejad, L., & Jafari, S. M. (2020). Fortification of
yogurt with flaxseed powder and evaluation of its fatty
acid profile, physicochemical, antioxidant, and sen-
sory properties. Powder Technology, 359, 76-84.

Martinez-Padilla, L. P. (2021). Viscosity of chia seed water
suspension using two mixers and two approaches.
Biosystems Engineering, 210, 60—68.

McClung, J. P. (2019). Iron, zinc, and physical perfor-
mance. Biological Trace Element Research, 188(1),
135-139.

Mekonnen, M. M., & Hoekstra, A. Y. (2011). The green,
blue and grey water footprint of crops and derived
crop products. Hydrology and Earth System Sciences,
15(5), 1577-1600.

Melaku, Y. A., Gill, T. K., Taylor, A. W., Adams, R., &
Shi, Z. (2017). Association between nutrient pat-
terns and bone mineral density among ageing adults.
Clinical Nutrition ESPEN, 22, 97-106.

Melse-Boonstra, A. (2020). Bioavailability of micronutri-
ents from nutrient-dense whole foods: Zooming in on
dairy, vegetables, and fruits. Frontiers in Nutrition, 7,
101.

Mihoc, M., Pop, G., Alexa, E., & Radulov, 1. (2012).
Nutritive quality of romanian hemp varieties (Cannabis
sativa L.) with special focus on oil and metal contents
of seeds. Chemistry Central Journal, 6(1), 1-12.

Milne, D. B., & Omaye, S. T. (1980). Effect of vita-
min C on copper and iron metabolism in the Guinea
pig. International Journal for Vitamin and Nutrition
Research. Internationale Zeitschrift fur Vitamin-
und Ernahrungsforschung. Journal International de
Vitaminologie et de Nutrition, 50(3), 301-308.

New Zealand Fresh. (2021). URL: https://newzea-
landfresh.sg/products/frozen-beef-liver-1kg-pack.
Accessed 2021, August 20.

NIH. National Institute of Health. (2021). Retrieved from
https://ods.od.nih.gov/factsheets/list-all/.

Niknam, R., Ghanbarzadeh, B., Ayaseh, A., & Adun, P.
(2019). Comprehensive study of intrinsic viscosity,
steady and oscillatory shear rheology of Barhang seed
hydrocolloid in aqueous dispersions. Journal of Food
Process Engineering, 42(4), e13047.

Nutri NZ. (2021). Green lipped mussel 19000.
Nutri NZ. URL: https://www.nutrinz.com/
products/green-lipped-mussel-19-000-90-
vegecaps.html?gclid=EATalQobChMIgKnlz-
3t8AIVEhwrCh1TzgagEAAYAyAAEgIfH_D_BWwE.
Accessed 2021, August 20.

Pacific Harvest. (2021). URL: https://pacificharvest.
co.nz/seaweed-seasonings/nz-sea-kelp/kelp-powder-
45g/. Accessed 2021, August 20.

Peacock, M. (2010). Calcium metabolism in health and
disease. Clinical Journal of the American Society of
Nephrology, 5(Supplement 1), S23-S30.

Pérez-Neira, D., Copena, D., Armengot, L., & Simén, X.
(2020). Transportation can cancel out the ecological
advantages of producing organic cacao: The carbon
footprint of the globalized agrifood system of ecuador-
ian chocolate. Journal of Environmental Management,
276, 111306.

Perry, J. J., Brodt, A., & Skonberg, D. I. (2019). Influence
of dry salting on quality attributes of farmed kelp
(Alaria esculenta) during long-term refrigerated stor-
age. LWT, 114, 108362.


https://homegrownprimal.co.nz/products/grass-fed-beef-liver-supplements
https://homegrownprimal.co.nz/products/grass-fed-beef-liver-supplements
https://homegrownprimal.co.nz/products/grass-fed-beef-liver-supplements
https://www.ingredion.com/na/en-us/ingredient/evanesse-cb-6194-37606h00.html
https://www.ingredion.com/na/en-us/ingredient/evanesse-cb-6194-37606h00.html
https://www.globenewswire.com/news-release/2021/04/08/2206841/0/en/Global-Research-Study-on-Industrial-Hemp-Market-Size-Will-Reach-36-Billion-at-34-CAGR-by-2026-Facts-Factors.html
https://www.globenewswire.com/news-release/2021/04/08/2206841/0/en/Global-Research-Study-on-Industrial-Hemp-Market-Size-Will-Reach-36-Billion-at-34-CAGR-by-2026-Facts-Factors.html
https://www.globenewswire.com/news-release/2021/04/08/2206841/0/en/Global-Research-Study-on-Industrial-Hemp-Market-Size-Will-Reach-36-Billion-at-34-CAGR-by-2026-Facts-Factors.html
https://www.globenewswire.com/news-release/2021/04/08/2206841/0/en/Global-Research-Study-on-Industrial-Hemp-Market-Size-Will-Reach-36-Billion-at-34-CAGR-by-2026-Facts-Factors.html
https://www.globenewswire.com/news-release/2021/04/08/2206841/0/en/Global-Research-Study-on-Industrial-Hemp-Market-Size-Will-Reach-36-Billion-at-34-CAGR-by-2026-Facts-Factors.html
https://www.krippu.com/produkts/nutritional-value-bio-rosemary/
https://www.krippu.com/produkts/nutritional-value-bio-rosemary/
https://newzealandfresh.sg/products/frozen-beef-liver-1kg-pack
https://newzealandfresh.sg/products/frozen-beef-liver-1kg-pack
https://ods.od.nih.gov/factsheets/list-all/
https://www.nutrinz.com/products/green-lipped-mussel-19-000-90-vegecaps.html?gclid=EAIaIQobChMIgKn1z-3t8AIVEhwrCh1TzgagEAAYAyAAEgIfH_D_BwE
https://www.nutrinz.com/products/green-lipped-mussel-19-000-90-vegecaps.html?gclid=EAIaIQobChMIgKn1z-3t8AIVEhwrCh1TzgagEAAYAyAAEgIfH_D_BwE
https://www.nutrinz.com/products/green-lipped-mussel-19-000-90-vegecaps.html?gclid=EAIaIQobChMIgKn1z-3t8AIVEhwrCh1TzgagEAAYAyAAEgIfH_D_BwE
https://www.nutrinz.com/products/green-lipped-mussel-19-000-90-vegecaps.html?gclid=EAIaIQobChMIgKn1z-3t8AIVEhwrCh1TzgagEAAYAyAAEgIfH_D_BwE
https://pacificharvest.co.nz/seaweed-seasonings/nz-sea-kelp/kelp-powder-45g/
https://pacificharvest.co.nz/seaweed-seasonings/nz-sea-kelp/kelp-powder-45g/
https://pacificharvest.co.nz/seaweed-seasonings/nz-sea-kelp/kelp-powder-45g/

6 Minerals

89

Planetarians.  (2021). URL: https://staticl.square-
space.com/static/591629a5e58c620d7152b065/t/5
b6c6bd61ae6cf38b779844e/1533832204613/
PLANETARIANS+product+deck.pdf. Accessed
2021, August 25.

PR Newswire. (2021). URL: https://www.prnewswire.
com/news-releases/seaweed-snacks-market-size-
worth-3-36-billion-by-2027%2D%2Dcagr-10-8-
grand-view-research-inc-301207189.html.  Accessed
2021, September 2.

Prohaska, J. R. (2011). Impact of copper limitation on
expression and function of multicopper oxidases (fer-
roxidases). Advances in Nutrition, 2(2), 89-95.

Reister, E. J., & Leidy, H. J. (2020). An afternoon hum-
mus snack affects diet quality, appetite, and glycemic
control in healthy adults. The Journal of Nutrition,
150(8), 2214-2222.

Rodrigues, U. J., & Dziedzic, M. (2021). The water
footprint of beef cattle in the amazon region, Brazil
(p. 51). Ciéncia Rural.

Roibads, L., Elbehri, A., & Hospido, A. (2015). Evaluating
the sustainability of Ecuadorian bananas: Carbon
footprint, water usage and wealth distribution
along the supply chain. Sustainable Production and
Consumption, 2, 3-16.

Saget, S., Costa, M., Barilli, E., de Vasconcelos, M. W.,
Santos, C. S., Styles, D., & Williams, M. (2020).
Substituting wheat with chickpea flour in pasta
production delivers more nutrition at a lower environ-
mental cost. Sustainable Production and Consumption,
24, 26-38.

Schifer, F., & Blanke, M. (2012). Farming and market-
ing system affects carbon and water footprint—A case
study using Hokaido pumpkin. Journal of Cleaner
Production, 28, 113-119.

Schiener, P., Black, K. D., Stanley, M. S., & Green,
D. H. (2014). The seasonal variation in the chemical
composition of the kelp species Laminaria digitata,
Laminaria hyperborea, Saccharina latissima and
Alaria esculenta. Journal of Applied Phycology, 27(1),
363-373.

Schmidt, J. H. (2015). Life cycle assessment of five
vegetable oils. Journal of Cleaner Production, 87,
130-138.

Serventi, L. (2020). Cooking water compositions. In
Upcycling legume water: from wastewater to food
ingredients (pp. 73-85). Springer.

Serventi, L., Wang, S., Zhu, J., Liu, S., & Fei, F. (2018).
Cooking water of yellow soybeans as emulsifier in
gluten-free crackers. European Food Research and
Technology, 244(12), 2141-2148.

gtepec, D., & Ponikvar-Svet, M. (2019). Fluoride in
human health and nutrition. Acta Chimica Slovenica,
66(2), 255-275.

Stévant, P., Indergard, E., Olafsdéttir, A., Marfaing, H.,
Larssen, W. E., Fleurence, J., et al. (2018). Effects of
drying on the nutrient content and physico-chemical
and sensory characteristics of the edible kelp
Saccharina latissima. Journal of Applied Phycology,
30(4), 2587-2599.

Stupin, A., Cosic, A., Novak, S., Vesel, M., Jukic, L.,
Popovic, B., et al. (2017). Reduced dietary selenium
impairs vascular function by increasing oxidative
stress in Sprague-Dawley rat aortas. International
Journal of Environmental Research and Public
Health, 14(6), 591.

Swaroop, A., Bagchi, M., Preuss, H. G., Zafra-Stone, S.,
Ahmad, T., & Bagchi, D. (2019). Benefits of chro-
mium (III) complexes in animal and human health.
In The nutritional biochemistry of chromium (III)
(pp- 251-278). Elsevier.

Szutowska, J., Rybicka, I., Pawlak-Lemanska, K., &
Gwiazdowska, D. (2020). Spontaneously fermented
curly kale juice: Microbiological quality, nutritional
composition, antioxidant, and antimicrobial proper-
ties. Journal of Food Science, 85(4), 1248-1255.

Tamburini, E., Fano, E. A., Castaldelli, G., & Turolla, E.
(2019). Life cycle assessment of oyster farming in the
Po delta, northern Italy. Resources, 8(4), 170.

Taylor, A. A., Tsuji, J. S., Garry, M. R., McArdle, M. E.,
Goodfellow, W. L., Adams, W. J., & Menzie, C. A.
(2020). Critical review of exposure and -effects:
Implications for setting regulatory health criteria for
ingested copper. Environmental Management, 65(1),
131-159.

Teas, J., Pino, S., Critchley, A., & Braverman, L. E.
(2004). Variability of iodine content in common com-
mercially available edible seaweeds. Thyroid, 14(10),
836-841.

The Functional Chocolate Company. (2021). URL: https://
funcho.co/products/energy-chocolate. Accessed 2021,
August 25.

Thomas, J. B. (2021). Environmental impacts of seaweed
cultivation: Kelp farming and preservation. Burleigh
Dodds Publishing.

Turck, D., Castenmiller, J., De Henauw, S., Hirsch-
Ernst, K. 1., Kearney, J., Knutsen, H. K., et al. (2019).
Dietary reference values for chloride. EFSA Journal,
17(9), 5779.

Uddin, Z., Suppakul, P, & Boonsupthip, W. (2016).
Effect of air temperature and velocity on moisture
diffusivity in relation to physical and sensory quality
of dried pumpkin seeds. Drying Technology, 34(12),
1423-1433.

Ullah, R., Nadeem, M., Khalique, A., Imran, M.,
Mehmood, S., Javid, A., & Hussain, J. (2016).
Nutritional and therapeutic perspectives of Chia
(Salvia hispanica L.): A review. Journal of Food
Science and Technology, 53(4), 1750-1758.

USDA. (2019). URL: https://fdc.nal.usda.gov/. Accessed
2021, August 19.

Uwitonze, A. M., & Razzaque, M. S. (2018). Role of mag-
nesium in vitamin D activation and function. Journal
of Osteopathic Medicine, 118(3), 181-189.

Vergé, X., Maxime, D., Desjardins, R. L., & VanderZaag,
A. C. (2016). Allocation factors and issues in agricul-
tural carbon footprint: A case study of the Canadian
pork industry. Journal of Cleaner Production, 113,
587-595.


https://static1.squarespace.com/static/591629a5e58c620d7152b065/t/5b6c6bd61ae6cf38b779844e/1533832204613/PLANETARIANS+product+deck.pdf
https://static1.squarespace.com/static/591629a5e58c620d7152b065/t/5b6c6bd61ae6cf38b779844e/1533832204613/PLANETARIANS+product+deck.pdf
https://static1.squarespace.com/static/591629a5e58c620d7152b065/t/5b6c6bd61ae6cf38b779844e/1533832204613/PLANETARIANS+product+deck.pdf
https://static1.squarespace.com/static/591629a5e58c620d7152b065/t/5b6c6bd61ae6cf38b779844e/1533832204613/PLANETARIANS+product+deck.pdf
https://www.prnewswire.com/news-releases/seaweed-snacks-market-size-worth-3-36-billion-by-2027--cagr-10-8-grand-view-research-inc-301207189.html
https://www.prnewswire.com/news-releases/seaweed-snacks-market-size-worth-3-36-billion-by-2027--cagr-10-8-grand-view-research-inc-301207189.html
https://www.prnewswire.com/news-releases/seaweed-snacks-market-size-worth-3-36-billion-by-2027--cagr-10-8-grand-view-research-inc-301207189.html
https://www.prnewswire.com/news-releases/seaweed-snacks-market-size-worth-3-36-billion-by-2027--cagr-10-8-grand-view-research-inc-301207189.html
https://funcho.co/products/energy-chocolate
https://funcho.co/products/energy-chocolate
https://fdc.nal.usda.gov/

90

L. Serventi et al.

Visch, W., Kononets, M., Hall, P. O., Nylund, G. M.,
& Pavia, H. (2020). Environmental impact of kelp
(Saccharina latissima) aquaculture. Marine Pollution
Bulletin, 155, 110962.

von Unruh, G. E., Voss, S., Sauerbruch, T., & Hesse, A.
(2004). Dependence of oxalate absorption on the daily
calcium intake. Journal of the American Society of
Nephrology, 15(6), 1567-1573.

Vor Foods. (2021). URL: https://www.vorfoods.com/
aquafaba. Accessed 2021, September 2.

Waitaki Biosciences. (2019). URL: https://www.waita-
kibio.com/products/brands/pernatec/. Accessed 2021,
August 25.

Wallace, T. C., Murray, R., & Zelman, K. M. (2016). The
nutritional value and health benefits of chickpeas and
hummus. Nutrients, 8(12), 766.

Walls, A., Kennedy, R., Edwards, M., & Johnson, M.
(2017). Impact of kelp cultivation on the Ecological
Status of benthic habitats and Zostera marina seagrass
biomass. Marine Pollution Bulletin, 123(1-2), 19-27.

Wilck, N., Balogh, A., Marké, L., Bartolomaeus, H., &
Miiller, D. N. (2019). The role of sodium in modulat-

ing immune cell function. Nature Reviews Nephrology,
15(9), 546-558.

Yaghubi, E., Carboni, S., Snipe, R. M., Shaw, C. S., Fyfe,
J. J., Smith, C. M., et al. (2021). Farmed mussels: a
nutritive protein source, rich in omega-3 fatty acids,
with a low environmental footprint. Nutrients, 13(4),
1124.

Yuttitham, M. (2019). Comparison of carbon footprint of
organic and conventional farming of Chinese Kale.
Environment and Natural Resources Journal, 17(1),
78-92.

Zamuz, S., Purrifios, L., Galvez, F., Zdolec, N., Muchenje,
V., Barba, F. J., & Lorenzo, J. M. (2019). Influence
of the addition of different origin sources of protein
on meat products sensory acceptance. Journal of Food
Processing and Preservation, 43(5), e13940.

Zhao, X., Zheng, Z., Zhang, J., Sarwar, A., Aziz, T., &
Yang, Z. (2019). Change of proteolysis and sensory
profile during ripening of Cheddar-style cheese as
influenced by a microbial rennet from rice wine. Food
Science & Nutrition, 7(4), 1540-1550.


https://www.vorfoods.com/aquafaba
https://www.vorfoods.com/aquafaba
https://www.waitakibio.com/products/brands/pernatec/
https://www.waitakibio.com/products/brands/pernatec/

®

Check for
updates

Water Soluble Vitamins

Luca Serventi

, Isabelle Keeling, Amelia Harris,

Anna Craig, Marcia Rose Adams, Yingxin Bi,
Junlong Ruan, Elizabeth Eilidh Ham,

Tessa Mary Broad, Georgia Taylor Smith,
Holly Louisa Blackman, Zhaorun Liu,
Sophie Ann Mullally, Minoo Mohajer,

Annu Mehta, and Zigian Feng

Abstract

Vitamins support human brain, metabolism,
skin, pregnancy, energy and act as antioxXi-
dants. Most of them are soluble in water: vita-
mins B1, B2, B3, B5, B6, B7, B9 (folate), B12
and C. While B1-B7 can be found in a variety
of sources with moderate environmental
impact, and vitamin C in unprocessed fruits
and vegetables, others are more challenging.
Deficiencies in B9 and B12 are quite common
due to low consumption of wholegrains, veg-
etables and organ meats. Considering water
and carbon footprint, new food products
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shifted toward plant based solutions. Since
palatability is a challenge, innovative technol-
ogies produced tasty alternatives by embrac-
ing the potential of legumes and upcycled
ingredients, such as pasta made with pulse
flour or defatted flour (B1-B9). A curios eye
has been opened on overlooked treasures such
as microalgae (vitamin B12). Finally, mini-
mally processed fruits and vegetables can be a
solution to supply vitamin C and shelf-life
(challenging for produce).

Keywords
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7.1 Water Soluble Vitamins

for Human Nutrition

Vitamins are essential micronutrients for human
health. Micronutrients means that we only need
small amounts, in the order of mg or pg, to sup-
port our daily needs. Nonetheless, they are just as
important as micronutrients. Vitamins is a very
broad term. Typically, we classify them in two
types, based on their chemical affinity to sol-
vents: water soluble and fat soluble (Tyskiewicz
et al., 2018). This chapter focusses on water sol-
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uble vitamins, which include vitamins B1, B2,
B3, B5, B6,B7,B9, B 12 and C.

Vitamin B1 is chemically known as thiamine.
Chemically, it is a sulphur-containing compound.
It is mostly found in the husk and germ of who-
legrains, followed by lower concentrations in
foods such as meat, seafood, produce, dairy, nuts
and seeds. Its deficiency leads to a disease known
as beriberi, resulting in cardiovascular diseases
(wet beriberi) and damage to the nervous systems
(dry beriberi) (DiNicolantonio et al., 2018; NIH,
2021a). Vitamin B2 is also known as riboflavin. It
is found primarily in beef liver, wholegrains and
dairy. It is essential for the production of energy
and the metabolism of fat soluble nutrients and
iron. Its deficiency causes dysfunctions in the
absorption of fats, iron and vitamins and, possi-
bly, cancer (NIH, 2021b; Saedisomeolia &
Ashoori, 2018; Thakur et al., 2017). Vitamin B3
is niacin, and it can be found in animal liver.
Meat, salmon and, to lower extents, in grains.
Niacin is essential for energy metabolism. When
deficient in B3, humans may exhibit a skin dis-
ease known as pellagra (NIH, 2021c; Prabhu
et al., 2021). Vitamin B35 is pantothenic acid; it is
found abundantly in a vast variety of foods: beef
liver, mushrooms, sunflower seeds, chicken, tuna,
produce and many more (NIH, 2021d).
Biologically, it supports the metabolism of
numerous nutrients, preventing fatigue and diges-
tive disorders (Magbool et al., 2018). Vitamin B6
is actually a group of compounds, which are par-
ticularly important for cognitive development
and brain functions. These compounds abound in
chickpeas, beef liver and seafood. Deficiency in
vitamin B6 can result in cardiovascular disease
and even cancer (Kumrungsee et al., 2021; NIH,
2021e). Vitamin B7, biotin, is needed to metabo-
lize glucose, amino acids and fatty acids. Its defi-
ciency It is typically bound to protein in beef
liver, eggs, seafood, pork, seeds, nuts and vegeta-
bles such as sweet potatoes, broccoli and spinach
(NIH, 2021f; Scott, 2020).

Vitamin B9 is known as folic acid or folate. It
is very well known for its role in pregnancy
(Argyridis, 2019). It is essential for healthy
development of the neural tube as well as red
blood cells. Folic acid is found in beef liver, spin-

ach, wholegrains and green leafy vegetables. Its
deficiency can cause serious birth defects and
megaloblastic anemia (Argyridis, 2019; NIH,
2021g).

Vitamin B12 is chemically cobalamin. It has
the unique feature of a cobalt ion at the core of its
structure. It is often discussed along with B9, due
to their role in red blood cells development.
Furthermore, it is essential for healthy brain and
nervous system. Its reliable food sources are ani-
mal based: liver, meat, fish, dairy and eggs. Plant
sources such as microalgae, seaweeds and fer-
mented foods are, as of today, not consistent. Its
deficiency causes serious megaloblastic anemia
and brain disorders (NIH, 2021h; Rizzo &
Lagana, 2020).

Vitamin C is technically an acid: ascorbic
acid. It is needed as antioxidant, for healthy skin,
nutrient absorption and collagen production,
Deficiencies in ascorbic acid result in numerous
diseases, including scurvy. Vitamin C is found
only in fruits and vegetables (NIH, 2021i; Wong
et al., 2020).

This chapter will present challenges and
opportunities for water soluble vitamins, in terms
of nutrition, sustainability and food quality.
Vitamins B1, B2, B3, B5, B6 and B7 will be
grouped together. Vitamins B9, B12 and C will
be discussed separately due to their unique bioac-
tivities. An example of the modern trajectory of
food products rich in water soluble vitamins is
depicted in Figs. 7.1-7.4.

7.2 Traditional Food Sources
of Water Soluble Vitamins
7.2.1 Vitamins B1, B2, B3, B5, B6, B7

B1 (Thiamine) Brown rice is a typical example
of food rich in vitamin B1. A 100 g serving if
brown rice delivers half of the recommended
daily intake (RDI) (NIH, 2021a) (Table 7.1). This
type of rice is less refined than its white counter-
part, with the outer husk removed while bran and
germ are maintained (Aung, 2017). That is where
vitamin Bl is found: husk, bran and germ
(Balakrishna & Farid, 2020). The environmental
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Fig. 7.1 Representative
sources of vitamin B1:
traditional (brown rice)
and innovative (oat
milk)

Fig. 7.2 Representative
sources of vitamin B9:
traditional (spinach) and
innovative (lentil pasta)

footprint of brown rice is moderate, with 2,172L
water required and 1.2 kg CO, emitted per kg of
product (Kashyap & Agarwal, 2021; Mekonnen
& Hoekstra, 2011). From a consumer standpoint,
price is affordable at 0.35 NZD/100 g

(Countdown, 2021) while sensory can be polar-
izing: brown colour and chewy texture may not
appeal everyone (Gondal et al., 2021) along with
longer cooking time than white rice, but the nutty
flavour adds positively to the eating experience.
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Fig. 7.3 Representative
sources of vitamin B12:
traditional (tuna) and
innovative (microalgae
such as spirulina)

Fig.7.4 Representative
sources of vitamin C:
traditional (strawberries)
and innovative
(blackcurrant powder)

B2 (Riboflavin) Dairy products can deliver high
amounts of vitamin B2, equal to 21% of the RDI
(NIH, 2021b) (Table 7.1). Vitamin B2 in Greek
yoghurt is highly bioavailable because calcium
acts as a pathway to transport the riboflavin to the
small intestine. Furthermore, milk products e.g.

yoghurt contain significant concentrations of free
riboflavin bound to proteins which makes it easy
to absorb through the FAD and FMN cofactors of
proteins (Powers, 2003). The environmental foot-
print is quite high, particularly in regards to car-
bon emissions: 4.5-6.8 kg CO,/kg Greek yoghurt
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Table 7.1 Representative food sources of water soluble vitamins: products, nutritional value (quantity, quality as % of
the recommended daily intake RDI), sustainability (water and carbon footprint) and consumer acceptability (price,

Sensory)
Nutrition Sustainability Acceptability ‘
quantity | Quality | Water footprint | Carbon price
(per (%RDI) | (L water/kg footprint (NZD/100 g)
100 g) product) (kg COy/kg
Food products product) Sensory profile
Vitamin BI (thiamin)
Brown rice 0.67mg | 56% 2,172 1.2 0.35 Brown, chewy
NIH NIH Mekonnen and Kashyap and Countdown Gondal et al.
(2021a) | (2021a) | Hoekstra (2011) | Agarwal (2021) (2021)
(2021)
Vitamin B2 (riboflavin)
Greek yoghurt |0.27 mg |21% 647 (whey) 4.5-6.8 0.60 Thick, creamy,
NIH NIH Owusu-Sekyere | Houssard et al. | Countdown slimy, smooth,
(2021b) | (2021b) |etal. (2017) (2020) (2021) sour
Karagul-Yuceer
and Drake (2006)
Vitamin B3 (niacin)
Peanut butter | 13 mg 81% 3,740 2.5 1.6 Brown, oily,
USDA NIH Vanham et al. Rahmadi et al. | Countdown nutty, spreadable
(2019) (2021¢c) | (2020) (2021) (2021) Shibli et al.
(2019)
Vitamin B5 (pantothenic acid)
Beef liver 10 mg 198% 15,712 18-25 1.7 Dark red, friable,
NIH NIH Gerbens-Leenes | Buratti et al. New Zealand off-flavour
(2021d) | (2021d) |etal. (2013) (2017) Fresh (2021) Kolbdbek et al.
(2019)
Vitamin B6
Chickpeas, 0.67mg | 39% 2,071 0.18 0.50 Acceptable
canned NIH NIH Kampman et al. | Yaghubietal. | Countdown Kinfe et al.
(2021e) | (2021e) | (2008) (2021) (2021) (2015)
Vitamin B7 (biotin)
Beef liver 37ug 123% 15,712 18-25 1.7 Dark red, friable,
NIH NIH Gerbens-Leenes | Buratti et al. New Zealand oft-flavour
(20211) (2021f) et al. (2013) (2017) Fresh (2021) Kolbébek et al.
(2019)
Vitamin B9 (folate)
Spinach 437pg 109% 292 0.4 0.6 Green, glossy
NIH NIH Mekonnen and | Wang et al. Countdown Koyama et al.
(20211) (2021f) | Hoekstra (2011) | (2019) (2021) (2021)
Beef liver 256pg 64% 15,712 18-25 1.7 Dark red, friable,
NIH NIH Gerbens-Leenes | Buratti et al. New Zealand off-flavour
(20211) (20211) etal. (2013) (2017) Fresh (2021) Kolbébek et al.
(2019)
Vitamin B12 (cobalamin)
Beef liver 84pg 3500% 15,712 18-25 1.7 Dark red, friable,
NIH NIH Gerbens-Leenes | Buratti et al. New Zealand off-flavour
(2021g) | (2021g) | etal.(2013) (2017) Fresh (2021) Kolbdbek et al.
(2019)
Tuna 1lpg 458% Not available 6.1 2.3 Fishy, oily, hard,
NIH NIH Rahmadi et al. | Countdown salty
(2021g) | (2021g) (2021) (2021) Caponio et al.
(2010)

(continued)
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Table 7.1 (continued)

Nutrition Sustainability Acceptability ‘
quantity | Quality | Water footprint | Carbon price
(per (%RDI) | (L water/kg footprint (NZD/100 g)
100 g) product) (kg COykg
Food products product) Sensory profile
Vitamin C
Strawberries 68 mg 76% 347 0.9-1.0 1.4 Red, sweet, floral
NIH NIH Mekonnen and Mordini et al. Countdown taste
(2021h) | (2021h) | Hoekstra (2011) |(2009) (2021) Jouquand et al.
(2008)
Orange juice | 50 mg 56% 1,018 0.5-0.8 0.25 Orange, sweet,
NIH NIH Mekonnen and Roibas et al. Countdown sour
(2021h) | (2021h) | Hoekstra (2011) |(2018) (2021) Kim et al. (2013)

(Houssard et al., 2020). This is due to cows farm-
ing, milk processing and whey purge: Greek
yoghurt is more concentrated than other yoghurt
types, thus increasing its nutritional density as
well as its waste production (whey). Price is
moderate (0.60 NZD/100 g) (Countdown, 2021)
while the sensory experience is pleasant: creamy,
smooth, thick, with sur notes (Karagul-Yuceer &
Drake, 2006).

B3 (Niacin) Peanut butter can be your vitamin
B3 fix. 100 g of this spread can deliver 13 mg of
vitamin B3 (USDA, 2019), this means 81% of the
RDI (NIH, 2021c) (Table 7.1). Obviously,
nobody eats that much peanut butter, but even a
regular serving size of about 40 g will cover
roughly 30% of your needs. Vitamin B3 is easily
absorbed into the body from the foods peanut
butter. The process begins by the tissues in our
body converting the absorbed B3 into the co
enzyme nicotinamide adenine dinucleotide
(NAD). Following this process NAD is converted
to NAPD. These two coenzymes are essential
within the body for oxidising the reduction of
substrates in the cells. The plant based food of
peanut butter provides nicotinic acid mainly and
on average 2—5 mg of niacin per serving, which is
highly bioavailable in the body (NIH, 2021c).
Peanuts are very resourceful in terms of their
water consumption due to the physical feature of
them being a deep rooting crop which in turn
gives them a large amount of water to draw from.

In addition, they are a legume and fixate their
own nitrogen, hence saving on water usage.
Secondly, peanuts are a biomass crop which
means they need very little foliage compared to
that of other crops (seed varieties). Peanut butter
therefore has a lower water footprint compared to
that of other nuts. Thus means that other nut but-
ters like almond, cashew, and hazelnut all have a
higher water consumption at this stage of the sup-
ply chain whilst the primary product of the nut is
being grown on farm. The water value is still high
as compared to other foods (3,740 L/kg) (Vanham
et al., 2020) and 2.5 kg CO,/kg (Rahmadi et al.,
2021). One of its strengths is the low price (1.65
NZD/100 g) (Countdown, 2021) and the nutty,
spreadable features (Shibli et al., 2019). Peanut
Butter is an acquired taste and many people either
love it or dislike it. The two different categories
of peanut butter include crunchy and smooth.
Smooth peanut butter is very creamy and has
been made into a thick fine paste whereas this is
compared to crunchy peanut butter which has
small segments of whole peanuts. The overall
sensory profile of peanut butter is salty, sweet and
with earthy undertones making you crave some-
thing to drink like a glass of water straight after
due to it sticking to the roof of your mouth.
Peanut butter also has a slightly savoury taste
hence why it can be added to savoury meals.

BS (Pantothenic Acid) Beef liver can provide
plenty of vitamin BS5. In fact, 100 g of beef liver
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offer double the RDI of vitamin 5 (NIH, 2021d)
(Table 7.1). That is due to the ability of liver to
store multiple micronutrients. This nutritional
potential comes at a cost: over 15,000 L of water
are needed to produce 1 kg of beef liver (Gerbens-
Leenes et al., 2013), with an astounding 18-25 kg
CO, emitted in the atmosphere (Buratti et al.,
2017). Cows farming requires plenty of resources
for feed, fertilizer and care of the animals. Carbon
emissions result from agriculture to produce of
cows’ feed (crops), animals themselves (produc-
tion of methane by cows digestive system) and
food processing. Price is quite high (1.7
NZD/100 g) (New Zealand Fresh, 2021) while its
taste is polarizing: intense, friable, with some of-
flavour and bitter notes (Kolbabek et al., 2019).

B6 Chickpeas, the humble legume, are one of
the grains that contain the complex of vitamin
B6. As little as 100 g of cooked chickpeas pro-
vide 39% of the RDI (NIH, 2021e) (Table 7.1).
Nutritionally and environmentally friendly,
chickpeas production and processing require
moderate amounts of water (2071 L/kg)
(Kampman et al., 2008) and produce very little
emissions (0.18 kg COykg) (Yaghubi et al.,
2021). Furthermore, chickpeas are cheap (0.50
NZD/100 g canned chickpeas) (Countdown,
2021) and quite neutral in taste, satisfying nume-
rus consumers.

B7 (Biotin) Beef liver once again rises to the top
of micronutrient sources. A 100 g serve of beef
liver cover more than the full daily need of vita-
min B7 (NIH, 2021f) (Table 7.1). As stated for
vitamin B5, environmental and price challenges
occur, raising the need for innovative solutions to
this challenge.

7.2.2 Vitamin B9 (Folate)

Spinach and beef liver are excellent sources of
vitamin B9, delivering 109% and 64% of the
RDI, respectively (Table 7.1). What elevates
spinach to a higher rank is their extremely low

footprint, both for water use (292 L/kg)
(Mekonnen & Hoekstra, 2011) and carbon emis-
sion (0.4 kg CO,/kg) (Wang et al., 2019). On top
of that, spinach are affordable (0.6 NZD/100 g),
with only sensory representing a challenge, due
to their dark green colour and bitterness (Koyama
et al., 2021).

7.2.3 Vitamin B12 (Cobalamin)

Animal food contains vitamin B12. Of course
beef liver made it to the list, but also tuna is high
in the ranks. The values are astonishing: 3,500%
and 458% of the RDI in 100 g of food, respec-
tively (NIH, 2021g) (Table 7.1). Luckily, there
are not known cases of diseases caused by high
intake of vitamin B12. The high concentration
can partially solve the environmental issue, but it
is not enough. Generally speaking, seafood has a
lower footprint than red meat: for example, car-
bon emissions are three to four times lower for
tuna than beef liver (Table 7.1). What these statis-
tics don’t say, is the effect of fishing and aquacul-
ture on marine biodiversity. The growing human
population is increasing the demand for fish and
seafood. Consequently, more animal species are
now classified as threatened to extinction, partic-
ularly in the Americas, South East Asia and
Oceania. Therefore, intensive fishing and aqua-
culture will likely contribute to global warming
(Blanchard et al., 2017).

7.2.4 VitaminC

Fresh fruits are the most traditional way to guar-
antee access to vitamin C. Honourable mentions
are certain vegetables such as bell peppers and
broccoli, to mention a few. A 100 g serving of
strawberries can guarantee 76% of the RDI,
while 100 ml of orange juice provide 56% (NIH,
2021h). Most of us grew up with the knowledge
that orange juice is the best source of vitamin C
but, as you can see, there are even better sources,
including other fruits (e.g. kiwifruit and vegeta-
bles). Keri Juicing exposes oranges to oxygen,
heat and light, accelerating oxidation and degra-
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dation of vitamin C and loss of flavours. The taste
retains the sweet and sour taste of oranges, but
lacks the chewiness of the pulp. (Ivanova et al.,
2017). Environmentally, most produce has lim-
ited impact. The only negative note is for pro-
cessed fruits such as the case of orange juice,
having triple water footprint than strawberries.
This is due to the amount of added resources
needed for processing, storage and packaging
(Mekonnen & Hoekstra, 2011). In addition, juic-
ing causes loss in insoluble nutrients such as fibre
and certain phytochemicals, minerals and vita-
mins (Bai et al., 2013). Both fruit products are
sweet and highly acceptable. Prices vary highly
based on seasonality and geographical location.
Local and season produce should be preferred for
environmental reasons (lower footprint),
enhanced sensory and nutritional properties with
lower cost (less transport).

7.3 Innovative Food Sources
of Water Soluble Vitamins
7.3.1 Vitamins B1, B2, B3, B5, B6, B7

B1 (Thiamine) Vitamin Bl is found in who-
legrains, but their high-fibre taste might limit its
consumer appeal. A pleasant exception to that is
oat products. Oat milk is a growingly popular
beverage, it is a good source of B1 since it is a
drink made out of oats, upon blending and filter-
ing. Therefore oat milk contains high levels of
this water soluble vitamins, without the hard
husk of oats. It is as high as 37% of the RDI in
100 ml (NIH, 202la; Otis, 2021; Robinson,
1949) (Table 7.2). That means that a 250 ml serve
of oat milk can fully cover our Bl daily need.
Environmentally, oat harvesting only requires
moderate levels of water (1,778 L) (Mekonnen &
Hoekstra, 2011) while releasing very little car-
bon: 0.55 kg CO,/kg (Rajaniemi et al., 2011). On
top of that, oat milk is quite nice in taste. The
only challenge resides in the creaminess: higher
than that of other plant beverages, but still lower
than that of dairy milk. Novel technologies,
sometimes coupled with the use of syrups, seem

to be solving this challenge, resulting in a line of
so called “Barista” style oat milk.

B2 (Riboflavin) Almond Mylk is a concentrate
made of almonds. Almonds contain 85% of the
RDI for B2 (Karimi et al., 2021; NIH, 2021b;
vvmylk, 2021) (Table 7.2). This product is meant
to be used as an additive to various foods and
beverages such as smoothies, coffee, pasta, ice
cream etc. for its nutrition and flavour. A 250 ml
serve of this concentrate will make up to 4 L of
almond milk (vymylk, 2021). The benefits this
product offers are an additive free almond prod-
uct with a long shelf life of 1 year. Though pro-
cessed into a paste/liquid form, the almond
product retains a large amount of its original
nutritional value. Almond Mylk is promoted as a
sustainable and clean label product. The label of
the product claims both ‘zero waste’ and ‘zero
added’. The ‘zero waste’ refers to the use of the
whole almond in the product and the ‘zero added’
refers to no other ingredients, including preserva-
tives, additives or artificial colours, being added
to the product. This, at least, is what the company
claims. In fairness, almonds do present a big
challenge in terms of sustainability. Producing
1 kg of almonds involves huge loads of water
(16,095 L) (Mekonnen & Hoekstra, 2011), while
processing into almond milk causes large CO,
emissions (7.1-7.2 kg/kg) (Winans et al., 2020).
Therefore, almond milk concentrate can be seen
as a treat, but perhaps not a staple food.

B3 (Niacin) Powdered peanut butter is just as
good as peanut butter at delivering vitamin B3.
The vitamin content is similar, at around 75%
RDI (Bonku et al., 2020; NIH, 2021c; Nothing
Naughty, 2021) and so is the environmental
impact (Table 7.2). What differs is that this ingre-
dient is upcycled, being a by-product of the pea-
nut oil industry. Consequently, it takes pressure
off the environment by transforming waste mate-
rial into a new functional ingredient for human
consumption. It is also high in protein and poten-
tially open to numerous applications: bakery,
confectionary, and so on.
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Table 7.2 Innovative food sources of water soluble vitamins: raw materials, bioavailability (quantity, quality as % of
the recommended daily intake RDI) and sustainability (water and carbon footprint)

Products Raw materials | Bioavailability Sustainability ‘
Vitamin quantity (per 100 g) | Water footprint
and %RDI (L water/kg Carbon footprint
product) (kg COy/kg product)
Vitamin B1 (thiamine)
Oat Milk Oats 0.6 mg (37%) 1,778 0.55
NIH (2021a), Otis (2021) Mekonnen and Rajaniemi et al. (2011)
and Robinson (1949) Hoekstra (2011)
10% oats
Vitamin B2 (riboflavin)
Almond milk Almonds 1.1 mg (almonds) (85%) 16,095 7.1-7.2 (almond milk)
concentrate Karimi et al. (2021), NIH (almonds) Winans et al. (2020)
(2021b) and vvmylk (2021) | Mekonnen and
Hoekstra (2011)
Vitamin B3 (niacin)
Powdered defatted Peanuts 27 mg (169%) 3,740 2.5

peanut butter

Bonku et al. (2020), NIH
(2021c) and Nothing

Vanham et al.
(2020)

Rahmadi et al. (2021)

Naughty (2021)
Vitamin BS5 (pantothenic acid)
Lentil chips Lentils 0.6 mg (12%) 5,874 0.29-0.60
Enjoy Life Foods (2021), Mekonnen and MacWilliam et al.
NIH (2021d) and USDA Hoekstra (2011) | (2018) and Nategh
(2019) et al. (2021)
Vitamin B6
Tofu sausages Soybeans 1.3 mg (75%) 2,145 0.27
Roth-Maier et al. (2002) Mekonnen and Agri footprint (2021)
and Tonzu (2021) Hoekstra (2011)
Vitamin B7 (biotin)
Defatted sunflower | Sunflower 7.5pg (25%) 3,366 0.88
flour seeds NIH (2021f) and Pal (2011) | Mekonnen and | Yousefi et al. (2017)
Hoekstra (2011)
Vitamin B9 (folate)
Lentil pasta Lentils 479ug (120%) 5,874 0.29-0.60
NIH (2021g) and San Remo | Mekonnen and MacWilliam et al.
(2021) Hoekstra (2011) | (2018) and Nategh
etal. (2021)
Roasted chickpea Chickpeas 308ug (77%) 4,177 0.18
snacks Happy Snack Company Mekonnen and | Yaghubi et al. (2021)
(2021) and NIH (2021g) Hoekstra (2011)
Vitamin B12 (cobalamin)
Lentein powder Duckweed 2.2ng (92%) Not available 0.40
(water lentils) | Lentein (2021) and NIH De Beukelaar et al.
(2021h) (2019)
Greek yogurt Milk 1.2pg (50%) (milk) 1,020 3.0
Matte et al. (2012) and NIH | Hayek et al. Hayek et al. (2021)
(2021h) (2021)
Vitamin C
Kiwifruit juice Kiwifruit 62 mg (69%) 80-100 0.15-0.20 (integrated,
Dumbrava et al. (2016) and | Soyergin (2016) | organic)
NIH (20211) Miiller et al. (2015)
Blackcurrant Blackcurrants | 940 mg (235%), 5 mg (6%) | 499 (fruit) Unknown
powder, nootropic Arepa (2021), NIH (2021i) | Mekonnen and
beverage and ViBeri (2021) Hoekstra (2010)
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BS (Pantothenic Acid) Lentil chips have been
introduced to the crisps market in recent years
along with kumara, beetroot and many more
types of plant based crisps. The global vegetable
crisps market is increasingly growing at a stable
rate shown by the CAGR rate increasing by
9.81% between 2017 and 2021. Lentil crisps
composition consists of 50% lentil flour, potato
starch, sunflower oil, safflower oil, and sea salt
(Countdown, 2021). They are nutritionally dense
in protein, fibre, vitamins and minerals, however
are fairly expensive. Lentil crisps are made by a
significant amount of pressure and light to turn
the lentil flour into a puffy crisp. The crisps are
then baked in the oven and seasoning is added, as
opposed to fried (Simply7, 2017). Lentils have
become popular as people are beginning to
change to plant-based diets due to the increased
health benefits which this diet has to offer. There
are a number of health benefits associated with
the consumption of lentils. Lentils are good
sources of fibre, vitamins, minerals, and contain
antioxidants ~ which  reduce inflammation
(Thavarajah et al., 2015). Specifically, 100 g of
lentils contains 0.6 mg of B5 (12% RDI) (Enjoy
Life Foods, 2021; NIH, 2021d; USDA, 2019)
(Table 7.2). Lentils contain specific carbohy-
drates and fibre which human bodies don’t have
the ability to digest. They also contain antinutri-
ents which decrease the amount of nutrients and
vitamins extracted from the food meaning B5 and
other nutrients is difficult to absorb form the
food. The antinutrient levels can be reduced how-
ever, by dehulling, soaking, cooking, roasting,
germination and/or fermentation (Patterson et al.,
2017). In addition, consuming this food in com-
bination with a source of vitamin C, such as fresh
fruit or vegetables, will accelerate the degrada-
tion of the antinutrients, thus releasing micronu-
trients for human to absorb. The water footprint
of lentils is significantly high: almost 6000 L/kg
(Mekonnen & Hoekstra, 2011). Nonetheless,
pulse crops are nitrate-fixing crops which
enhance soil fertility and decrease the need for
chemical fertilisers. Pulse crops can also reduce
nitrate leaching within the soil profiles and
increases the protein within the wheat which in

turn increases revenue generated from the crop
(Ding et al., 2018). This results in a negligible
carbon emission ranging from 0.29 to 0.60 kg
COy/kg (MacWilliam et al., 2018; Nategh et al.,
2021).

Vitamin B7 (Biotin) While beef liver is an
excellent source of vitamin B7, plants do contrib-
ute to its intake as well. In this regard, lower
amounts of micronutrients and lower footprint
are the result. A good example? Defatted sun-
flower flour. This is a great case of upcycling. The
oil industry leaves behind plenty of nutrients in a
fibrous, hard to cook with meal. Appropriate pro-
cessing, such as extrusion and high pressure, can
micronize (reduce in size) the insoluble fibre,
making it more soluble. The result is a highly
versatile flour, which also delivers vitamin B7:
sunflower seeds contain 25% of the RDI (NIH,
2021f; Pal, 2011). Once the oil is removed, it is
possible that this number will increase, possibly
double (half of these seeds is oil), nut it hasn’t
been verified yet. This comes with potential
applications such as high protein pasta, featuring
a characteristic dark grey colour. To testify this, a
USA company (Planetarians) provided the ingre-
dient to two Italian pasta companies (Amadori
and Barilla) (Food Navigator, 2019). Sunflower
seeds have moderate impact on the environment:
about 3000 L water and less than 1 kg CO, pro-
duced per kg (Mekonnen & Hoekstra, 2011;
Yousefi et al., 2017). Therefore, the use of their
upcycled flour could result in low impact source
of vitamin B7.

7.3.2 Vitamin B9 (Folate)

As states above, pulses like lentils are a power-
house for B vitamins. This include B9, with as
much as 120% of the RDI in 100 g of lentils
(NIH, 2021g) (Table 7.2). It is not just chips, but
also pasta (San Remo, 2021). Lentil pasta is part
of a recent trend toward alternative protein, high
fibre and gluten-free. The nutritional benefits are
many, while the taste is not the same as tradi-
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tional pasta, being chewy and earthy. Therefore,
this product should be consumed as something
new rather than a new pasta type. There is a catch
though! Pasta is cooked by boiling. Since B9 is
water soluble chances are that it might leach into
the cooking water, thus never being consumed.
There are currently no studies on this, but it is a
legitimate concern. While lentil pasta might be a
great source of protein and fibre, it may not be the
best way to cook your lentils when looking at
water soluble vitamins.

Therefore, a better approach could be roasting
your pulses. This is the case of roasted chickpea
snacks (Happy Snack Company, 2021).
Chickpeas contain 77% of the B9 RDI (NIH,
2021g) (Table 7.2). The roasting process is not
known to decrease B9 content, thus making
roasted chickpeas a good choice in this sense.
Environmentally, chickpeas require less water
than other pulses and are also responsible for
lower carbon emissions (0.18 vs. 0.29-0.60 kg
COy/kg) (MacWilliam et al., 2018; Nategh et al.,
2021; Yaghubi et al., 2021), although this param-
eter should factor in industrial process. Chickpeas
perform well in locations with dry conditions,
and prefer a well-draining soil type, therefore
demanding less water. This is due to the plants
having a deep root system (Ahmad et al., 2005).

7.3.3 Vitamin B12 (Cobalamin)

It is well-established that only animal foods are
reliable sources of vitamin B12. Microbes pro-
duce it, animals store it in their flesh, eggs and
milk. Interestingly though, there have been cases
where plant contained this nutrient, such as for
duckweed. Duckweed/water lentils have been
dried and turned into powder form to incorporate
into smoothies as a form of a vegan B12 but also
in multiple other vitamins and minerals, estimat-
ing a B12 content equal to 92% RDI (Lentein,
2021; NIH, 2021g) (Table 7.2). The acceptability
of this B12 source is still yet to be completely
assessed but beginning studies have been con-
ducted stating that consumers had a generally
positive mindset towards duckweed as human

food when seen in a fitting meal and upon inform-
ing consumers on the positive nutritional and
environmental impacts the product has there was
a decreased acceptability in non-fitting meals. Its
individual or mixed components of methylcobal-
amin and hydroxocobalamin provided by most
likely a symbiotic relationship thought to be due
to photosynthetic eukaryotes (Kaplan et al.,
2019). These two forms of vitamin B12 in the
raw material can also be considered to have rela-
tively the same degree of bioavailability as that of
pure methylcobalamin powder (56-89%) (Obeid
et al., 2015). Studies show that the bioavailability
of intracellular methylating metabolites is deter-
mined based on individual metabolisms and sin-
gle nucleotide polymorphisms rather than being
dependent on the form itself. (Paul & Brady,
2017). Duckweed/Water lentils have a minimal
carbon footprint, estimated at 0.4 kg CO./kg
(De Beukelaar et al., 2019). Its high growth rate
and its tolerance of extreme conditions as well as
the ability for the materials cultivation in basins
on non-arable land make it a highly sustainable
product due to its lack of farmland needed and
minimal control of general conditions.
(De Beukelaar et al., 2019).

Milk is also a great source of B12, and it can
be used to make things such as Greek yogurt.
Milk itself contains methylcobalamin. Vitamin
B12, in milk, is bound to very specific protein
carriers such as transcobalamin and haptocorrin
(Fedosov et al., 2019). These types of proteins
improve the availability of B12 in milk. This is
due to the pH stability and slow proteolysis which
help the nutritional availability of B12 in the
milk. (Fedosov et al., 2019). Milk itself delivers
half of the RDI, in as little as 100 g (Matte et al.,
2012; NIH, 2021h) (Table 7.2). Environmentally,
it takes 1,020 litres of water to produce a litre of
Greek yoghurt (Hayek et al., 2021). This is
extremely unstainable, and leads to a great
amount of water waste each year. There is also
concern about the emissions that cows are putting
into the environment, with a total of 3.0 kg CO,/
kg (Hayek et al., 2021). This is contributing heav-
ily to the agriculture greenhouse gas emissions,
which is contributing dramatically to climate
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change. The biological oxygen demand reaches
around 6.9 and 48gL~!, and the chemical oxygen
demand reaches 12 and 95 g/L for dairy produc-
tion (Fedosov et al., 2019). This is extremely det-
rimental to the health of the environment.

7.3.4 VitaminC

Kiwifruit offers plenty of vitamin C: 69% of the
RDI in a 100 g fruit (Dumbrava et al., 2016;
NIH, 2021i) (Table 7.2). The absorption rate of
vitamin C in the human body is related to the
intake (Vissers et al., 2013). The absorption rate
can reach 100% when the intake is 30-60 mg.
When the intake is 90 mg, the absorption rate
is reduced to about 80%. When the intake is
1,500 mg, the matching absorption rate is 49%.
The body can only absorb 36% of nutrients when
the intake is 3,000 mg, and when the absorption
rate is 16%, the intake is 12,000 mg. The daily
intake of vitamin C by adults is 100 mg, a kiwi
fruit weighs about 160 g, and 100 g of kiwi fruit
contains 62 mg of vitamins. Therefore, eating a
kiwi fruit every day can supplement vitamin C
for a day. But because vitamin C is easily
destroyed regardless of whether it exists outside
or inside the body. Although a large amount of
ingestion is not harmful to the human body, it
should not be taken too much at once, because
after a large amount of ingestion, it will not all
be absorbed, and the final result is still excreted
from the body. The best way is to separate the
time and use it in segments, so as to increase the
absorption rate of vitamin C in the body (Vissers
et al., 2013). Environmentally, it is a feather-like
light touch: 80-100 L water are needed and
0.15-0.50 kg CO, are emitted per kg of kiwifruit
harvested (Miiller et al., 2015; Soyergin, 2016).
It likes a cool and humid climate, with annual
precipitation exceeding 800 mm and relative
humidity exceeding 70%.

Blackcurrant products (beverages, freeze-
dried powders) are relatively new to the market
and slowly increasing in popularity (Arepa, 2021;
ViBeri, 2021). A study on the ascorbic acid con-
tent of freeze dried and air dried berries found

that its levels were consistently higher in organi-
cally and sustainably grown crops compared to
conventionally grown. It also found that both
freeze-dried and air dried berries demonstrated a
statistically significant decrease in vitamin C lev-
els compared to frozen, but freeze dried was still
better than air dried (Asami et al., 2003). The
problem here is cost and sustainability. ViBeri’s
“New Zealand Organic Blackcurrant Berries”
cost NZD 14.13/100 g. Moreover, freeze-drying
involves large energy expenditures, carbon emis-
sions and water waste, unless it is recycled. Arepa
also produces a freeze dried blackcurrant prod-
uct, the “Freeze Dried Neuroberry”. The
Neuroberry product too costs a lot: NZD
23.3/100 g. The price issue can be overcome by
the low serving size needed of about 10 g. Drying
still represents a large environmental burden so
alternative concentration techniques should be
considered. The benefit is enhanced shelf-life and
no need for cold storage (freezer or fridge).
Blackcurrants have minimal impact, with only
500 L water required per kg harvested (Mekonnen
& Hoekstra, 2010), while data on the carbon
emissions was not found. This leaves some room
for processing. Shelf-stable blackcurrant prod-
ucts could be a new sustainable way to Vitamin
C, if more efficient technologies for water
removal will be found.

7.4  Conclusions

Water soluble vitamins are a large group.
Vitamins B1, B2, B3, B5, B6 and B7 are mostly
found in wholegrains, but also diary and meat.
Vitamins B9 and B12 often affect similar health
mechanisms. While B9 (folate) is abundant in
wholegrains, seafood and animal liver, B12 is
prerogative of animal food (liver, dairy, eggs).
Similarly, fruit and vegetables are prerogative for
vitamin C. Innovative food products propose
plant-based solutions for B vitamins based on
nuts, pulses and defatted seeds. The last two are
more sustainable than nuts, environmentally,
requiring less water, while delivering similar, if
not superior, nutritional benefits. Nonetheless,
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they are more challenging in terms of taste and
texture. It is fascinating that B12 was found in a
plant based sources (microalgae such as spirulina
and duckweed) although research is new so fur-
ther data must be collected to guarantee adequate
supply. The extremely low carbon footprint of
microalgae, due to their ability to sequester car-
bon, makes them interesting, when compared to
Greek yoghurt, yet sensory challenges persist.
Finally, vitamin C innovations are not as exciting,
perhaps relying on a wide array of sustainable
options, based on local produce.
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Abstract

Vitamin A comes from carrots, D from dairy, E
from nuts and K from spinach? True, but there
is way more to it. Liver is rich in numerous
vitamins, but raising a cow has a different envi-
ronmental load to growing produce, as much as
they differ in taste and price. Vitamin D is tech-
nically a hormone, and it’s the result of sun
exposure: humans, animals, plants, they all
can synthesize it. Nuts offer plenty of vitamin E
and they are tasty, but how much water does it
take to grow them? Perhaps oilseeds can be
considered as sustainable alternatives, not a
replacement, just another option. Dietary sourc-
ing of vitamin K is typically sustainable, but it
can get more creative to increase consumer
appeal. Green leafy vegetables can be used to
make tasty dips or even flours that improve low
gluten baked goods. Options are available, spe-
cific knowledge is discussed in this chapter.
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8.1 Fat Soluble Vitamins

for Human Nutrition

Vitamins are essential nutrients for human health.

Among these, certain compounds are fat soluble

(National Research Council, 1989). That means

that fat, or lipid, is needed to allow their absorp-

tion. The list includes the following four groups:

— Vitamin A (retinol, retinyl esters and its pre-
cursors from carotenoids);

— Vitamin D (cholecalciferol or D3 and its pre-
cursor ergocalciferol or D2);

— Vitamin E (a-, B-, 8- and y-tocopherol, a-, -,

8- and y-tocotrienol);

— Vitamin K (phylloquinone or K1 and mena-

quinone or K2).

Overall, they interact with the gut microbiota in a
positive manner. Fat soluble vitamins influence
the activity of gut microorganisms, modulating
the immune response and stimulating anti-
inflammatory activities as well as the synthesis of
antimicrobial peptides (Stacchiotti et al., 2021).
They also exert several functionalities, discussed
specifically in the following paragraphs.

Vitamin A is needed for eyes health, and it
also contributes to the metabolism of carbohy-
drates, lipids and protein and it inhibits tumor
growth. It is mostly found in fruits and vegetables
in the precursor form provitamin A or -carotene.
It is also found in animal foods in the form of
retinyl esters (Albahrani & Greaves, 2016;
Wiseman et al., 2017).
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Vitamin D is a fascinating vitamin, since it is
a hormone and it is synthesized by the sun. The
D2 form is the result of ultraviolet (UV) irradia-
tion of plant sterols that are subsequently eaten
(directly by humans or indirectly through ani-
mals then consumed as food). The D3 form is
synthesized similarly, via exposure to the sun, but
with a different substrate: dehydrocholesterol
found in human skin (Albahrani & Greaves,
2016; Miiller et al., 2011; National Research
Council, 1989). Vitamin D supports healthy
bones by enhancing calcium and phosphorous
absorption (Lucas et al., 2014; Miiller et al.,
2011). In addition, vitamin D strengthens the
immune response and resistance to infections
(Lucas et al., 2014).

Vitamin E is mostly known as antioxidant,
eliminating free radicals. It is also essential in
fighting inflammation and supporting vascular
health. It favours the development of healthy red
blood cells and prevent cardiovascular disease.
Specifically, it inhibits atherosclerosis, which is
the accumulation of fats, particularly saturated
and cholesterol, in the arteries (Albahrani &
Greaves, 2016; Dutta and Dutta, 2003).

Fig.8.1 Representative
sources of Vitamin A:
traditional (carrots) and
innovative (sweet
potatoes as source of
flour)

Vitamin K is known for its role in allowing
blood coagulation in case of cuts and injuries
(National Research Council, 1989). It is essential
for the synthesis of proteins responsible for the
following bioactivities: procoagulant, anticoagu-
lant, artery calcification inhibition, bone health
and cell growth (Vermeer, 2012).

This chapter addresses the food sources of fat
soluble vitamins, with a holistic approach that
compares them for nutritional quality, environ-
mental impact and consumer acceptance. An
example of the modern trajectory of food prod-
ucts containing fat soluble vitamins is depicted in
Figs. 8.1, 8.2, 8.3, and 8.4.

8.2 Traditional Food Sources
of Fat Soluble Vitamins
8.2.1 VitaminA

Two representative sources were chosen: one
from the animal kingdom (beef liver) and one
from the plant kingdom (carrots). Quantity wise,
beef liver is one of the highest sources of vitamin

Vitamin A
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Fig. 8.2 Representative
sources of Vitamin D:
traditional (milk) and
innovative (brown
mushrooms)

Fig. 8.3 Representative
sources of Vitamin E:
traditional (almonds)
and innovative (almond
butter)

A, delivering as much as 7.7 mg/100 g: that is
860% of the recommended daily intake (RDI)
(NIH, 2021a). This number is 20 times higher
than that of carrots (Table 8.1). Animal foods
such as liver, chicken, dairy and eggs contain pre-
formed vitamin A, which is easily absorbed.
Plant sources such as green leafy vegetables, car-
rots and sweet potatoes contain the precursor
called provitamin A, which needs conversion
(Olson et al., 2021). Therefore, beef liver delivers
more of this nutrient and in a form that is more

easily absorbable. It is important to state that
vitamin A, if consumed in excessive amounts,
such as 900 mg, can be toxic (Olson et al., 2021).

Environmental impact is the big challenge
here. Producing 1 kg of beef liver can demand as
much as 15,712 L of water and results in emis-
sions of 18-25 kg CO, (Buratti et al., 2017;
Gerbens-Leenes et al., 2013. On the contrary,
carrots require less than 200 L of water and only
cause emissions of 0.11-0.31 kg CO,, while
delivering 40% of the RDI with a 100 g portion
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Fig. 8.4 Representative
sources of Vitamin K:
traditional (kale,
spinach) and innovative
(green vegetables dip)

size (NIH, 2021a). Considering the relevant
amounts found in carrots, vegetables seem to be a
reasonable source of vitamin A in terms of nutri-
tion and sustainability. Their price is sustainable
too, being 7 times lower for carrots than beef
liver: 0.25 vs. 1.7 NZD/100 g (Countdown, 2021;
New Zealand Fresh, 2021).

Taste is a key element. Liver has strong bit-
ter, acidulous taste that may drive some con-
sumers away, just like for carrots earthy notes
(Condurso et al., 2020; Wiklund et al., 2003).
Nonetheless, other animal sources are far juic-
ier and tastier (dairy, chicken and so on) direct-
ing people toward these choices. Vegetables
have potential if cooked properly, accordingly
to their pros and cons. For example, carrots
earthiness makes them less appealing, but their
sweetness and bright colour are attractive
(Condurso et al., 2020).

8.2.2 VitaminD

Animal foods such as dairy and fatty fish are
notoriously indicated as ways to obtain Vitamin
D via diet. Quantity-wise, fatty fish are the big

winner. For example, a 100 g serve of trout can
deliver 95% of the 20 pg daily dose (NIH, 2021b).
Contrary to popular belief, dairy is not a major
source of vitamin D. On average, cow’s milk con-
tains 1.2 pg of vitamin D (NIH, 2021b). If con-
sidering a 250 ml serving size, that adds up to
3 pg, which is 15% of the RDI.

The environmental factors lean even more
against dairy: water footprint varies, based on
farming techniques, from 2,872 L/kg (industrial
farming) to 7,645 L/kg (grazing), while trout
only requires 20 L/kg (Ibidhi & Salem, 2020;
Pérez-Rincén et al., 2017). That is a massive
amount of water required. This is due to the ani-
mal size, being much larger for cows, and their
need for food, explaining why grazing is more
demanding of water than industrial farming. On
the other hands, carbon emissions are far worse
for fish, with the case of trout farming yielding
4-15 kg COy/kg vs. 1.0-1.5 kg COyYL milk
(Flysjo et al., 2011; Liu et al., 2016; Poore and
Nemecek (2018). Feed production causes more
than half of the emissions, with transport and
water treatment following closely. Animals pro-
duce waste such as faeces, which is a major prob-
lem for farming as opposed to open ocean fishing.
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Table 8.1 Traditional food sources of fat soluble vitamins: products, nutritional value (quantity, quality as % of the
recommended daily intake RDI), sustainability (water and carbon footprint) and consumer acceptability (price,

Sensory)
Nutrition Sustainability Acceptability ‘
Quantity | Quality Water Footprint | Carbon Footprint Price
Food (per 100 | (%RDI) (L water/kg (kg COy/kg (NZD/100 g)
products 2) product) product) Sensory Profile
Vitamin A
Beef liver | 7.7 mg 860% 15,712 18-25 1.7 Tender, juicy,
NIH NIH Gerbens-Leenes Buratti et al. New Zealand bitter, iron,
(2021a) | (2021a) |etal (2014) (2017) Fresh (2021) acidulous
Wiklund et al.
(2003)
Carrots 036 mg |40% 195 0.11-0.31 0.25 Orange, earthy,
NIH NIH Mekonnen and R606s and Countdown sweet
(2021a) (2021a) Hoekstra (2011) | Karlsson (2013) (2021) Condurso et al.
(2020)
Vitamin D
Trout 19 pg 95% 20 4-15 3.7 (salmon) Fatty, fishy
NIH NIH Pérez-Rincon Liu et al. (2016) | Countdown Sealey et al.
(2021b) | (2021b) |etal. (2017) (2021) (2011)
Milk 1.2 pug 6% 2872-7645 1.0-1.5 0.18 White, creamy,
NIH NIH Ibidhi et al Flysjo et al. Countdown sweet
(2021b) | (2011b) | (2020) (2011) (2021) Frgst et al. (2001)
Poore and
Nemecek (2018)
Vitamin E
Almonds 24 mg 159% 10,000-12,000 1.9 0.27 Sweet, astringent
NIH NIH Fulton et al. Marvinney and Countdown Franklin and
(2021¢c) | (2021c) | (2019) Kendall (2021) (2021) Mitchell (2019)
Sunflower |40 mg 264% 6,792 0.76 0.35 Sunflower seeds,
Oil NIH NIH Mekonnen and Schmidt (2015) Countdown nutty
(2021c) | (2021c) | Hoekstra (2011) (2021) Bendini et al.
(2011)
Vitamin K
Spinach 048 mg |403% 292 0.50 0.40 Bitter, hard,
NIH NIH Mekonnen and Seoetal. (2017) | Countdown rough, juicy
(2021d) | (2021d) | Hoekstra (2011) (2021) Neal et al. (2010)
Kale 0.38 mg | 313% 322 0.40 2.0 Bitter, hard,
NIH NIH HEALabel Yuttitham (2019) | Countdown fibrous
(2021d) | (2021d) | (2021) (2021) Armesto et al.
(2016)

Therefore treatment of the wastewater is needed
to prevent eutrophication, which involves
unwanted algae growth with toxic effects on local
fish and plants. Simultaneously, open ocean fish-
ing involves fuel consumption, thus carbon emis-
sions (Tan & Culaba, 2009).

From a consumer point of view, fatty fish is
often quite expensive, as much as 16 times more
than milk (Countdown, 2021) thus limiting its
consumption. Taste wise, while milk is more neu-

tral (sweet, creamy, with white appearance), trout
has a distinct smell which can be overcome by
smoking, and it delivers a fatty texture (Frgst
et al., 2001; Sealey et al., 2011).

8.2.3 VitaminE

Oilseeds and nuts are excellent sources of tocoph-
erol and tocotrienol (Vitamin E). For example,
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100 grams of almonds deliver 159% of the RDI
(NIH, 2021c), meaning that about 60 grams of
almonds are enough to cover the daily need.
Similarly, 40 ml of sunflower oil deliver the RDI
of vitamin A, containing 40 mg per 100 ml (NIH,
2021c).

Environmentally, the picture is less shiny.
Nuts like almonds require large volumes of water
for irrigation in warm climates, with a water foot-
print that reaches 10,000-12,000 L/kg (Fulton
et al., 2019). This coupled with a moderate car-
bon emission of 1.9 kg CO, mostly due to har-
vesting and packaging (Marvinney & Kendall,
2021). On the contrary, oilseeds have lesser
impact, although relevant. For example, sun-
flower oil production calls for about 7,000 L of
water (Mekonnen & Hoekstra, 2011) and emits
0.76 kg CO, (Schmidt, 2015). Seeds require less
water to be grown and only oil extraction requires
energy and processing in significant amounts,
more than seeds harvesting. This advantage is
particularly evident for sunflower as opposed to
other oilseeds such as palm, soybean, rapeseed
and peanut, which are more demanding in terms
of water (Schmidt, 2015).

Price wise, both sources are extremely cheap,
being sold ataround 0.30 NZD/100 g (Countdown,
2021). Taste is subjective, but in both cases the
high amounts of fibre and fat confer hard crunchy
texture and nutty notes (Bendini et al., 2011;
Franklin and Mitchell, 2019).

8.2.4 VitaminK

Green leafy vegetables are a powerhouse for vita-
min K. As little as 25-30 grams of spinach and
kale, respectively, contain enough vitamin K to
cover the RDI. Spinach, in particular, contain
0.48 mg/100 g equivalent to 403% of the RDI
(NIH, 2021d).

Environmentally, these vegetables have a lim-
ited impact. Around 300 L of water are required
per kg of vegetable (HEALabel, 2021; Mekonnen
& Hoekstra, 2011). Similarly, only 0.50 kg CO,
are emitted by the farming and harvesting of
spinach and kale (Seo et al., 2017; Yuttitham,
2019).

Price wise, a difference is evident. Kale is 5
times more expensive than spinach: 2.0 vs. 0.40
NZD/kg (Countdown, 2021). This was attributed
to the ubiquity of spinach in terms of geographi-
cal location. Taste wise, both spinach and kale are
hard, juicy and rough. Nonetheless, kale present
more sensory challenges due to its harder fibrous
texture (Armesto et al., 2016; Neal et al., 2010).

8.3 Innovative Food Sources
of Fat Soluble Vitamins
8.3.1 VitaminA

Beef liver has sustainability and sensory issues.
Carrots have limited sensory appeal while deliv-
ering lower vitamin A content. Therefore, inno-
vations are welcome. Sweet potatoes contain
high levels of vitamin A, mostly in the form of
B-carotene (Oloniyo et al., 2021). The combina-
tion of nutritional value, sweet flavour and juicy
texture, projects sweet potatoes as a valuable
bakery ingredient. When used as flour, it deliv-
ered high levels of f-carotene: 15-39 mg/100 g in
the dough and 9-18 mg/100 g in the baked bread
(Oloniyoetal.,2021; Waidyarathna & Ekanayake,
2021). Sensory acceptability is high: bread, cakes
and cookies have a bright yellow colour, taste
sweet and juicy (Mitiku et al., 2018; Zhu & Sun,
2019). Therefore, it is expected that sweet potato
flour has gained popularity as new ingredient
sold in several countries. Each cultivar of sweet
potato flour has a different nutritional profile.
Overall, the content of vitamin A has been quan-
tified between 5.5 and 12 mg per 100 g (Burri,
2011). This means 611-1333% RDI, literally 10
times more than the amount needed, suggesting
limited consumption of this ingredient to avoid
vitamin A toxicity, just like for beef liver. Unlike
beef liver, the environmental impact is minimal:
383 L water needed (Mekonnen & Hoekstra,
2011), producing only 0.4 kg CO./kg (Xu et al.,
2018). Sweet potatoes are grown in multiple
countries and, like other vegetables, require few
resources for harvesting and processing into
flour, making an excellent solution for vitamin A:
nutritionally dense, tasty and sustainable.
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While orange vegetables seem an obvious
source of carotenoids, dark leafy vegetables are
less apparent, yet equally valuable. Spinach can
cover the daily intake of vitamin A with just 100
grams. Therefore, spinach-based products can be
a solution. The company Yumi’s proposed a dip
made based on spinach (40%) blended with oil
and flavours. The presence of oil contributes to
both taste and nutrition (enhancing the bioavail-
ability of vitamin A precursor f-carotene). A 100
gram portion of this dip is estimated to deliver
84% of the RDI (NIH, 2021a; Yumi’s, 2021).
Similarly to sweet potatoes, the environmental
footprint is extremely low: 292 L water and
0.50 kg CO, are the requirement (resources) and
emission (due to fertilizers and food processing)
(Mekonnen & Hoekstra, 2011; Seo et al., 2017).

8.3.2 VitaminD

A source of vitamin D is fortified milk. As men-
tioned in Sect. 8.2.2, milk itself does not guaran-
tee adequate levels of vitamin D. Consequently,
some industries fortify it with added extracts of
vitamin D, doubling its concentration to
2.3 pg/100 g, still only 12% RDI (NIH, 2021b).
This, coupled with high water and carbon foot-
prints, presents challenges.

It is not just dairy and fatty fish that contain
vitamin D. Mushrooms are an excellent source.
Studies have shown that mushrooms exposed to
ultraviolet (UV) light such as that of sunlight
contain more than 10 pg/100 g of vitamin D,
meaning half of the RDI. The most common
form of this nutrient found in mushrooms is vita-
min D2, with lower levels of D3 (common in ani-
mals) and D4 (Cardwell et al., 2018). Fresh
mushrooms contain vitamin D as well, with
quantities varying greatly, from 1.0 to 58 pg/100 g
of fresh weight (Cardwell et al., 2018). With this
notion in mind, mushroom based food products
are a great way to introduce vitamin D in our diet.
One example is the mushroom patties. This prod-
uct contains approximately 8% mushrooms
(Food Nation, 2021). Therefore, it can be esti-
mated that mushroom patties can deliver 5.5% of
the vitamin D RDI (Food Nation, 2021; NIH,

2021b). Therefore, it is not sufficient to present
them as a reliable source. Higher concentrations
of mushrooms must be implemented in food for-
mulations to fully exploit their nutritional poten-
tial. This is particularly important when looking
at the incredibly low impact on the environment.
Mushrooms can grow so easily, in so many sub-
strates and climates, only require 16 litres of
water (Chapagain & Orr, 2008). This is drasti-
cally lower than any other food source presented
so far, 100 times lower (Tables 8.1 and 8.2). In
addition, minimal carbon emission is caused by
mushroom farming, 0.6-0.7 kg CO,/kg (Hoekstra
etal., 2011).

Never underestimate the role of sun: vitamin
D is the only essential nutrient that can be synthe-
sized by humans upon sun exposure. Variability
takes place based on the geographical location,
time of the day, age and skin pigmentation. On
average, 15 min of sun exposure around noon
resulted in significant vitamin D3 synthesis, dou-
bling the blood concentration (Chalcraft et al.,
2020).

8.3.3 VitaminE

Since vitamin E is mostly found in oilseeds, it
makes sense to explore these ingredients for food
innovation. One of the main challenges with
seeds and nuts it’s the hard texture, mostly due to
their fibre content and insoluble protein (Pérez-
Herrera et al., 2020) coupled with bitter aftertaste
due to phenolic compounds (Talcott et al., 2005).
Roasting and extrusion of seeds into spreads can
make them more palatable, due to smoother tex-
ture (Civille et al., 2020). Manufacturers have
recently explored alternative nuts to develop
novel spread: almonds, cashew nuts, and even
seeds such as sunflower seeds (based on the more
common sesame-based tahini). Popular products
are almond butter (Pic’s, 2021) and plant-based
chocolate-hazelnut spread (Fix & Fogg, 2021).
Nutritionally, they perform very well, deliver-
ing respectively 41% and 179% of the RDI for
hazelnut and almond spread (Fix & Fogg, 2021;
NIH, 2021c; Pic’s, 2021). These amounts were
estimated based on the ingredient list reporting
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Table 8.2 Innovative food sources of fat soluble vitamins: products, raw materials, bioavailability (quantity, quality as
% of the recommended daily intake RDI) and sustainability (water and carbon footprint)

Products Raw materials| Bioavailability Sustainability
Vitamin quantity (per 100 | Water footprint Carbon footprint
g) and %RDI (L water/kg product) | (kg CO./kg product)
Vitamin A
Sweet potato Sweet 5.5-12 mg (611-1333%) | 383 0.40
flour potatoes Burri (2011), Lotus Mekonnen and Xu et al. (2018)
Lotus (2021) (2021) Hoekstra (2011)
Spinach dip 40% 0.76 mg (84%) 292 0.50
Yumi’s (2021) | Spinach NIH (2021a), Yumi’s Mekonnen and Seo et al. (2017)
(2021) Hoekstra (2011)
Vitamin D
Mushrooms Mushrooms | 1.1 pg (5.5%) 16 0.6-0.7
patties (8% Food Nation (2021), NIH | Chapagain and Orr Hoekstra et al. (2011)
Food Nation estimated) (2021b) (2008)
(2021)
Fortified Milk | Milk 2.3 pg (12%) 1.0-1.2 1.0-1.2 (energy corrected)
NIH (2021) NIH (2021b) Flysjo et al. (2011) Flysjo et al. (2011)
Vitamin E
Almond butter | Almonds 27 mg (179%) 16,095 (nuts) 0.9-1.3
Pic’s (2021) NIH (2021c), Pic’s (2021) | Mekonnen and Volpe et al. (2015)
Hoekstra (2011)
Hazelnut 42% 6.1 mg (41%) 10,515 (nuts) 2.6-2.8
spread Hazelnuts Fix & Fogg (2021), NIH Mekonnen and Volpe et al. (2015)
Fix & Fogg (2021c¢) Hoekstra (2011)
(2021)
Vitamin K
Spinach dip 40% 0.19 mg (161%) 292 0.50
Yumi’s (2021) | Spinach NIH (2021d), Yumi’s Mekonnen and Seo et al. (2017)
(2021) Hoekstra (2011)
Broccoli pizza | Broccoli N/A 285 1.9-3.2
crust Mekonnen and (broccoli-grain products)
DelORIO’s Hoekstra (2011) Drewnowski et al. (2015),
(2021) Gorny et al. (2021)
100% almonds and 42% hazelnuts in the Sensory is a big winner for almond butter and
products. Unfortunately, the environmental hazelnut spread: golden/brown colour, homoge-

impact of nuts is heavy, requiring tens of thou-
sands litres of water (Mekonnen & Hoekstra,
2011) for irrigation and other operations. The
carbon footprint is lower, interestingly more in
favour of almonds than hazelnuts (about half).
Seeds such as sunflower require way less
water than nuts (about 3,000 vs. 10,000—
15,000 L/kg) presenting a much more interesting
opportunity in this sense. Nonetheless, the taste
of sunflower seeds is not as appealing as that of
nuts. Nuts contain less fibre and more sweet tast-
ing carbohydrates (particularly after processing
into spread) than seeds.

neous look, creamy texture, lightly sweet taste.
Limited information is available on the sensory
profile of these products. A study (Shakerardekani
etal., 2013) presented it well. Roasting at 160 °C
for variable time is needed to reduce water con-
tent in the nuts and develop complex flavours.
This step is followed by blanching to remove the
bitter hulls. Only at this stage, grinding takes
place to smoothen and homogenize the texture.
Unfortunately, these products can be pricey, par-
tially due to their novelty and partially due to
higher cost of the raw material (nuts vs. peanuts)
(Countdown, 2021).
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8.3.4 VitaminK

Less innovation took place around vitamin K,
therefore we considered products that have devel-
oped for other reasons and happen to be high in
this nutrient: spinach dip and broccoli pizza crust.
As for the spinach dip, the minimal environmen-
tal impact has been praised in Sect. 8.3.1. A 100 g
serve of this dip is estimated to provide 161% of
the RDI (NIH, 2021d, Yumi’s, 2021) while tast-
ing appealing. On the contrary, no nutritional
information was found on the broccoli pizza
crust. Nonetheless, it is a very interesting innova-
tion. Broccoli contain 0.12 mg/100 g of vitamin
K, covering the daily intake of this micronutrient.
The amount of broccoli used in this bakery prod-
uct is unknown, but it could prove to be nutrition-
ally significant while improving taste Broccoli
flour contains moderate levels of fibre (11—
15 g/100 g dry weight) and high levels of soluble
carbohydrates (65-72 g/100 g dry weight) thus
showing potential for enhanced juiciness and
elasticity, which are critical for bakery products
such as pizza crust. Furthermore, the protein con-
tent of broccoli flour can reach 22 g/100 g dry
weight of the dry weight, when using florets,
much less (9 g/100 g dry weight) when using the
stalks. Broccoli flour was shown to be highly
soluble and able to absorb moisture (Campas-
Baypoli et al., 2009). Protein, particularly when
soluble, can improve elasticity of bakery prod-
ucts. Thus, further evaluation of this ingredient
should be carried to fully express its potential.

8.4  Conclusions

Fat soluble vitamin are essential for human
health. They can only be obtained from the diet,
with the exception of vitamin D, which can be
synthesised by humans upon skin exposure to
sunlight. Animal sources such as beef liver and
fatty fish are rich in vitamins A and D, but pres-
ent environmental and economic challenges:
high footprint and high price. Plant-based solu-
tions are far more sustainable and still helpful
from a nutritional standpoint. Traditional exam-
ple are orange roots (carrots), nuts (almonds),

seeds (sunflower) and green leafy vegetables
(spinach, kale). Innovations focus on sweet
potatoes, mushrooms, almonds, hazelnuts, spin-
ach and broccoli. The most sustainable innova-
tions propose dry vegetables as flours for
nutritional benefit and superior taste. Mushrooms
can enhance juiciness and umami flavour.
Upcycling discarded vegetables into flours
could be an excellent way to reduce waste while
creating high values ingredients. This will ben-
efit the environment (lower footprint), food
manufacturers (cheaper technologies) and the
consumers (nutritious, tasty and affordable
foods).
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Abstract

The occurrence of insulin and glucose metab-
olism disorders (collectively referred to as
Diabetes), are increasing globally with expec-
tations that over 700 million individuals will
be diagnosed with Type 2 Diabetes by 2025.
Current treatments for Type 2 Diabetes are
limited by the side effects they impose on
patients as well as the practical ability to
resolve all aspects of the illness. Therefore,
there is a need to develop new treatment
approaches. Bioactive compounds derived
from foods including, phenolic compounds,
alkaloids, and bioactive peptides, have been
shown to have potential as treatments for Type
2 Diabetes. Mechanisms of action for bioac-
tive compounds derived from foods against
Type 2 Diabetes include o-amylase and
a-glucosidase inhibition, incretin hormone
modulation, and modulation of insulin recep-
tors (both expression and sensitivity). Before
there use, bioactive compounds require con-
centration, extraction, and (or) purification
from the original source. The protein fraction
of food waste, especially animal-based foods,

can also be used as a substrate for the genera-
tion of bioactive peptides or as a source of
enzymes that can be subsequently used for the
generation of bioactive peptides. Waste
derived from plant based food systems, is
known to be especially rich in phenolic com-
pounds and alkaloids. When extracted using
modern processing methods such as micro-
wave assisted extraction or Pulsed electric
field, plant based food waste can be seen as a
sustainable source of these compounds. This
chapter explores selected bioactive com-
pounds found in food and evaluates them in
the context of the treatment of Type 2 Diabetes.
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9.1 Introduction

The main reason for the consumption of food is
to provide the core nutrients required for energy,
body maintenance, and normal physiological
function. These essential nutrients are proteins,
lipids, carbohydrates, vitamins, and minerals
(Ellwood et al., 2014). A secondary aspect driv-
ing food consumption is the effects that compo-
nents other than the essential nutrients can have
on consumer health and wellbeing. Of particular
note are low abundance compounds within food
including alkaloids, phenolic compounds, and
peptides (Recharla et al., 2017). In the context of
food, these low abundance compounds are
referred to as bioactive compounds (Recharla
et al., 2017). Classically, any compound that
interacts with the metabolism and (through that
interaction) results in at least one physiological
response is considered bioactive (or a bioactive
compound) (Dima et al., 2020; Ferndndez-Garcia
et al., 2009). According to the above general defi-
nition, both the essential nutrients and low abun-
dance compounds can be considered bioactive.
To differentiate these within the context of food
the term bioactive (or bioactive compound) is
specifically used to refer to low abundance com-
pounds that have been linked to a physiological
response (Recharla et al., 2017). These responses
can include (but are not limited to) antioxidant
activity, antimicrobial activity, anti-inflammatory
activity, anti-diabetic functions, and cholesterol
lowering activity (Ellwood et al., 2014).

Type 2 Diabetes (also known as Diabetes
Mellitus) is an autoimmune disease estimated to
affect over 400 million people worldwide (Patil
et al., 2020). Type 2 Diabetes is one of a wider set
of conditions and disorders associated with insu-
lin and glucose metabolism collectively referred
to as Diabetes. The characteristic pathology of
Type 2 Diabetes is the reduced production of
insulin or insufficient insulin response, identified

formally as insulin resistance. This can be con-
trasted with Type 1 Diabetes (also known as
Juvenile Diabetes) where natural pancreatic insu-
lin secretion is essentially non-existent (Patil
et al., 2020). All forms of Diabetes are consid-
ered heterogeneous metabolic syndromes and are
driven by a combination of lifestyle and genetic
factors (Tuomi et al., 2014; Unuofin & Lebelo,
2020). The impacts of Type 2 Diabetes are hard
to classify in interval patients. However, Type 2
Diabetes has been associated with a range of
undesirable long-term effects including weight
loss or gain, chronic hypertension, cardiovascular
damage, nerve damage, kidney damage, optic
damage, and neurodegeneration (Tuomi et al.,
2014).

It is expected that by 2025 over 700 million
people will be diagnosed with Type 2 Diabetes
(Tuomi et al., 2014). This sharp rise in cases is
predicted to result in a large burden on the medi-
cal system and be correlated with extremely high
medical costs (van Dieren et al., 2010). Of par-
ticular note is the limited effectiveness of treat-
ment options currently available. A number of
pharmaceutical options are available for Type 2
Diabetes treatment, including dipeptidyl pepti-
dase-4 (DPP-IV) inhibitors, glucagon-like pep-
tide-1 (GLP-1) agonists, sodium-glucose
cotransporter (SGLT2) inhibitors, and insulin
injections. However, each of these has associated
side effects, and limited effectiveness (Chaudhury
et al., 2017). One key application for bioactive
compounds derived from food is both direct
treatment and management of Type 2 Diabetes
(Yan et al., 2019).

9.2 Types of Bioactive

Compounds

Typically, bioactive compounds are classified
based on either their functionality or chemical
characteristics. The classification based on chem-
ical characteristics (e.g. structure and molecular
weight) is considered important to allow for the
identification and purification of bioactive com-
pounds (Azmir et al., 2013; Laraia et al., 2018). A
focus on functionality is important in the context
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of evaluating the potential applications of a com-
pound (Dima et al., 2020). It must be noted that
wide chemical and structurally diversity has been
identified between compounds that share the
same types of bioactive functions. Simultaneously,
any given bioactive compound may also carry out
multiple functions. This means it is difficult to
predict and quantify the functionality of a com-
pound. In contrast methods including (but not
limited to) Nuclear Magnetic Resonance (NMR),
Fourier-transform infrared spectroscopy (FT-IR),
Mass spectrometry, and Chromatography tech-
niques allow for accurate structural determina-
tion (Ingle et al., 2017).

Common Classes of Non-
peptide Bioactives

9.2.1

9.2.1.1 Phenolic Compounds

Phenolic compounds are a large group of related
compounds that contain at least one aromatic
ring. Phenolic compounds are commonly found
in plant tissues acting as secondary metabolites
(Albuquerque et al., 2021). Common examples
of phenolic compounds include gallic acid, caf-
feic acid, and catechin (Figure 9.1). Key sub-
categories of phenolic compounds include

phenolic acids, flavonoids (including anthocya-
nins), and tannins (Sagar et al., 2018). The con-
sumption of phenolic compounds has been linked
to a range of positive health outcomes including
acting against Alzheimer’s disease, cancers, obe-
sity, and diabetes (Caleja et al., 2017; Haminiuk
et al., 2012).

Due to the presence of conjugated bonds and
ring structures (Figure 9.1), a large proportion of
phenolic compounds are able to act as antioxi-
dants (Albuquerque et al., 2021). The antioxidant
capacity of a phenolic compound is dependent
firstly on the structure of the phenolic compound,
and secondly, the specific method used to evalu-
ate the antioxidant capacity. For example, the
antioxidant activity of catechin is 0.8 mmol
Trolox/mmol and 7.9 mmol Trolox/mmol, when
measured by the 2,2-diphenyl-1-picrylhydrazyl
radical scavenging capacity (DPPH) and oxygen
radical absorbance capacity (ORAC), respec-
tively (Tabart et al., 2009). The evaluation of anti-
oxidant capacity in isolation has however been
widely criticised. This critique is associated with
both the large variation in methods available to
antioxidant capacity and the non-specific nature
of these methods (Harnly, 2017).

Within the metabolism of plants, phenolic
compounds play a variety of roles most notably

Fig.9.1 A,B,C, and
D: Chemical structures
of common

phenolic compounds:
basic phenol structure
(a), caffeic acid (b),
catechin (c), and gallic
acid (d)
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acting as pigments, UV protective agents, and
anti-parasitic agents. Many of these functions are
predicated on the phenolic compounds present in
surface tissues (cuticle), berries, fruits, and flours
(Albuquerque et al., 2021). In addition to the
above functions within the context of food,
Phenolic compounds also act as tastants. Higher
molecular weight poly-phenolic compounds like
tannins can also provide additional astringent
characteristics to beverages especially red wines
(Dias Araujo et al., 2021).

9.2.1.2 Alkaloids

Alkaloids are an extremely heterogeneous group
of compounds characterised only by the presence
of at least one nitrogen within the structure and
an inability to be classified into a more common
group (e.g. amines) (Figure 9.2). Though present
in all living systems, alkaloids commonly found
in both plant and fungal tissues show high levels
of bioactivity (Dey et al., 2020).

From a pharmaceutical and medical perspec-
tive, alkaloids are extremely common with func-
tions including analgesics, antihypertensives, and
antiarrhythmics. Examples of classical medica-
tions that have alkaloid structures include mor-
phine, codeine, and quinine (Dey et al., 2020).

Additionally, alkaloid structures are common in
recreational drugs acting as stimulants, analge-
sics, and hallucinogens. Examples range from the
more common caffeine and nicotine to illicit
drugs such as cocaine and psilocybin (Matsuura
& Fett-Neto, 2015; Reyes & Cornelis, 2018).

Alkaloids in the food chain have been tradi-
tionally associated with toxic and harmful effects.
Damage to the liver resulting in a range of hepatic
disorders has been generally associated with
toxic alkaloids. Additional effects of toxic alka-
loids include (but are not limited to) cardio-
vascular disorders, convulsions, and
gastro-intestinal disruption (Caradus et al., 2022;
Dusemund et al., 2018). The most well describe
group of toxic alkaloids are associated with
fungi, specifically the ergot fungi and the wider
Claviceps genus (Klotz, 2022). Over 80 toxic
compounds of different classifications have been
associated with the Claviceps genus almost all of
these compounds are considered mycotoxins
(Caradus et al., 2022). Ergot fungi can grow on a
range of different cereal and grass substrates and
the associated toxins are easily transmitted
through the food chain both directly to humans
and stock animals like cattle, sheep, and pigs
(Caradus et al., 2022).

Fig.9.2 A,B,C, and
D: Chemical structures
of common alkaloids:
caffeine (a), morphine
(b), nicotine (c¢), and
quinine (d)
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Not all alkaloids in food are harmful. As this is
such a large and diverse ground of compounds.
As already indicated caffeine, found in many
plant derived food including tea and coffee is an
alkaloid. The bitterness associated with caffeine
is also a good example of the impact alkaloids
can have on the sensory perception of foods
(Reyes & Cornelis, 2018). Quinine, the charac-
teristic component of tonic water is also associ-
ated with a bitter flavour. Traditionally quinine
used to prepare tonic water was extracted from
the cinchona tree, though now in many cases syn-
thetic quinine is used (Misra et al., 2008). Modern
tonic water is reported to contain around 80 mg
L-!, though historical reports indicate substan-
tially higher levels have been used (Donovan
et al., 2003).

9.2.1.3 Concentration, Extraction,
and Purification of Non-peptide
Bioactives

Non-peptide bioactives are present in biological
tissues at low and extremely variable concentra-
tions. This presents a key challenge in their appli-
cations both as food ingredients and as
pharmaceutical agents (Bubalo et al., 2018). For
example, bark from the cinchona tree (Cinchona
spp.) has been shown to have concentrations of
the alkaloid quinine ranging from 0.2 to 25.8 mg
g7! (Maldonado et al., 2017). A number of
approaches have been used to overcome the prob-
lem of low concentrations. Solvent extraction has
traditionally been used especially for non-polar
compounds (Ingle et al., 2017). Solvent extrac-
tion methods have been criticised due to the use
of toxic agents and the generation of large
volumes of environmentally hazardous by-
products (Bubalo et al., 2018; Gullén et al.,
2020). Of particular concern is the use of chloro-
alkanes including dichloromethane (CH,Cl,) and
chloroform (CHCl;) (Capello et al., 2009). The
use of modern methods of extraction has some-
what overcome these concerns. The development
of alternative solvents including deep eutectic
solvents such as has been able to provide alterna-
tives to chloroalkanes (Zainal-Abidin et al.,
2017). In addition, the use of methods to improve
extraction efficacy has allowed for the reduction

in solvent volumes and increased extraction
yields. The commonly applied methods include,
microwave assisted extraction, pulsed electric
field (PEF), and ultrasound assisted extraction
(Giacometti et al., 2018).

To establish the bioactive functionality of a
given compound purification is required. This is
because of the potential interference of other
compounds within complex biological systems.
The ability to obtain pure compounds is a core
aspect of the wider ethnopharmacological
approach whereby the traditional knowledge
associated with medicinal plants is evaluated
using analytical methods (Brusotti et al., 2014).
Solvent based extraction methods (as identified
above) do carry out partial purification. These
methods are however, limited in their ability to
separate compounds with similar chemical char-
acteristics, epically hydrophobicity. The use of
chromatographic methods including high-
performance liquid chromatography (HPLC) and
ultra-performance  liquid  chromatography
(UPLC) have been critical to overcoming the
limitations of basic extraction methods (Ingle
etal., 2017).

The development of chemically synthesised
analogues of non-peptide bioactives is an
approach that has been applied particularly in the
context of pharmaceutical applications. The clas-
sical example of this is the non-steroidal anti-
inflammatory acetylsalicylic acid, also known as
aspirin. The use of plants containing aspirin has
been traced back as far as 1534 BCE to treat
inflammatory rheumatic diseases (Montinari
et al., 2019). Between the 1820’s and 1890’s a
number of critical developments occurred that
culminated in Felix Hoffmann and Arthur
Eichengriin synthesising aspirin for later com-
mercialisation by the Bayer Corporation (Fuster
& Sweeny, 2011; Montinari et al., 2019). The use
of synthesised analogues of non-peptide bioac-
tives overcomes the problems associated with
low concentrations and some concerns associated
with purification. However, synthesis is not pos-
sible for all compounds especially higher molec-
ular weight compounds such as tannins
(Albuquerque et al., 2021).



124

K. Burrow et al.

Waste streams from food production can pro-
vide an alternative source of low cost bioactive
compounds without the need to conduct complex
chemical synthesis. For example, the peel from
citrus fruits (Citrus spp.) can make up between 5
and 40% of the total fruit weight (Mahato et al.,
2019). During food, processing citrus peel is nor-
mally actively separated from the desirable flesh
and discarded. However, a range of non-peptide
bioactive compounds can be extracted from the
peels including the polyphenols ferulic acid,
p-hydroxybenzaldoxime, p-cinnamic acid and
isoferulic acid, and vanillic acid. The skins of a
range of other plants including potatoes (Solanum
tuberosum), cucumbers (Cucumis sativu), and
tomatoes (Solanum lycopersicum) have also been
identified as rich sources of non-peptide bioac-
tives (Sagar et al., 2018).

9.2.2 Bioactive Peptides

Peptides are generally defined as chains of amino
acids that are between 2 and 20 residues long
(with a molecular mass of up to 600 Da) (Sarmadi
& Ismail, 2010). These chains can have dual
functions as nutritional sources of amino acids
and as bioactive compounds (Karami & Akbari-
Adergani, 2019). Commonly cited functions of
bioactive peptides include (but are not limited to)
antihypertensive activity, hypocholesterolemic
activity, antimicrobial activity, immunomodula-
tory activity, anti-oxidant activity, and cytomod-
ultory activity (Karami & Akbari-Adergani,
2019; Korhonen & Pihlanto, 2006). Not all bio-
active functions performed by peptides are con-
sidered positive. For example, p-casomorphins,
and specifically p-casomorphin-7, have been
alleged to act in an inflammatory manner within
the gastrointestinal system (Kay et al., 2021). In
addition, the individual functions of bioactive
peptides are not mutually exclusive. For exam-
ple, Minervini et al. (2003) identified that the
peptide sequence Tyr-Phe-Tyr-Pro-Glu-Leu from
asl-casein  showed  angiotensin-converting
enzyme inhibitory activity and antioxidant activ-
ity (as measured by ORAC assay).

Peptides can be generated in biological sys-
tems during the break down of larger proteins
(both chemical and enzymatic). Within the con-
text of food peptide generation from proteins
occurs at a number of stages including process-
ing, storage, and gastrointestinal digestion (Ryder
et al., 2016; Toldra et al., 2018). The intentional
generation of peptides using enzymatic hydroly-
sis of proteins has also been of increasing focus
within the literature. As identified in Table 9.1
protease sources used for the intentional genera-
tion of peptides can include animals, plants, bac-
teria, and fungi (Toldrd et al., 2018). The
identification of enzymes with protease activity
in waste streams associated with food is one area
of large potential. Proteases derived from waste
streams can have unique hydrolysis characteris-
tics including substrate specificity, wide catalytic
temperatures, and wide functional pH ranges. For
example, Espdésito et al. (2009) purified alkaline
proteases from the viscera of the Tambaqui fish
(Colossoma macropomum). The purified prote-
ases showed optimum activity within a pH range
of 10-12 and at a temperature of 60 °C. Proteases
can also be derived indirectly from waste streams,
most commonly by isolating and characterising
protease producing bacteria with novel proper-
ties. The most commonly targeted waste streams
are high protein, low carbohydrate waste streams
found in animal processing. The extent of purifi-
cation has varied with Ramakodi et al. (2020)
isolating the proteolytic bacteria
Chromobacterium violaceum from slaughter-
house effluent samples without characterising the
specific proteolytic enzymes. In contrast,
Anandharaj et al. (2016) purified and character-
ised a metallo-protease from Bacillus alkalitellu-
ris TWI3 that originated in tannery waste. Due to
the large number of proteolytic options available,
the combination of protease(s) with proteins sub-
strates is, therefore, a critical consideration.

When considering the generation of peptides
the amino acid sequence of the protein substrate
present and the concentration of those proteins
need to be considered. The amino acid sequence
of the proteins present is important as it deter-
mines the potential peptides that can be liberated.
The protein profile and subsequent amino acid
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Enzyme source Enzyme name Enzyme
Biological classification
kingdom Derivation Citation
Animal Waste streams Colossoma macropomum | Alkaline protease Espésito et al. (2009)
protease
Gastro-intestinal | Pepsin Aspartic Lo etal. (2016) and
system endopeptidase Ryder et al. (2016)
Trypsin Serine
Chymotrypsin endopeptidase
Bacterial Commercial Alcalase (2.4 L)* Alkaline Toldra et al. (2018)
preparation endopeptidase
Amino peptidase
Metalloprotease
(neutral)
Flavourcyme (1000M)? Amino-peptidase
Endopeptidase
Prolidase Dipeptidase
Valkerase® Endopeptidase
Neutrase® Metalloprotease
Waste streams Bacillus alkalitelluris Anandharaj et al. (2016)
TWI3 protease
Fungal Commercial Acidic fungal protease Acidic protease Ryder et al. (2016)
preparation Fungal protease 31,000 Protease
Fungal protease I (un-specified)
Fungal protease 60,000
HT proteolytic protease
Plant Tissue Actinidin Cysteine Haet al. (2012)
Papain endopeptidase
Bromelain
Zingibain

* indicates enzyme mixtures

sequence can also be used as a key tool to screen
the potential of proteins to act as peptide sub-
strates, this emerging methodology is often
referred to as a bioinformatics approach
(Udenigwe, 2014) or peptidomics (Sanchez-
Rivera et al., 2014). The experimental validation
of the function of peptides identified using a bio-
informatics approach is required but the time
needed is less than the traditional empirical
methods (Udenigwe, 2014). In turn, the concen-
tration of the proteins present within a food deter-
mines the efficacy of the overall process and
plays a key role in determining process yield
(Gorgiig et al., 2020). In addition to peptides that
are generated enzymatically, native peptides with
bioactivity have also been identified within both
plant and animal sources (Cerrato et al., 2021;
Gorgiic et al., 2020).

Food components, both protein and non-
protein, have the direct ability to interfere with
the generation of bioactive peptides. Protease
inhibitors act at low concentrations to prevent the
action of proteolytic enzymes. Most protease
inhibitors also show specificity towards individ-
ual protease enzymes. Proteases inhibitors are
present at notably higher concentrations in plant
tissues than in animal tissues (Hellinger &
Gruber, 2019). The role of protease inhibitors in
plant systems is varied and includes metabolic
regulation, protection against pests and protec-
tion, against pathogens (Ryan, 1990). The pres-
ence of protease inhibitors has historically been a
concern with respect to the nutritional value of
plant protein due to the ability of inhibitors to
reduce the efficiency of gastrointestinal digestion
(Samtiya et al., 2020). Given that, proteases act
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both as a part of the gastrointestinal digestion
process and as a key facilitator in the formation
of bioactive peptides, this concern is relevant to
the production of peptides.

9.3 Treatment and Management

of Type 2 Diabetes

The primary treatment prescribed for Type 2
Diabetes is insulin injections administered after
food consumption (post-prandial) to increase
serum insulin levels. The increased circulating
insulin stimulates the uptake of glucose from the
blood into cells of the muscle, fat, and brain. This
results in a reduction of blood glucose, which
ameliorates the risk of hyperglycaemia and periph-
eral insulin resistance typical in Type 2 Diabetes
(Chaudhury et al., 2017). Insulin injections only
treat one aspect of Type 2 Diabetes and the key
symptoms of the condition. Medications including
a-glucosidase inhibitors and inhibitors of DPP-IV
are commonly prescribed alongside insulin injec-
tions to target the underlying systematic drivers of
Type 2 Diabetes (Table 9.2) (Casey et al., 2021;
Seino et al., 2010).

Each of the commonly prescribed medications
currently used to treat Type 2 Diabetes (Table 9.2)
has been associated with side effects. Commonly
accepted side effects include nausea, stomach

Table 9.2 Common medications used to treat and con-
trol Type 2 Diabetes (Adapted from Chaudhury et al.
(2017) and National Center for Biotechnology XE
“Biotechnology” Information (2022))

Mechanism of Common
action name Compound type
a-glucosidase Acarbose Iminosaccharide
inhibition Voglibose
Miglitol Alkaloid
DPP-1V Alogliptin
inhibition Sitagliptin | f-amino acid
derivative
Saxagliptin | Dipeptides
derivative
Vidagliptin | Nitrile derivative
Linagliptin | Purine
Exenatide Peptide

pains, headaches, dizziness, weight gain, hyper-
sensitivity, and toxicity (Chaudhury et al., 2017).
These side effects can directly affect the willing-
ness of Type 2 Diabetes patients to adhere to
medication regimes (Rezaei et al., 2019). Even
when taken as prescribed these medications can
have limited abilities to manage Type 2 Diabetes
in all cases (Casey et al., 2021; Seino et al., 2010).
Bioactive compounds derived from food provide
a natural and accessible alternative to Type 2
Diabetes medications with minimal side effects
(Jakubcezyk et al., 2020).

9.3.1 Inhibitors of Carbohydrate

Digestion and Absorption

Targeting carbohydrate digestion and absorption
is one key mechanism for the management of
Type 2 Diabetes. This includes targeting enzymes
that control the degradation of starch, into Mono
and Di- saccharides (Abdelli et al., 2021).
Inhibiting the activity of these enzymes has the
effect of preventing spikes in post-prandial blood
glucose levels (Gonzilez-Montoya et al., 2018;
Patil et al., 2020). a-amylase and a-glucosidase
are two key enzymes in the process of carbohy-
drate digestion and absorption. a-amylase is a
glycoside hydrolase enzyme that catalyses the
hydrolysis of the a;_4-glycosidic bonds of com-
plex polysaccharides into oligosaccharides.
a-amylase is secreted from the salivary glands
and pancreas after consumption of carbohydrates.
In contrast, a-glucosidases are a group of
enzymes secreted in the intestine to break down
polysaccharides into glucose. Though both
a-amylase and o-glucosidases catalyses the
hydrolytic cleavage of the a,_4-glycosidic bonds
a-glucosidases targets terminal bonds
(Ramasubbu et al., 1996).

Bioactive peptides have been shown to act as
a-amylase and a-glucosidases inhibitors. Several
in vitro studies report the efficacy of plant, egg,
and dairy derived mixtures of bioactive peptides
(hydrolysates) in the inhibition of both a-amylase
and a-glucosidase (Gonzédlez-Montoya et al.,
2018; Jan et al., 2016; Yu et al., 2012). Peptides
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with o-amylase and o-glucosidase inhibition
activity are commonly short, with molecular
weights of between 1 and 5 kDa (Jakubczyk
etal., 2020). It has been suggested that key amino
acid residues commonly present in bioactive pep-
tides with a-amylase inhibition functions are
Histidine, Methionine, and Proline. This is
believed to be because the catalytic regions of
a-amylase favours hydrophobic and hydrogen
bonding interactions when binding substrates
(Jakubczyk et al., 2020). The preferential struc-
tural features of a-glucosidase inhibitors are sug-
gested to include amino terminal residues with
hydroxyl side chains including Serine, Threonine,
Tyrosine, Proline, Alanine, and Methionine
(Gonzdlez-Montoya et al., 2018). As there is sub-
stantial overlap between the binding preferences
for both a-amylase and a-glucosidase, peptides
identified as having inhibitory activity against
one enzyme will commonly have an inhibitory
activity on the other. Food derived bioactive pep-
tides with a-amylase and a-glucosidase inhibi-
tion activity tend to be derived from plant based
protein sources, this includes from walnuts
(Juglans regia), soybean (Glycine max), and oat
(Avena sativa) (Fuentes et al., 2021; Gonzalez-
Montoya et al., 2018; Wang et al., 2020).

A range of phenolic compounds have been
associated with a-amylase and a-glucosidase
inhibition. Of particular note are the flavonoids
and specifically anthocyanins. Grapes (Vitis vinif-
era), soybeans (Glycine max), figs (Ficus carica),
and the citrus family (Citrus spp.) have all been
identified as key sources of a-amylase and
a-glucosidase inhibitory anthocyanins (Gaikwad
et al., 2014). However, as phenolic compounds
are widely dispersed in plants and especially
concentrated in fruits it is believed that this is just
a small selection of the food products that will
contain a-amylase and a-glucosidase inhibitory
anthocyanins (Les et al., 2021). Work establish-
ing the mechanism behind the inhibition of
a-amylase by anthocyanins has indicated that
binding to the glutamic acid residue at position
233 is critical for inhibition (Ji et al., 2021). It is
not clear at this stage how this translates to
a-glucosidase inhibition.

A large number of plant-derived alkaloids
have shown great potential as both «a-amylase and
a-glucosidases inhibitors. Over 30 different alka-
loids from plants with o-amylase and
a-glucosidases inhibitory effects have been iden-
tified (Yin et al., 2014). Structural similarities of
some alkaloid sub-groups and the structure of
amino acids in a-amylase and o-glucosidases
inhibitory peptides have been identified. For
example, tyrosine and the benzylisoquinoline
and iso-quinoline alkaloid groups (Rasouli et al.,
2020). Though not all alkaloid compounds have
sutural similarities with amino acids, it is believed
that analogues binding interactions may occur.

A number of established drugs that target and
inhibit the o-amylase and o-glucosidases
enzymes are alkaloids, this includes Miglitol
(Table 9.2) (Chaudhury et al., 2017). In the con-
text of plants used for food production, the
Moraceae family has been identified as a key
source of a-amylase and a-glucosidases inhibi-
tory alkaloids (Yin et al., 2014). The Moraceae
family includes mulberries (Morus rubra and
Morus alba), figs (Ficus carica), and jackfruit
(Artocarpus heterophyllus) (Somashekhar et al.,
2013). However, because the Moraceae family is
also considered a rich source of other non-peptide
bioactives, particularly phenolic compounds it
has been difficult to establish specific mechanis-
tic effects (Ramadan et al., 2021). This could pro-
vide benefits by reducing the necessity to conduct
purification or separation of alkaloids from phe-
nolic compounds in the development of
a-amylase and a-glucosidases inhibitory func-
tional foods.

One common limitation of non-peptide bioac-
tives is inconstant transfer rates though the intes-
tinal epithelium (Xu et al., 2019). This can often
limit the effectiveness of these compounds due to
the inability to reach key target sights in the body.
In the context of carbohydrate digestion, this is
not an issue. Because o-amylase and
a-glucosidase are both secreted enzymes their
inhibition is not reliant on the absorption and
transportation of bioactives (Ramasubbu et al.,
1996).
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Insulin Secretion
and Sensitivity

9.3.2

As Type 2 Diabetes is a disorder associated with
insulin regulation a key target for management is
the augmentation of insulin metabolism (Patil
et al., 2020). This can be either through the way
in which the body produces and secrets insulin or
by altering the natural response to the insulin that
is secreted (Jahandideh et al., 2022; Seino et al.,
2010).

9.3.2.1 Control of Incretin Hormone
Activity

Post consumption of food insulin secretion must
occur to facilitate the uptake of glucose from the
bloodstream. This secretion is predominantly
controlled by the incretin hormones. Out of the
incretin hormones two, Glucagon-like peptide-1
(GLP-1) and Gastric inhibitory polypeptide
(GIP), stimulate up to 70% of insulin secreted
after the consumption of food (postprandially)
(Li et al., 2018; Patil et al., 2020). Both GLP-1
and GIP are secreted by intestinal mucosal cells
and bind to their respective receptors on the sur-
face of pancreatic p-cells. This binding triggers a
cascade of interactions that result in the release of
insulin into the bloodstream (Seino et al., 2010).
Dipeptidyl peptidase-IV (DPP-IV) is a serine
protease that is responsible for the degradation of
the incretin hormones. The inhibition of DPP-IV
reduces the degradation of the incretin hormones,
thereby maintaining pancreatic insulin secretion.
As identified in Table 9.2 DPP-IV inhibition is a
target of common medications used to treat and
control Type 2 Diabetes.

Many of the same phenolic compounds that
show effective inhibition of a-amylase and
a-glucosidase have also been identified as poten-
tial DPP-IV inhibitors (Johnson et al., 2013; Les
et al., 2021). Of particular concern for phenolic
compounds to act as DPP-IV inhibitors is the
ability to transfer through the intestinal epithe-
lium (Xu et al., 2019). Many phenolic compounds
are either insoluble or semi-soluble due to inter-
actions with plant cell wall constituents (Shahidi
& Yeo, 2016). This insolubility limits uptake by

the intestinal epithelium and can be overcome by
heat treatment. But, Phenolic compounds are
especially susceptible to heat degradation (Mba
et al., 2019). This means that the application of
non-thermal methods is required to optimise the
availability of phenolic compounds to act DPP-IV
inhibitors. The use of non-thermal lactic acid fer-
mentation in particular has been identified as a
good approach to the liberation of phenolic com-
pounds (Shahidi & Yeo, 2016).

Alkaloid rich extracts have been shown to act
as DPP-IV inhibitors in vivo. Especially those
derived from seeds such as fenugreek (Trigonella
foenum-graecum), (Rasouli et al, 2020).
However, more work is needed to establish spe-
cific mechanisms.

With respect to bioactive peptides, DPP-IV
inhibition effects have been well established.
When identifying bioactive peptides with DPP-IV
inhibition activity the presence of amino acid
residues with a high degree of hydrophobicity
and a large number H-bond donor groups are
seen as critical. This is similar to the characteris-
tics required for peptides to have a-amylase and
o-glucosidase inhibitory activity (Jakubczyk
et al.,, 2020). However, in addition, peptides
showing DPP-IV inhibition effects tend to con-
tain, a high number of amino acid residues with
aromatic ring structures (Fuentes et al., 2021).
These characteristics have been identified in pep-
tides derived from both plant and animal sources.

To function as effective DPP-IV inhibitors
bioactive compounds must not only show high
levels of enzymatic inhibition but also be able to
survive gastrointestinal digestion and transfer
across the intestinal epithelium. The use of in
silico models has played a key role in evaluating
both of these factors for bioactive peptides. Work
by both Nongonierma et al. (2018) and Fuentes
et al. (2021) has identified the critical role that
proline can play in both providing resistance to
gastrointestinal digestion and in providing
DPP-1V inhibitory activity. In particular, proline
in the 2™ amino acid position of tripeptides has
been shown to be critical, for example, Ala-Pro-
Ala, Ala-Pro-Phe, Lys-Pro-Ala, Phe-Pro-Ile,
Phe-Pro-Trp, and Ile-Pro-Trp (Fuentes et al.,
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2021). Both red meat and dairy products are con-
sidered practically good sources of proline rich
proteins (Teymoori et al., 2020). This is constant
with experimental work like that of Ashraf et al.
(2021) and Gallego et al. (2014).

9.3.2.2 Modulation of Insulin Receptor
Expression and Sensitivity

Insulin is the key hormone regulating glucose
homeostasis in the circulatory system. However,
it is only able to carry out this function due to its
ability to bind and interact with insulin receptors
in the brain, muscle, and other organ systems
(Jahandideh et al., 2022). The binding of insulin
to receptors triggers a signalling cascade that
simultaneously  inhibits  glucogenesis and
enhances the uptake of glucose from the blood
(Liet al., 2018). As a treatment option for Type 2
Diabetes, altering the expression or sensitivity of
insulin receptors is currently underutilised.
Bioactive substances derived from food have
shown good potential to act in this space
(Jahandideh et al., 2022; Singh et al., 2022).

The potential of non-peptide bioactives (spe-
cifically phenolic compounds and alkaloids) to
act as insulin receptor modulators are under-
studied in comparison to other approaches to
Type 2 Diabetes management (Hanhineva et al.,
2010). One area of particular interest is the role
that complex extracts from grains, specifically
rice bran, may have in incising insulin sensitivity
(Kang et al., 2019). It is believed that this interac-
tion may be driven by the capacity of phenolic
compounds to increase the expression of key
genes involved in the insulin receptor pathway
including Pancreatic and Duodenal Homeobox 1,
Sirtuin 1, and Mitochondrial transcription factor
A (Saji et al., 2020).

A number of different mechanisms have been
identified for how bioactive peptides can interact
with insulin receptors both in terms of the expres-
sion and in terms of the sensitivity of the receptors
(Jahandideh et al., 2022). The most direct interac-
tions that have been observed are those of pep-
tides containing a f-hairpin motif. Peptides

containing this motif have been derived from a
range of plant proteins sources including pumpkin
(Cucurbita pepo), bitter melon (Momordica
charantia), rosemary (Salvia rosmarinus), grapes
(Vitis vinifera), nuts, and seeds (Lo et al., 2016).
Of particular note, is the peptide ‘mcIRBP-19’
originally identified and derived from the bitter
melon (Momordica charantia). The mcIRBP-19
peptide was produced using simulated gastro
intestinal digestion and showed the ability to
increase glucose uptake by 2.48 fold when com-
pared to a control (in differentiated 3T3-L1 cells)
(Lo et al., 2016). Not all peptides require the
fB-hairpin motif to interact with insulin receptors.
For example, Wang et al. (2020) identified a wal-
nut peptide that simulated both the expression and
sensitivity of insulin receptors. Finally, peptides
derived from animal products have also been
shown to have similar functionality. For example,
Ashraf et al. (2021) demonstrated hydrolysates
derived from camel’s milk achieved a positive
allosteric modulation of insulin receptors.

9.4  Conclusions

Bioactive compounds derived from foods (both
peptide and non-peptide) have the potential to
provide alternative options for the treatment of
Type 2 Diabetes. Current treatments for Type 2
Diabetes are limited by the side effects they
impose on patients as well as the practical ability
to resolve all aspects of the illness. Bioactives
derived from food have been shown to be able to
act in mechanistically similar ways to current
Type 2 Diabetes treatments as well as having
potentially new mechanisms. Currently the
extraction and purification of bioactive com-
pounds derived from foods provides the greatest
challenge to the application of these compounds.
Emergent technologies are currently helping to
overcome this barrier. The ability to use food
waste products as a source (or in the sourcing) of
bioactive compounds for the treatment of Type 2
Diabetes is also of great potential.
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Abstract

This chapter discusses alternative protein
sources and their potential to make novel and
sustainable foods. A constantly increasing
human population, global warming, and
reduced availability of arable land for agricul-
ture has been the cause of concerns for scien-
tists and governments in recent years. The
exploration of food and protein sources that
require less land and water while emitting
fewer greenhouse gasses during cultivation is
important for future development. Algae,
insects, fungi, and other fermented food
sources were identified and discussed for their
sustainable production potential. Algae,
including seaweed and microalgae, are photo-
synthetic organisms with a high diversity of
nutritional benefits. Seaweeds have additional
benefits of bioremediation when grown in the
open ocean. Insects are high in protein and
require less land and water needed to produce
staple crops such as soy. Algae and insects’

main challenges are consumer acceptance
requiring transformation into familiar forms
for a better appeal. Fungi can produce fibers
that allow for meat mimicry increasing con-
sumer acceptance. Fermentation technologies,
including microalgae, single-celled protein,
and lab-grown meat promise sustainable pro-
duction of highly specific and functional pro-
teins for use in meat mimicry or other products.
Agriculture is a fundamental aspect of life that
is also responsible for a considerable amount
of emissions and damage to global ecosys-
tems. Developments of novel technologies
and foods are needed to combat these issues.
More work is needed to develop palatable
foods from algae, insects, and fungi. These
alternative protein sources are one answer to
more sustainable systems that reduce emis-
sions and increase overall resilience.
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10.1 Introduction

Advances in farming techniques reduce the time
and effort needed to acquire food, allowing our
species to grow and spread across the world.
With the population set to reach 11 billion by the
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end of the century, scientists and governments
have voiced concerns over global food security
(Hasegawa et al., 2018; UN, 2019). Challenges
associated with global warming exacerbate food
insecurity by altering climates in once bountiful
regions, changing ocean ecosystems, and gener-
ally increasing global temperatures, among many
other challenges, reviewed by (Bezner Kerr et al.,
2022; Neupane et al., 2022). Western cultures are
heavily reliant on animal agriculture which is
associated with the degradation of the environ-
ment through deforestation and excessive water
and land use along with high emissions (Goldstein
et al., 2017). While modern agriculture technol-
ogy will be essential in combating global food
insecurity, some of the current practices exacer-
bate climate change and damage ecosystems.

Globally, agriculture is a major contributor to
greenhouse gas emissions (GHGE).
Governmental reports have calculated that agri-
culture is responsible for approximately 20% of
anthropogenic emissions (FAO, 2020). An aca-
demic study even suggests the food system is
responsible for 34% of emissions with 71% com-
ing from the effects of high land usage (Crippa
et al., 2021). Furthermore, the crops that are
grown on these vast expanses of land are often
monocultures which severely affected soil biodi-
versity leading to concerns about long-term crop
stability and potentially famine (Thrupp, 2000;
Wang et al., 2019). The need for foods with low
land requirements was used to select the alterna-
tive food sources discussed in this chapter. The
food sources discussed below are also expected
to either increase or not affect the biodiversity of
the natural environment by moving cultivation
off the large areas of land. As we improve food
production techniques for the future, the goal is
to do so in a manner that allows ecosystems to
revive themselves. Novel sources of food and
processing technologies can and are being used
to ensure the global population is fed, but do so
while conserving biodiversity, and reducing cli-
mate impacts.

It should not come to a surprise that, in the
recent years, consumers have increasingly sought
alternative sources of protein. Terms such “flexi-

tarian”, ““vegan” and “plant based” have appeared

on food labels. Flexitarians and plant-based con-
sumers are those who reduce their meat intake,
while vegans abstain entirely from any kind of
animal derived food (Dagevos, 2021).
Consumers’ main drivers were ethics, health and
environment (Aschemann-Witzel et al., 2021;
Dagevos, 2021; Estell et al., 2021; Michel et al.,
2021). Online surveys carried in Australia and
Germany depicted as high as 20% flexitarian, 2/3
of which being women (Estell et al., 2021; Michel
et al., 2021). This nutritional shift is a growing
phenomenon in western countries of America,
Europe and Oceania, whereas it does not appear
to be popular in Africa and Asia. This was possi-
bly associated to the socio-economic status of
emerging economies which typically is associ-
ated to increase meat intake (Dagevos, 2021).
What does it entail? Soy, pea, wheat isolates, but
also microalgae, insects, mycroprotein and cul-
tured meat (Onwezen et al., 2021). Consumers’
main drivers were ethics, health and environ-
ment. Convenience and taste are not optimal yet,
(Aschemann-Witzel et al., 2021). In addition,
some products sold as alternative proteins tend to
be highly processed and perceived as less natural
by consumers (Varela et al., 2022). Thus,
improvements are needed for such products.
Veggie-burgers have had a niche role in the
American food system for the last half century,
but recently Impossible Foods™ hit mainstream
headlines when it began producing a plant-based
burger that bleeds. The founder, Pat Brown, set
out to make a better veggie burger and “save the
planet” from the massive emissions associated
with factory farming during a sabbatical from
Stanford in 2009. For many consumers the
Impossible is their first experience with “veggie
burgers,” while the company is leading an emerg-
ing billion-dollar industry of plant-based burgers
and other alternative meat products. The major
companies in this emerging U.S. alternative pro-
tein industry are Impossible Foods and Beyond
Meat, both of whom were founded for the sole
purpose of displacing future growth of the meat
industry. Increasingly, food technology compa-
nies are making use of combinations of protein
sources and novel ingredients, which in the past
have either been consumed separately or hadn’t
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existed until a few years back. There is an inter-
play of different processes in the alternative pro-
tein space to generate the desired final product
convincing enough for consumers as meat
replacements. For example, the Impossible
burger uses soy protein as its primary ingredient
which has been used as a key ingredient in many
cultures for centuries, however, their product is
set apart by the inclusion of “heme” derived from
a highly scaled precision fermentation process
(Impossiblefoods.com, accessed May 2022).

In this chapter, we discuss novel sources of
foods and emerging food ingredients which may
be implemented in sustainable food systems of
the future. This chapter hopes to move past the
regional novelty of certain food sources and
focus on novelties that were created or promoted
for a singular purpose — sustainability. With many
environmentally favorable novel food-based
ingredients, such as insect, microalgae, seaweed,
or fungus, commercial products are still under
development so the food source will be the major
focus.

10.2 Algae

Algae is a collective term for photosynthetic
Eukaryotic organisms not classified as plants,
most of which do not share a common ancestor.
While prokaryotic, certain cyanobacteria, such as
Spirulina, are referred to as blue-green algae and
are typically included in discussions of algae
(Torres-Tiji et al., 2020). This diverse group of
organisms are divided into two broad groups
based primarily on size including the micro-
scopic (microalgae) and the macroscopic (mac-
roalgae). Algae should be considered a promising
food of the future, but maybe not a novel source
as they have been a source of nutrients to humans
for much of our history with the oldest known
records have identified its use 14,00 years ago
(Torres-Tiji et al., 2020). The diversity in the
biology of these organisms provides both prom-
ise and challenge for the development of novel
food products. While attempts to use algae as a
source of nutrients for a growing world popula-
tion were attempted in the last century, techno-

logical advancements and shifts in consumer
priorities have increased interest from investors
in recent years. Broadly speaking, algae has been
championed as food of the future, a nutrient
source to meet the needs of our growing popula-
tion, for their: low land use, and sustainable pro-
duction (Bagheletal.,2015), diverse functionality,
and robust nutritional properties (Wells et al.,
2017).

Macroalgae have been a consistent staple of
global cuisines. A great deal of seaweed’s rich
history has been published previously (Kaori &
Connor, 2017). The most recognizable seaweed-
derived food item is Nori, a product made from
Porphyra and widely used in sushi. Nori, Wakame
(Undaria pinnatifida), Kombu (Laminaria japon-
ica), Dulse (Palmaria palmata or Rhodymenia
sp) are three of the most commercially successful
varieties of seaweed (Griffiths et al., 2016).
Microalgae have followed a different path as gov-
ernments in the 1940’s and ‘50s viewed microal-
gae, specifically Chlorella pyrenoidosa, as a
high-tech solution to the rising population and
hunger in the world (Belasco, 1997). Much of
these same hopes are shared within the food
industry today with the added motivation of
developing sustainable crops to feed the world in
the face of climate change and for ecological
repair. While research and development in trans-
forming microalgae into food were significant
after WWII, it is obvious to many readers that
these efforts did not produce the desired out-
come. Both technical and economic factors led to
microalgae being a poor vehicle to combat hun-
ger but instead, a few select varieties become
moderately popular health supplements (Belasco,
1997). Arhrospira, commercially known as
Spirulina, was reintroduced into western minds
after a Belgian botanist observed it in African
markets (Matufi & Choopani, 2020), which reig-
nited interest in microalgae’s superior physical
and nutritional properties in the late 1960’s
(Belasco, 1997). Unfortunately, these, and other,
single-celled proteins were not able to deliver as
cheap protein sources through the latter part of
the twentieth century but instead found niche
markets for health conscience consumers able to
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pay a premium (Belasco, 1997; Matufi &
Choopani, 2020).

Though their utilization is low compared to
many traditional crops, micro- and macroalgae
provide diverse solutions to enhance the sustain-
ability of the food system. To better understand
this potential, a brief description of their cultiva-
tion is helpful. First, all algae photosynthesize
making them primary sources of nutrients and
providing a carbon sink as they use atmospheric
CO, to create energy. This does not mean algae
foods will be carbon negative, but it helps reduce
their final carbon footprint after processing, stor-
age, transportation, and other necessary steps in
food production. Microalgae are rarely collected
from the wild for commercial purposes. Instead,
a single strain is identified and cultivated in large
ponds or raceways with controlled substrates,
agitation, and other parameters to maximize
growth (Suparmaniam et al., 2019). While con-
trol and yield are maximized if this process is
conducted indoors with advanced light manage-
ment systems, being able to forgo artificial light
and the associated energy costs often make out-
door cultivation the preferred method from a sus-
tainability perspective. However, with the rise of
renewable energy, increased process controls,
and more flexibility in the site of the farm, indoor
cultivation remains a viable option. The cultiva-
tion of microalgae is another example of fermen-
tation technology. Microalgae have also been the
subject of selective breeding and genetic modifi-
cation to enhance specific traits such as growth
rate or a particular biomolecule (Torres-Tiji et al.,
2020). The high levels of control and ease genetic
manipulations make microalgae an exciting
source of novel and sustainable proteins.

Certain seaweeds are also grown indoors, but
this is a much smaller portion compared to micro-
algae. The benefits of seaweed cultivation are
wide-ranging. Like microalgae, seaweed is a pri-
mary source of nutrients in that it photosynthe-
sizes to sequester atmospheric carbon and create
new material. Macroalgae’s sustainability attri-
butes are wide-ranging aside from the carbon
sequestration, land, and water footprints (Baghel
et al., 2015). Macroalgae are typically farmed in
the ocean; when placed strategically, they seques-

ter excess nitrogen from the water benefiting the
ecosystem, if harvested (Murphy et al., 2015). A
small-scale push to create 3-D farms that include
a variety of sea crops is expected to increase fish
populations and biodiversity while providing a
stable year-round harvest (Bren Smith, 2019).
The specifics of the impact will depend on many
factors and need to be studied for unintended
impacts. If grown in polluted waters bioaccumu-
lation may be problematic so producers should
always maintain quality control for clean and
potentially hazardous harvests of algae.

A biorefinery approach for maximizing utili-
zation is an important way to enhance sustain-
ability by maximizing the utility of all algal
components regardless of quality. This process
aims to mimic oil refinery in producing multiple
saleable goods, but, in the case of biorefinery,
food and feed are often potential products that
can help valorize the original biomass if food
safety is maintained (Chew et al., 2017). This
process has been studied extensively and may be
the ideal choice when creating extracts or isolates
from both micro- and macroalgae biomass
(Baghel etal., 2015; Greene et al., 2020; Subhadra
& Grinson-George, 2011).

Whole seaweeds contain unique and diverse
flavors and textures when eaten whole, but their
extracts and microalgae are most likely to be con-
sumed as an ingredient in a more complex food
product. The local seaweed and the regional cui-
sines of whole macroalgae have been discussed
thoroughly in association with the Chinese (Xia
& Abbott, 1987) and Alaskan (Garza & Program,
2005) regions. Due to logistics and consumer
perception, whole algae is expected to have only
a limited impact. Whole microalgae powders are
sold as supplements and are often mixed into
food or drink (Griffiths et al., 2016). Powders
along with various extracts of either type of algae
are sold as emulsifiers, thickeners, gelling agents,
and colorants (Gouveia et al., 2008). In efforts to
curtail the use of unstainable animal-based agri-
cultural products, algae have been studied as an
ingredient in meat mimetic products (Grahl et al.,
2018). Perhaps the most important aspect of algal
sustainability is its ability to provide sufficient
protein to displace the need for future animal
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agriculture investment. The topic of replacing
meat with algae has been studied along with
other alternative proteins and it was found that
nutrition or wellness benefits associated with
algae were a highly influential factor in increas-
ing the novel, algae-containing, products’
willingness-to-eat in consumers (Onwezen et al.,
2021).

The nutritional profiles are possibly the most
compelling reason for the continued adoption of
algae foods. The best word to describe algal
nutrition is diversity. As with any large class of
organism, the specific nutritional benefits of one
variety are not guaranteed to be present in others.
This natural diversity is amplified in the algae
due to the loose qualifications for what makes an
organism an alga. Furthermore, the way macroal-
gae grow naturally, freely in an open body of
water, makes them susceptible to changes in the
composition, temperature, and light available in
that water (Renaud & Luong-Van, 2006).
Diversity in nutrition does pose a challenge to
food processors, but it should also be celebrated
as an opportunity to develop diets capable of pro-
viding complete and wholesome nutrition for the
globe.

Only a small fraction of the micro- and mac-
roalgae have been used in food and within that, a
smaller fraction has been approved by a govern-
mental agency for sale as food (Barros de
Medeiros et al., 2021). More than 6,500 species
of macroalgae are known worldwide categorized
into three groups: brown (Phaeophyta; 1,500),
red (Rhodophyta; 4,000), or green (Chlorophyta;
1,000) (Garza & Program, 2005). Brown sea-
weed often referred to as kelp, is typically the
largest of the seaweeds. High carbohydrate con-
tents containing alginates and fucoidans are often
characteristics of kelp. While low in protein,
these seaweeds are the group most commonly
used by the food industry due to the diverse and
useful properties of their carbohydrates (Afonso
et al., 2019). Red seaweed is commonly used in
the production of agar and carrageenan as stabi-
lizers, emulsifiers, and homogenizers. They are
typically lower in fat but contain a diverse array
of micronutrients and pigments while being as
high as 47% protein making them a desirable

source of novel protein (Cotas et al., 2020). Green
seaweed has been called “Green Caviar” for its
“delicate flavor and crisp texture” and like other
seaweeds is packed with macro- and micronutri-
ents (Magdugo et al.,, 2020). The fatty acid,
amino acid, and mineral profiles of a given sea-
weed will vary depending on the phyla and spe-
cies as well as on harvest location and season
(Renaud & Luong-Van, 2006). Seaweeds have
great potential to enhance human nutrition around
the world while providing unique physical and
bioactive functionality for broad incorporation
into many diets and cuisines.

The number of microalgae species on the
planet is not known and due to the nature of
microorganisms, is  constantly  changing.
However, with our current understanding, the
number of microalgal species dwarfs that of mac-
roalgae by orders of magnitude with estimates
coming in from 200,000 to over a million
(Koyande et al., 2019; Matos, 2019). Nonetheless,
the diversity issues discussed with macroalgae
are not as prevalent in microalgae food produc-
tion, primarily due to higher levels of cultivation
control. In microalgae production, the challenges
come with isolating and mass-cultivating a
GRAS (generally recognized as safe) strain with
a sufficiently high growth rate. Only a few micro-
algae have been granted GRAS status by the US

FDA Arthrospira platensis, Chlamydomonas
reinhardtii, Auxenochlorella  protothecoides,
Chlorellavulgaris, Dunaliella bardawil, and

Euglena gracilis; while many other species are
likely safe to eat obtaining GRAS status can be
costly. (Torres-Tiji et al., 2020) provides an in-
depth review of these microalgae which is beyond
the scope of this chapter. Spirulina, and Chlorella
are the most used microalgae in human nutrition,
animal nutrition, and cosmetics (Barros de
Medeiros et al., 2021; Torres-Tiji et al., 2020).
Dunaliella is the next most cultivated for human
nutrition and is of great interest for its beta-
carotene content (Koyande et al., 2019; Torres-
Tiji et al., 2020). The remaining GRAS strains
are produced at lower quantifies for human nutri-
tion products and oil production (Torres-Tiji
et al., 2020). In general microalgae are higher in
protein than their macroalgal cousins and often
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express favorable amino acid profiles (Matos,
2019; Wang et al., 2021). As a human food and as
a biofuel feedstock the lipid fraction of microal-
gae is highly sought after (Talebi et al., 2013).
While microalgae are often higher in “good fats,”
those high in polyunsaturated fatty acids
(PUFA’s), it is difficult to predict their fatty acid
profile as they are dependent on environment and
species (Lang et al., 2011; Teoh et al., 2004).
Microalgae provide B vitamins, an essential
nutrient; often deficient in vegan diets (Koyande
et al., 2019). A great deal of algae research, out-
side what is cited in this chapter, has been con-
ducted on a multitude of different species, strains
and with differing conditions. This research
shows that microalgae can be a reliable source of
nutrients to meet the rapidly changing demands
of our global food system.

10.3 Fermentation-Based
Ingredients

In the context of the alternative protein industry,
fermentation-based innovations can be catego-
rized into traditional fermentation, biomass fer-
mentation and precision fermentation. Traditional
fermentation has been done for centuries and can
be commonly seen in products such as bread or
beer to modify functional properties of the prod-
uct such as flavor, nutrition, and physical struc-
ture. Biomass fermentation uses the ability of
micro-organisms to rapidly multiply and break
down substrates to generate high protein end
products efficiently. Precision fermentation uses
microorganisms to produce certain key ingredi-
ents that can improve the sensory properties of
alternative protein products.

10.3.1 Mycoprotein

One of the reasons the mycoprotein industry
started growing rapidly was the fact that most
edible fungi exhibit complete amino acid pro-
files, grow rapidly, and are able to use waste bio-
mass as a substrate, thus vastly reducing costs
associated with production. Fungi are natural

decomposers due to their ability to break down
complex biomass mainly through the production
of enzymes. This can also be categorized under
the upcycling (adding value to food waste) indus-
try which according to ReFED’s (Rethink Food
Waste through Economics and Date) Insights
Engine has an estimated impact of 4.85 M Metric
Tons of carbon dioxide emissions per year.
Coupled with the scalability of fermentation
technologies, mycoprotein has been disrupting
the market ever since the discovery and regula-
tory approval of the Quorn™ fungus.

Although the consumption of edible fungi
dates back centuries, it wasn’t until the late twen-
tieth century that their full potential was explored
due to developments in industrial microbiology
(Wiebe, 2002). Fusarium venenatum or the
Quorn™ fungus was first studied as a mycopro-
tein source in the 1960s. It took 12 years of safety
testing to ensure it wasn’t a potential plant patho-
gen or mycotoxin producing before it was
approved for use as a food in 1984. For a long
time, this was the primary source of mushroom
protein with regulatory approval on the market.
In fact, a lot of literature on fungi protein uses the
term mycoprotein interchangeably with protein
derived from Fusarium venenatum. However, in
this chapter, mycoprotein is considered as a
broader class encompassing protein derived from
any edible fungi.

There have been considerable advances and
newer innovations in the mycoprotein space. In
addition to a mass of research (Ahmad et al.,
2022) investigating newer strains, nutritional
characteristics, more efficient forms of fermenta-
tion, the mycoprotein space has seen a few com-
mercial successes as well. Fusarium flavolapis is
the primary fungus strain trademarked by
Nature’s Fynd and also known as Fy™. The
strain was discovered in 2009 in soil samples
from the Yellowstone National Park in the United
States. Nature’s Fynd recently launched their first
food products in the U.S. in 2021, a breakfast
patty and cream cheese made from Fy. Mycelium
fermentation has also been used to create one of
the first whole cut meat replacements by U.S.
based company, Meati Foods. They use a propri-
etary strain and utilize the fibrous network formed
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by the fungi’s hyphae to mimic the familiar
fibrous texture characteristic to most meat
products.

While mycoprotein has been extremely prom-
ising in the search for alternative protein sources
with considerably lower environmental impact
and resource demands, one of the major concerns
has been consumer acceptance due to concerns
about mycotoxin production. While extensive
toxicological work has been performed on the
Quorn fungus, newer strains of fungi being used
need to be evaluated for the same, which is time
consuming.

10.3.2 Precision Fermentation

Ingredients produced using precision fermenta-
tion typically use an organism modified to effi-
ciently produce specific compounds of interest at
scale and in a cost-effective way (Teng et al.,
2021). For example, leghemoglobin is a molecule
derived from legume nodules and has properties
similar to that of hemoglobin responsible for the
meaty flavor and color of animal meat products.
However, extracting leghemoglobin from legume
nodules is costly and would require impractical
amounts of starting material. To solve this prob-
lem, Impossible foods capitalized on the desir-
able properties of leghemoglobin by genetically
engineering a yeast, Pichia pastoris, to efficiently
produce leghemoglobin using precision fermen-
tation. Such fermentation-based innovations are
rapidly occupying a space in the food industry.
Perfect Day is another company using fungal pre-
cision fermentation to make milk proteins (casein
and whey), whereas the EVERY company (for-
merly known as Clara Foods) harnesses precision
fermentation by modified yeasts to create animal
protein replacements such as egg white protein.
Precision fermentation offers a lot of flexibility in
producing ingredients that are not only more
cost-effective but also can be designed to have
sensory appeal for alternative protein products.
Finally, mycoprotein and precision fermentation-
based products, unlike most other most novel
innovations in the food space, face fewer chal-
lenges with consumer acceptance primarily due

to consumers’ familiarity with mushrooms as
compared to protein derived from insects or
algae.

10.4 Insects

Insects have been identified as future food and a
sustainable source of protein (Parodi et al., 2018).
They are included in this chapter for their poten-
tial as a sustainable food despite their not being
plants. Insects are a highly diverse class of organ-
isms leading to diversity in cuisine (Melgar-
lalanne, 2019). They provide a highly efficient
link for the development of circular food econo-
mies by transforming organic byproducts or
waste into homogenous and stable biomass
(Cadinu et al., 2020; Ojha et al., 2020). Insects
have become a popular feedstock to supplement
animal feed making the process more environ-
mentally and economically efficient. The Black
Soldier Fly alone has been studied as feed for
swine (Veldkamp & Bosch, 2015), poultry
(Cullere et al., 2016; Schiavone et al., 2017), and
fish (Belghit et al., 2019; Irungu et al., 2018) with
many promising results. Sdnchez-Muros et al.
(2016) previously summarized global utilization
of insects as feed, showing increased adoption of
these sustainable protein sources. While contrib-
uting to the sustainability of animal agriculture is
an important goal, to maximize the sustainability
of the entire system, direct consumption by
humans is more efficient. This route will likely
provide the greatest economic benefit to produc-
ers since human food typically sells at a higher
price than animal feeds. Increasing demand of
insects as human food and the displacement of
less sustainable food sources is a goal shared by
many in industry and research.

The western edible insect market is currently
dominated by cricket-based products while a
wide variety of whole insects are consumed glob-
ally. The global edible insect market is growing
approximately 28% a year and is expected to
reach 1.18 billion dollars globally in 2023
(Statista, 2019). Industrialization of insect foods
is still developing which accounts for the rapid
growth, along with a growing demand for protein-
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rich foods (Drewnowski et al., 2010).
Traditionally, insects such as true bugs, caterpil-
lars, beetles, ants, grasshoppers, and many others
were harvested from the wild (van Huis &
Oonincx, 2017). However, wild caught insects
have drawbacks as a mechanism for increasing
sustainability due to multiple factors including
destruction of habitats, food safety, and scalabil-
ity. Traditional insect cuisine is also associated
with eating insects whole often after being
cooked. Seeing whole insects on their plate is
major turn off for many westerns as well as
younger generations not accustomed to the tradi-
tional cuisine of their region. Forward thinking
food developers and researchers have learned
that the “ick” factor might be avoided by creating
foods which do not resemble insects (Lammers
et al., 2019; Mishyna et al., 2020; Sogari et al.,
2018). This phenomenon might explain the early
success of cricket powder, but other insects are
emerging as well.

Edible insects are thought to be a mechanism
for environmental sustainability in the food sys-
tem. For this to occur, consumers must be willing
to eat a variety of critters. While learning about
insects’ environmental benefits does increase
consumers’ willingness-to-eat (Kauppi et al.,
2019; Verneau et al., 2016; Wendin & Nyberg,
2021), the nutritional quality of many insects will
help establish a robust long-term market. When
considering insect nutrition, it is difficult to com-
prehend the scope and diversity present within
this emerging class of food. Multiple estimates
suggest there are between 1,700 and 2,100 differ-
ent species of edible insects in the world
(Govorushko, 2019). This diversity is amplified
further after considering life stage as some insects
are edible throughout their life cycle. Different
species and different life stages bring about a
variety of nutritional profiles as well as different
textural and flavor profiles. Generalizing is diffi-
cult and this topic has been reviewed in great
detail over the years (Baiano, 2020; da Silva
Lucas et al., 2020; Koufimska & Adamkova,
2016; Rumpold & Schliiter, 2013; van Huis,
2020). Insect protein, fat, carbohydrate, and
micronutrient contents content can vary greatly

among species and life stages while also being
affected by cultivation conditions and diet. Many
insects such as crickets, grasshoppers, and meal-
worms are actively being pursued for their high
protein content. The salt content of many insects
is one potential drawback in developed nations
where salt intake has historically been beyond the
needs of the population (He et al., 2019).

Aside from the “ick” factor and the potentially
high salt content, other safety related concerns
will be encountered. Fortunately for the promo-
tion of entomophagy, there are no novel micro-
biological concerns. No insect-specific human
pathogens have been identified in insects
(Rumpold et al., 2017; Wade & Hoelle, 2019).
This simple fact should provide comfort to food
processors as they will not need to prepare for
any additional pathogens during processing.
(Sandrock et al., 2018) have shown known food-
borne pathogens such as Salmonella and Bacillus
make up a portion of the black soldier fly (BSFL)
gut microbiota. These hazards should be treated
the same as any other plant, fungi, or animal food
sources. Bioaccumulation is another concern that
has not shown to be a great risk (Erickson et al.,
2004) and (Schliiter et al., 2017) suggest the
BSFL, regardless of feedstock would not pose a
serious risk due to minimal bioretention. Quality
control techniques at rearing facilities have been
implemented to reduce toxins or heavy metals
entering animal feeds and are readily translated
to human food operations (Barragan-Fonseca
et al., 2017; van der Spiegel & Noordam, 2013).

Insects are a promising avenue to increase the
global food systems sustainability. Traditional
food sources including animals and staple crops
have been identified for their high land, water,
and carbon emissions (Smetana et al., 2021).
Insects achieve greater efficiency by consuming
organic materials that would otherwise be wasted,;
diverting them from the landfills and preventing
the associated methane production in much
smaller areas (Ojha et al., 2020). With their desir-
able nutritional profiles, low additional safety
risk, and growing support; insects are primed to
be an essential element of a global sustainable
food industry.
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10.5 Conclusions

The world is constantly changing; shifts in cli-
mate and geography naturally produce evolution
of the life on Earth. Our current knowledge
regarding climate change describes how human
activity is accelerating changes in climate that are
resulting in changes to regional geography and
weather. These human-driven changes are occur-
ring more rapidly than the natural ebbs and flows,
putting many species and many humans in dan-
ger. The industrialization of food shares responsi-
bility for this situation while having the tools to
build more sustainable systems. There are two
main areas of action that will be needed to pro-
duce a healthy plant and provide food security:
(1) emission-reducing and (2) resilience-building
actions. All changes to the food system will result
in dietary changes on the consumer Ievel.
Encouraging and exploiting the most sustainable
nutrient sources and ensuring consumer accep-
tance is essential for new systems. This chapter
focused on algae, insects, and fungi which can
serve as both emission reducers and resilience
builders. Small land footprints are common
among these emerging food sources which reduce
emissions thorough allowing carbon sequestering
forests to be grown instead. Reduced demand for
land is also important for resilience as it can serve
the growing population even as land becomes
more and more scarce. These emerging sources
are also high in quality protein which can help
displace animal agriculture and potentially pro-
vide emissions reduction. Animal agriculture
also lacks resiliency due to the high rates of dis-
ease and incredibly high demands for land and
water. Transitioning from animal-based agricul-
ture does provide challenges, especially from a
consumer standpoint as many consumers have
become accustomed to animal products. Research
shows that education can help get consumers to
try new things while appealing forms and flavors
can increase liking. These alternative foods will
not be adopted overnight. It is important that
researchers continually develop novel products
while considering the consumer and the sustain-
ability within the system.
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Abstract

Investing in food waste reduction initiatives
and finding innovations that unlock the poten-
tial of food waste makes great sense from an
economic, social, and environmental perspec-
tive. One food waste prevention action that is
gaining considerable momentum in the food
production and manufacturing sectors is upcy-
cling food. Upcycled foods are made from
ingredients that would otherwise have ended
up in a food waste destination. They are value-
add products. This chapter introduces the lat-
est upcycling marketplace trends and
companies in the market selling upcycled
products before taking a further look at upcy-
cling in a country case study context: New
Zealand. Given, ultimately, the success or
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failure of this sector will depend on consumer
acceptability of these new products, results
from a consumer study consisting of four
focus groups (total n=29) and a nationally rep-
resentative survey of 1000 consumers were
carried out to assess consumers’ perceptions
of foods derived from supermarket surplus
bread. The results of this study indicate that
there appears to be sufficient demand in New
Zealand to consider upcycling as an idea with
exciting market potential.

11.1 Introduction. The Food

Waste Issue

Food waste is a pressing global issue with signifi-
cant environmental and social implications.
Approximately 40 percent of food produced for
human consumption is lost or wasted globally;
This is believed to be around 2.5 billion tonnes
each year (WWE, 2021) and is occurring during a
time when perversely a projected 720 to 811 mil-
lion people in the world face hunger (FAO et al.,
2021). The environmental impact of this wasted
food is also considerable, as it generates 8—10%
of global greenhouse gas emissions annually
(UNEP, 2021). Therefore, according to Project
Drawdown, preventing food waste is one of the most
effective solutions to global warming (Project
Drawdown Solutions 2020). Reducing food
waste also presents an enormous economic
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opportunity, given that globally, the financial cost
of wasting food is estimated to be approximately
USD 1 trillion per year (FAO, 2014). This cost
increases to 2.6 trillion USD per year if the full
costs of food wastage (i.e., including USD 700
billion of environmental costs and USD 900 bil-
lion of social costs) are included (FAO, 2014).
According to the food waste non-profit Rethink
Food Waste Through Economics and Data
(ReFED), an annual investment of USD 14
billion over the next ten years can reduce food
waste by 50% each year and result in an
annual net financial benefit of USD 73 billion (a
sizeable one-to-five return on investment).
Therefore, investing in food waste reduction ini-
tiatives and finding innovations that unlock the
potential of food waste makes great sense from
an economic, social, and environmental
perspective.

11.2 Preventing Food Loss
and Waste

Food waste is generated at each stage of the food
supply chain, including during the production,
handling and storage, processing and packaging,
distribution and in retail, and by consumers in
their households. In developed nations attention
has been given to finding solutions to the food
waste problems in the latter stages of the food
supply chain, however comparatively, little atten-
tion has been given to developing solutions at the
production and manufacturing stages.

Reduction of food waste should be prioritized
according to WRAP’s internationally recognized
food use hierarchy (WRAP, 2021). This food and
drink material hierarchy sets out steps for dealing
with waste to minimize its impact on the environ-
ment. The preferable option is to ideally prevent
waste from occurring in the first place. Then, the
impact of any surplus food that is still produced
can be reduced by redistributing it for human
consumption or by sending it for animal feed.
Ultimately, the key message is that efforts to keep
food as food are essential.

11.2.1 An Exciting Solution: Keeping
Food as Food Through
Upcycling

One food waste prevention action that is gaining
considerable momentum in the food production
and manufacturing sectors is upcycling food.
Upcycled foods are made from ingredients that
would otherwise have ended up in a food waste
destination. They are value-add products. A team
of international experts from Harvard Law
School, World Wildlife Fund, Upcycled Food
Association, and others officially defined upcy-
cled food in 2020 for use in policy, research, and
more as ‘Upcycled foods use ingredients that oth-
erwise would not have gone to human consump-
tion, are procured and produced using verifiable
supply chains, and have a positive impact on the
environment (Spratt et al., 2021). Although food
manufacturers are used to finding value for side-
streams and by-products, upcycled food, as per
the above definition, is widely considered a new
food category alongside conventional and organic
foods (Bhatt et al., 2018). It’s an innovative
approach to food waste because it is the first con-
sumer product-based solution, making it highly
scalable and economically sustainable.

A report produced by Future Market (2022)
valued the global products from the food waste
market to be worth USD 52.91 billion in 2022
with an expected compound annual growth rate
of 4.6% suggesting that it could reach USD 83.26
billion by 2032 (Future Market Insights, 2022).
Upcycling has been touted as a major food trend
that will define the industry by a number of mar-
ket observers including the Food Network
Magazine, Whole Foods, Food Business News,
Future Market Insights, and CBS News, among
others. According to food Artificial Intelligence
company, Spoonshot, interest in upcycling grew
by 128% across business media from 2018-2019
(Spoonshot, 2019).

The Upcycled Food Association which was
created in 2019 with members and associate
members worldwide, is a critical driving force
behind this new movement. With a focus on
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research, strategy, networking, and policy advo-
cacy, the Association works to attract more
investment to the upcycled industry, improve the
upcycled business network, improve the upcy-
cled supply chain, and increase consumer demand
for upcycled products (https://www.upcycled-
food.org/). As an example of their work, the
Association supports its businesses through its
Upcycled Food Digital Marketing Toolkit, which
contains a guide to upcycled food storytelling
and marketing.

In 2021, it became possible to buy food with
an Upcycled Certified™ label. This new standard
which identifies authentic upcycled foods is
administered by the third-party -certification
body, Where Food Comes From, which is the
world’s first third-party certification program for
upcycled food ingredients and products. A com-
plete list of certified upcycled products can
be found at: https://www.upcycledfood.org/
upcycled-certified-products. Although the pro-
gram was less than a year old at the time of the
writing of this chapter, early reports show that the
impact of Upcycled Certified™ on food waste
prevention is much higher than initially antici-
pated, with over 140 products and ingredients
having achieved the certification by January 2022
(Waste 360, 2022). Early market research on con-
sumer acceptability of the certificate has reported
that over half of consumers are more likely to buy
after seeing the Upcycled Certified™ mark on
the product (Mattson, 2021).

11.2.2 Companies in the Market
Selling Upcycled Products

Europe and North America are the major regional
markets for products from food waste, with the
UK and the US, in particular, starting to see the
beginning of a massive swell of adoption and
promotion of upcycled products by retailers pro-
pelling market growth (Future Market Insights,
2022). For example, estimates are that in 2021,
there were already over 400 upcycled products in
the US marketplace, and Moms, a retail chain
with about 20 stores on the East Coast, had dedi-
cated upcycled food end caps in all their stores

(https://www.upcycledfood.org/). While upcy-
cled foods are appearing in all product catego-
ries, two of the most important industries are
beverage processing and bakery (Future Market
Insights, 2022).

Vanguard company ReGrained (https:/www.
regrained.com/) is an ingredient platform that has
been at the forefront of the upcycling movement.
A couple of home brewers formed the company as
a means to using leftover grain from the beer
brewing process. The company uses a patented
technology, co-created with the US Department
of Agriculture, to leverage a thermo-mechanical
process to stabilize and dehydrate the wet grain
consistently in a gentle, energy/cost-efficient, and
food-safe way. The resulting SuperGrain+®
upcycled ingredient, which is high in plant protein
and dietary fiber, is sold as a diverse wholesale
ingredient in the B2B market for a wide variety of
commercial applications. The company’s innova-
tion showcase range features SuperGrain+® in
savory puffs, nutrition bars, and artisan pasta.

Another example of an innovative company is
CaPao, whose Upcycled Certified™ plant-
powered snack range uses parts of the cacaofruit
that traditionally were discarded (about 70% of
the fruit) after cacao beans had been extracted for
chocolate production. CaPao take the sweet,
zesty pulp and combine it with nuts, seeds, and
other fruits to create vegan-friendly, non-GMO,
gluten-free snacks. Their snack product combin-
ing oats and puffed quinoa was listed in 2021 by
Men’s Health magazine as one of the 20 healthi-
est new snacks on the market that year.

Upcycling is a burgeoning industry with the
companies creating upcycled food products rang-
ing from small startups to large global brands.
Other companies selling Upcycled Certified™
ingredients and products include, but are not lim-
ited to, The Spare Food Co., Blue Stripes Urban
Cacao, Good Sport Nutrition, Agricycle, Super
Frau, Bevea Coffee & Cascara, Grain4Grain,
impASTA! Inc., Del Monte Foods, Inc., Reveal
Hidden Gems Beverage Company, Matriark
Foods, Chia Smash, Imperfect Foods, Lost and
Found Distillery, Pulp Pantry, Renewal Mill, and
Take Two. These companies are making an
impact on food waste reduction, as illustrated by
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the following quote from co-founder and COO of
Renewal Mill, who take the byproducts from the
making of plant-based milk and turns them into a
high fiber, gluten-free flour: “In 2020, we
diverted 100,000 Ibs of food waste from plant-
based milk, and because we sell bulk ingredients
as well as final CPG products, 100% of that was
turned into products sold” .

11.2.3 A Further Look at Upcycling
in a Case Study Context: New
Zealand

As of the start of 2022, there is only a handful of
commercially available upcycled food products
in the New Zealand market that meet the official
definition of upcycled foods. Products include
upcycled grain crackers (from the company
Rutherford & Meyer), pet food products (e.g.,
from producers such as Deja and Perfect Deli-
fresh), and upcycled alcoholic beverages (e.g.,
from Dunedin Craft Distillers). The best-known
company in this space is Citizen Collective
(https://citizen.co.nz/), whose craft brewers use
rescued unsold bread to make its ferments, then
put beer byproducts (i.e., spent-grain flour) back
into bread production to make sourdough loaves.
The company also produces other products,
including a Piquette using leftover winemaking
grapes and a cheery bomb cider made with res-
cued cherries.

Supporting the development of the nascent
upcycling industry in New Zealand are R&D
organizations and innovation agencies like the
Bioresource Processing Alliance (https://biore-
sourceprocessing.co.nz/), Callaghan Innovation
(https://www.callaghaninnovation.govt.nz/), and
Venture Timaru’s Sustainable is Attainable
Programme (https://www.vtdevelopment.co.nz).
Another group working in this upcycled space is
the University of Otago Food Waste Innovation
Research Theme (https://foodwaste-otago.org/).
The group harnesses the best scientific expertise
to solve New Zealand’s food waste problems.
Over 50 investigators from across New Zealand’s
research institutes are engaged with the Theme,
and over 200 members of the public are sub-

scribed to the mailing list. The Theme has three
subthemes: (1) Metrics and Management, which
is about understanding how much food is being
wasted, where it is being wasted, and its social,
economic, and environmental impacts; (2)
Technical Innovations, which is using the latest
science and technology to provide food waste
solutions; and (3) Social Innovations, which is
using behavioral science to understand the driv-
ers responsible for food waste to make recom-
mendations on minimization initiatives. Spanning
across all three areas is a dedicated Upcycled
Food Lab, launched in 2021. Since then,
Upcycled Food Lab researchers have conducted
various projects. Working with upcycled com-
pany Citizen Collective, the maximum amount of
bread that could be substituted into an excellent
tasting beer was determined without adversely
impacting on its character. Based on a series of
product development trials, a ‘how-to-guide’ for
homebrewers was developed that described how
home brewers could replace 50% of the malt they
traditionally used in their brews with bread. Per
500 ml of beer produced, 4.75 slices of bread are
saved using this recipe. The bread-to-beer step-
by-step homebrewer recipes has been made avail-
able to the public and can be found on the
Theme’s online Resource Hub. Some of the
University’s undergraduate students have equally
been busy cooking up an upcycled storm in the
Lab. For example, three third-year students co-
founded ‘Reshined Roots,” a startup working on
upcycling ‘ugly’ carrots into tasty, crispy snacks.
The trio were finalists of Start-Up Dunedin’s
Audacious program, which helps facilitate turn-
ing ideas of young entrepreneurs into reality.

As well as technical innovations in the Lab,
the University’s Upcycled Team are always busy
on several other fronts. They have run a series of
public engagement-type events to help educate
the public on the benefits of upcycled foods. At
the 2021 International Science Festival, they ran
an upcycled dining experience collaborating with
Everybody Eats, a social dining pay-as-you-feel
dining concept with restaurants in Auckland and
Wellington (https://everybodyeats.nz/). Among
the three courses (all made by top chefs from sur-
plus food) were products developed by their
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Upcycled Lab. Throughout the evening, experts
from the Food Waste Innovation research theme
talked to guests about the issue of food waste and
the science behind the upcycled products they
were sampling.

But it’s not just the public that needs to be
educated about upcycling. It’s the food industry
and upcycling startups as well. One of the proj-
ects recently completed was to conduct inter-
views with category managers at supermarkets to
understand their perceptions about upcycled
foods and the associated decision-making pro-
cesses which influence whether these products
are stocked (Thorsen et al., 2021). This informa-
tion is valuable as these category managers are
the gatekeepers to retail shelves. The results pro-
vided insights into the barriers and opportunities
for suppliers and manufacturers of upcycled
food. Key recommendations for manufacturers
included the need for an innovative unique prod-
uct offering, and to be able to demonstrate to cat-
egory managers a clear marketing plan as to how
the product’s ‘story’ will be communicated to
customers.

11.2.4 Consumer Acceptability
of Upcycled Foods

Of course, manufacturers can produce the best
innovative products and even convince retailers
to stock them; however, ultimately, the success or
failure of this sector will depend on consumer’s
acceptability of these new products. Globally, the
number of studies investigating various aspects
of public acceptability of upcycled food is grow-
ing. There are broad reviews of what we know
about upcycled food from a consumer perspec-
tive (Aschemann-Witzel & Stangherlin, 2021), as
well as more specific in-depth studies that inves-
tigate different aspects such as if a logo can
increase acceptance of upcycled foods (Bhatt
et al., 2021a), the effect of nutritional and envi-
ronmental information on the value food prod-
ucts containing upcycled ingredients (Asioli &
Grasso, 2021), the role of transparency Peschel &
Aschemann-Witzel (2020), and the role of pric-
ing (Bhatt et al., 2021b). Market studies have

provided insight to manufacturers on how to
position upcycled foods to different generations
(Zhang et al., 2021), providing tailored insight
into specific segments such as Millennials
(Coderoni & Perito, 2021). Some of the studies
use an actual upcycled product to determine con-
sumer preference, for example, Grasso and Asioli
(2020) who determine choices for upcycled
ingredients utilizing a case study with biscuits,
while many other studies rely on hypothetical
products and process definitions to investigate
more general perceptions (Goodman-Smith et al.,
2021).

Many of the abovementioned studies consider
upcycling as a pretty broad category, including
the use of byproducts/side streams and unmarket-
able wonky produce. Hence the University of
Otago Food Waste Innovations Research Team
saw value in looking closer at consumer percep-
tions of just one specific upcycled ‘category’;
those made by taking food waste off the super-
market shelf and reincorporating it back into the
food system for later consumption. The study,
conducted by two postgraduate research students
(Bennett, 2019; Prendergast, 2019), also aimed to
profile the consumers who would be most recep-
tive to this type of upcycled food. A brief sum-
mary of the study design and results follows.

Four focus groups (total n = 29) and a nation-
ally representative survey of 1,000 consumers
were carried out to assess consumers ‘perceptions
of foods derived from supermarket surplus. The
focus group and the survey introduced the con-
cept of upcycling bread to explain the idea. The
description explained the process of upcycling
supermarket waste, where foods reaching the end
of their shelf-life are sent back to a processing
facility to be then turned into a new product that
is sold back to the supermarket. Bread was used
as the example as high quantities of bread are
currently being produced and wasted in super-
markets, and it was of the commercial interest of
the company sponsoring the research.

Understanding respondents’ initial reaction is
crucial in product concept testing as it provides a
good indicator of whether a particular product
will stand out in the market. In summary, most
respondents (80%) viewed upcycling supermar-



152

M. Mirosa and P. Bremer

ket waste as a unique concept stating that the idea
was ‘different’” or ‘very different” These
responses indicated that the proposed concept is
different enough from existing solutions to be
marketed as novel in the marketplace. The major-
ity (63%) of respondents’ initial reactions to the
idea of upcycled supermarket foods were ‘posi-
tive,” with a significant proportion (39%) having
a  ‘somewhat positive’ initial reaction.
Respondents largely agreed with the statements
‘I think the concept is exciting and has lots of
potentials’ (68% ‘strongly agreed’ or ‘agreed’)
and that ‘Reformulated products from supermar-
ket end of shelf-life products appeal to me as they
will be more environmentally friendly’ (76%
‘strongly agreed’ or ‘agreed’).

When respondents were asked in a free-text
comment box ‘What do you like most about the
concept? the most frequently used terms
included “wastage,” “reduces,” “recycling,’
“environment,” “landfill,” and “new” (Fig. 11.1).
Interestingly, respondents also mentioned bene-
fits to the economy (e.g., “It’s another manufac-
turing opportunity which provides more jobs”).
They also made a note of the fact they liked the
fact that businesses were doing their part to fight
food waste (e.g., “Makes me feel light the big
companies are finally getting their priorities
right”).

When respondents were then asked, ‘what do
you like least about the concept?’ the most fre-
quently used terms included “afraid” and “cheap”
(Fig. 11.2). Respondents reported, “I'm afraid
that this food could contain artificial chemical
and ingredients,” that “the idea of old food being
turned into new food just makes me feel queasy,”
and “this sort of product will be seen as second-
rate food and fit only for poor people.” Hence,
manufacturers will need to develop trust and
understanding of the processing of upcycled food
amongst consumers, given consumers were
reportedly still a little apprehensive about the
safety, hygiene, and quality of products upcycled
from product returned from supermarkets.
Assurances and independent certifications (such
as the Upcycled Certified™ label) will be critical
to ensure that in the minds of consumers, this
isn’t “just another opportunity for supermarkets

to increase profits further.” A surprisingly com-
mon concern was that there could be negative
social consequences to upcycling, i.e., that upcy-
cling supermarket surplus could hurt the food-
banks who currently receive this product (e.g.,
“Food banks for the needy will suffer”).

A cluster analysis, which groups participants
so that participants in the same groups (clusters)
are more similar than those in other groups, was
used to investigate potential market segments.
Two clusters were found: cluster 1 (Anti-
Upcycling) and cluster 2 (Pro-Upcycling)
(Fig. 11.3). As the name suggests, the Anti-
Upcyclers were more against the concept of
foods made from upcycled products, less envi-
ronmentally concerned, and more concerned
about the safety and the risk of foods that are
upcycled from supermarkets waste. Only weak
relationships were found between demographic
variables and clusters with a higher proportion of
‘Pro-Upcyclers married with children (65.2%)
than ‘Anti-upcycling’ (34.8%).

While the survey revealed the abovemen-
tioned individual-level factors determining con-
sumer acceptance of supermarket upcycled food
the focus groups permitted further insight into
other types of factors that were also influencing
consumer acceptance. Regarding product-related
factors, the preference appeared to be for upcy-
cled products to be disconnected from the raw
material. So, for example rather than upcycling a
surplus bread product into another loaf of bread
the preference was for this to be turned into
something in a distinct product category (e.g.,
beer). If the products were going to be sold as the
same product type, then it would be beneficial to
have added benefits such as fortification. Also, if
it was going to be turned back into the same sort
of product, then there was a feeling that this
shouldn’t be marketed or sold next to “fresh”/
original product as this could make it appear
inferior in comparison.” Product congruency was
deemed necessary—e.g., upcycled products
should have sustainable packaging and a minimal
carbon footprint. Focus groups participants also
discussed  several contexts/communication-
related factors that helped determine acceptance
of supermarket upcycling. All participants
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Fig. 11.2 Word cloud
based on what
consumers like least
about the concept of
upcycling supermarket
waste. The larger the
font, the more frequently
the word was mentioned

believed that the origin of the food needed to be
clearly stated. There was a lot of discussion
around the need to consider terminology and to
message carefully. “I think the overall concept is
really good - if it goes ahead, I would just make
sure the terms used to the public are understand-
able and will evoke the necessary emotion/
response, not ‘re-purposed waste’ on it.”
Upcycled products were perceived as having
higher ‘other-benefits’ than ‘self-benefits,” so
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considering this in product promotions would be
important. There was agreement that it would
make sense initially for manufacturers and retail-
ers to use novelty as a selling point for these
products.

In conclusion, the results of this study (and the
Food Waste Innovation Group’s other subsequent
consumer insight studies that have likewise
focused on the New Zealand consumer
(Goodman-Smith et al., 2021, 2022) indicate that
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Fig. 11.3 Pie graph of
the results from the
two-step cluster analysis

there appears to be sufficient demand in New
Zealand to consider upcycling as an idea with
exciting market potential. One of the things the
Research Team has done with their Theme’s
Resource Hub is to create a series of talking
abstracts/project overviews where the research-
ers explain the findings of their work in an easily
understandable way. So, for readers that would
like to learn more about these findings but don’t
want to wade through the academic papers, this is
a great way to learn more.

11.3 Next Steps. Paving the Way
for an Upcycled Future

As upcycling becomes more accepted, the next
goal will be to scale up the processes and build a
secure infrastructure. It is not wise to underesti-
mate this challenge; KPMG recently highlighted
some of these challenges in their 2021 agribusi-
ness report (KPMG Agribusiness Agenda, 2021,
pg. 30) “There is a lack of innovative businesses
looking to create new markets for good quality,
fresh and edible food that doesn’t meet the visual
grade for retailers. Setting up these businesses in
NZ is expensive, scaling up is challenging, regu-
lation is stifling, and the language ‘food
waste ‘puts consumers off the product... If we
changed the conversation to upcycled foods and
established standards so that entrepreneurs could

Cluster Sizes

Cluster
I Custer 1 Anti-Upcycling
. Cluster 2 Pro-Upcycling

gain credit for their impact, we might unlock a
food system revolution!”

There is something for everybody to do to tap
into new opportunities to establish upcycled
brands and processes. The government needs to
support the sector, given it is still at an introduc-
tory level, so co-funding and support are required.
Manufacturers should continue experimenting to
find new ways to convert underused products into
marketable upcycled products. They should also
work towards certification for these products and
help raise awareness about the environmental and
societal benefits of these products specific to the
consumer ‘s values. Retailers need to start carry-
ing more upcycled products, educate shoppers,
and consider soft launches including in-store
tastings of new products. Researchers must focus
on solving R&D challenges and gain deeper
insights into consumer behavior. There is a par-
ticular need for Life Cycle Assessment research
so manufacturers can further validate that an
upcycled product is better than the conventional
from both a waste and emissions standpoint. And
consumers must vote with their wallets and buy
upcycled products as they become available to
ensure that they become economically viable and
mainstream.

Before concluding, it seems obvious, yet nec-
essary, to make the point that upcycling alone is,
of course, not going to save the world. Still, it
will help, and food waste experts consider it a
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serious weapon in the global war on food waste.
So, let’s all raise an upcycled glass of bread-
waste beer to that. “Cheers!”
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evidence base for decision-makers in the New Zealand's
food industry, the waste sector, the government, and civil
society organizations.

Phil Bremer is a Food Scientist with a background in
product development and food safety. He likes to apply a
multi-disciplinary approach involving microbiology,

flavor and sensory science and increasingly social
science to determine how the way a food is produced and
promoted impacts on its suitability, acceptability, and
value in the marketplace. Phil has worked with a wide
range of companies on projects in the dairy, vegetable,
seafood, meat, brewing and wine industries.
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Abstract

Modern consumers demand foods that are
processed without synthetic additives and pre-
servatives. The term ‘“clean label” has been
adopted to describe such food products. The
global market for clean label products reached
$180 billion in 2020. Reasons for this
increased demand for clean label food prod-
ucts include health, environmental, and soci-
etal concerns. Consumers seem to be
particularly skeptical of food ingredients used
in processed foods that they do not know or
ingredients they know as belonging to refined
foods. Therefore, various technologies have
been developed over the past decade, enabling
the food processors to manufacture clean label
food products. This includes high pressure-
based food manufacturing technologies, active
packaging, and natural antimicrobials, pig-

derived from plant and animal sources.
Functionality as well as safety have been
investigated to guarantee the technologies’
applicability to the food industry. Sensory
profile (appearance, aroma, taste, and texture)
and shelf life both contribute to food quality.
While some of natural ingredients have been
demonstrated to be safe and efficient, others
might be less effective. Opportunities for
healthy, sustainable processing are viable, yet
challenges do occur and should be addressed
by current and future food scientists and
engineers.
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ments, and other functional ingredients
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Modern consumers demand “healthy” clean label
processed foods that are free from synthetic addi-
tives and preservatives. Though health and well-
ness is a key driving factor, various socio-cultural,

environmental, and scientific factors are also
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(a) Food processors traditionally use a variety of
synthetic additives for providing a range of
useful functions in processed foods includ-
ing maintaining safety, taste, texture, and
appearance. In the era of social media, con-
sumers are increasingly aware of numerous
adverse effects of synthetic ingredients
added in processed foods. Most of the con-
sumers are confused by unfamiliar scientific
names of ingredients and develop miscon-
ceptions about these ingredients in processed
foods. Rather, they prefer to purchase pro-
cessed foods containing all natural, easy to
understand, familiar ingredients they may
already use in their kitchen.

Medical researchers began to highlight the
adverse effects of processed foods on human
health. For example, recent increases in obe-
sity and various lifestyle diseases (Clark
et al., 2019; Hruby & Hu, 2015) are linked
with increased consumption of processed
foods. Similarly, correlations between use of
dietary emulsifiers (such as carboxymethyl-
cellulose and polysorbate-80) in processed
foods and increased incidence of chronic
inflammatory disease through adverse effects
on gut microbiome (Cani, 2015; Chassaing
et al., 2022) have been reported.

(c) With increased interest in protecting the
environment, consumers prefer processed
foods that are manufactured using sustain-
able food processing technologies with
reduced environmental impacts.

The food industry, over the last three decades,
adapted various novel thermal and nonther-
mal food manufacturing technologies,
including high-pressure processing (Zhang
et al., 2011). Food processors have industri-
ally adapted such minimal processing tech-
nological solutions in order to reduce product
thermal exposure and ensure microbiological
safety of the product. Now the food proces-
sors begin to realize the potential of such
technologies for manufacturing clean label
products that satisfy consumer’s desire for
nutritious foods with fresh-like quality attri-
butes and free from synthetic preservatives.

(b)

(d)

The global market share of clean label food prod-
ucts is estimated as $180 billion in 2020. Market
share of clean label ingredients such as natural
colors and flavors, starches and sweeteners, fruit
and vegetable ingredients, flours, and others will
increase from $38.8 billion in 2021 to $64.1 bil-
lion in 2026 (Brewster, 2021). The demand for
clean-label foods continued to increase during
COVID-19 pandemic, as consumers put empha-
sis on eating healthier meals during the
pandemic.

While there is no formal legal definition for
clean label foods, many food processors are pro-
actively removing synthetic additives in their
processed products to meet changing consumer
expectations; examples include Kraft Foods
(removal of artificial preservatives from maca-
roni and cheese), Nestle (removal of artificial fla-
vors from frozen pizza), Whole Foods (banning
artificial colors, flavors, and sweeteners in prod-
ucts sold in their stores), and Campbell Soup
Company (removal of artificial flavors and col-
ors). When removing or reducing the use of syn-
thetic ingredients, attention must be paid to how
such actions influence product safety, quality,
and shelf life. This chapter summarizes how
advanced food manufacturing, packaging, and
ingredient technologies can help to shape future
clean label food products.

12.2 Consumer Preference
of Clean Label Products

Numerous market surveys have shown how con-
sumers are looking for clean label food (Food &
Beverage Insider, 2021; IFT, 2021). This broad
term encompasses both ingredients and technolo-
gies. It typically involves avoiding additives and
preservatives (Food & Beverage Insider, 2021).
As many as two-thirds of US consumers have
expressed interest in such foods. In fact, they
actively read food labels and ingredients list to
screen for unwanted ingredients and nutritional
profile (IFT, 2021). The reasons behind this
involve four key pillars (Fig. 12.1):
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Fig. 12.1 Clean label foods concepts

— Food safety and health (metabolic health,
minimal processing);

— Nutrition (highly refined ingredients cause
nutrient loss and lower bioavailability);

— Environment (refining, extraction and import
cause high water and carbon footprint);

— Familiarity (unknown names drive consumer
away due to a lack of trust and need to
understand).

In terms of safety and health, reports have high-

lighted the presence of common solvents in food

additives (colors, dietary supplements, stabiliz-
ers, sweeteners). Specifically, the following com-
pounds were found: ethanol, methanol, acetone,
2-propanol, ethyl acetate, and hexane. All these
compounds were detected in quantities below the
maximum limits set by local authorities (FDA in
the USA, EFSA in the European Union and so

on) (Uematsu et al., 2002; Uematsu et al., 2008).

What sparked questions about safety and health

impact of consuming processed foods was the

impact of certain food additives. For examples,
studies on the low calorie sweetener aspartame
revealed cancer promoting activities due to meth-
anol release upon its digestion. This was observed
in vitro and in animal models (mice) (Maghiari
et al., 2020; Soffritti et al., 2014). Due to a lack of

human studies, caution has been promoted by
some researchers, while green light has been
given by others. Dosage and daily consumption
also must be taken into account. This was made
clear also by a study on a common texturizer
(hydroxypropyl methylcellulose, HPMC) which
was considered safe below daily doses of 5 mg/
kg body weight (Burdock, 2007). Typical dosage
of HPMC in food products (confectionery, dress-
ing, gluten-free bread, ice cream and others) is
about 0.1-5.0% of the food weight (Dourado
et al, 2016; Encina-Zelada et al., 2019).
Therefore, limited consumption is encouraged.

Nutrition-wise, some hydrocolloids may have
beneficial effects due to their fiber content.
Nonetheless, macronutrient isolation, such as
protein, can cause losses of specific micronutri-
ents, such as minerals and vitamins.

Environmentally, refining and processing
cause increased uses of resources (water foot-
print) and greenhouse gas emissions (carbon
footprint). In addition, popular additives (such as
guar gum) are derived from plants that only grow
in a few locations (Rajasthan, India). Import
across the globe involves carbon emissions.
Therefore, finding local alternatives will improve
the sustainability of this food supply.



160

V. M. Balasubramaniam et al.

Finally, part of the clean label movement
started off with a demand for transparency.
Certain consumers do not recognize technical
names and codes. They are not necessarily
against the use of some ingredients, but rather
demand clarification on their origin (raw material
and processing).

Overall, a call for transparency outlined a
demand for clear ingredient listing, using simple
words as opposed to jargon or numerical codes.
The food industry is responding by developing
clean ingredients, especially in the areas of safety
(mold inhibitors), taste (flavor) and texture
(hydrocolloids) (IFT, 2021). Interestingly, a
recent survey performed in 2021 outlined con-
sumers’ interest in labels with carbon footprints.
This demand is supported by one of the reasons
for clean label: environmental concerns (IFT,
2021).

While there have been numerous trade maga-
zines reports documented increasing consumer
preference towards clean label food products,
very limited scientific literature is available
in scholarly journals. A study on plant-based
foods with free-from claims investigated the fol-
lowing products as case studies: gelatin-free can-
dies, dairy-free ice cream, soy-free protein
drinks, and meat-free sausages. Results high-
lighted three main categories of food ingredients:
sweeteners, flavours and protein. Generally
speaking, subjects identified most sweeteners as
unhealthy, while their opinion on flavour and pro-
tein changed based on the ingredient origin and
manufacturing. Unhealthy processing approaches
(use of specific extraction solvents, extreme iso-
lation of nutrients) and unfamiliarity with the
ingredient name were identified as other reasons
for rejection of processed foods (Aschemann-
Witzel et al., 2019). Authors concluded that con-
sumer education can prevent rejection soley due
to unfamiliarity.

Maruyama et al. (2021) investigated how
ingredient lists and associated sensory quality
descriptions influence consumer preferences
towards clean label food products. Authors con-
ducted the experiments using 250 consumers in
the USA by evaluating the impact of four stabi-

lizers (carrageenan, corn starch, milk protein
concentrate, and pectin) and textural characteris-
tics on preferences and willingness to pay for
plain yogurt. Results of the study suggests that
while clean labeling increases consumer choice,
poor texture reduces consumer choice. The
adverse impact of poor texture appears to be less
significant for clean label yogurts compared to
that for yogurts with longer ingredient lists.
Among all stabilizers, corn starch has a signifi-
cant negative impact on consumer choice. While
the price and quality are the important attributes
for consumers, the study suggests that consumers
have shown clear preference for clean labels, spe-
cifically, a minimal ingredient list. They may be
willing to pay more for a clean label on plain (32-
ounce) yogurt product. More scientific studies
are necessary to understand consumer interest in
clean label products on different food matrices.
Another USA study on yogurt revealed that
perceived naturalness positively influenced the
intent of purchase, whereas ingredient function-
ality (sweetener, emulsifier, thickener) did not
affect it. Age also played a role with the younger
generations declare to be more mindful of ingre-
dient list. Specifically, a group of over 500 people
was asked questions about the following yogurt
ingredients: sweeteners, thickeners, preservatives
and colorings. Within each of these four catego-
ries, significant differences were observed in
terms of perceived naturalness. For example:
— Cane sugar was preferred over fructose as
sweetener;,
— Pectin was preferred over carrageenan and
guar gum as thickener;
— Citric and lactic acids were preferred over sor-
bate as preservatives;
— Vegetable juice was preferred over carmine
and Red 40 as coloring.
Results were not affected by functionality (sweet-
ener, thickener, preservative, and coloring) but
rather attributed to ingredient source, processing
and familiarity. For example, the thickener car-
rageenan was considered significantly more natu-
ral after its origin (seaweed) was explained
(Maruyama et al., 2021).
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Experimental Survey

Consequently, a similar follow up study was con-
ducted at Lincoln University, New Zealand. The
survey was conducted among 26 science and
commerce staff and students of the university.
The survey consists of 3 paired questions to
determine participant’s views on clean label
ingredients in yogurt. Survey questions employed
ratings between 1 (not very likely) to 5 (very
likely). Statistical significance was determined
using a T-test. The first paired questions asked
about participant’s likelihood to accept pectin in
yogurt, the second paired questions asked about
participant’s likelihood to accept lecithin in
yogurt, and the third paired questions determined
participant’s likelihood to accept vitamin B12 in
yogurt. Results are summarized in Table 12.1.
The likelihood of participants accepting the use
of pectin in yogurt increased after learning about
how it is produced industrially. However, no sta-
tistically significant difference was observed,
meaning that the likelihood of participants

Table 12.1 Statistical analysis of survey results

accepting pectin in food did not significantly
increase after learning about industrial produc-
tion: participants were ‘neutral to likely’ to accept
pectin in yogurt.

Results from the emulsifier questions (leci-
thin) show that participants accepting lecithin in
food increased significantly after learning about
its industrial production. Finally, results from the
nutritional supplement questions indicated that
participants accepting the addition of vitamin
B12 in yogurt was high, regardless of the
explanations.

The general lack of statistically significant
increases in acceptability of ingredients after
learning about their industrial production may
indicate that the participants do not view know-
ing about the ingredients in their food very
highly. This may reflect a lack of interest in the
clean label trend for yogurt products. However, a
reason for this result may have been due to sam-
ple selection. Majority of the responses came
from those in the science faculty. Therefore, the

Question

‘ Mean ‘ p-value

Pectin

Q1. How likely are you to accept a yoghurt that contains pectin?

3.46 £0.91 0.304

Q2. Pectin is a fibre found in the cell walls of most fruits. It is extracted using hot acid,

diluted and dried

Knowing this information, how likely are you to accept a yoghurt that contains pectin?

3.73+0.96

Lecithin

Q3. How likely are you to accept a yoghurt that contains lecithin?

331+0.74 0.049

Q4. Lecithin is a fat that can be commonly found in eggs, sunflowers, and soybeans.
Commercially, lecithin is made by hydrating the seeds, filtering the mixture and drying
Knowing this information, how likely are you to accept a yoghurt that contains

lecithin?

3.73+£0.78

Vitamin B12

Q5. How likely are you to accept a yoghurt that is fortified with vitamin B12?

4.12+0.99 0.649

Q6. Vitamin B12 is mainly found in meat, fish, eggs, and dairy. Supplements are
produced through a fermentation process. Specific bacteria ferment a source of sugar.
The vitamin B12 produced is then extracted using a solvent or resin and purified
Knowing this information, how likely are you to accept a yoghurt that is fortified with

vitamin B12?

4.23 +0.82
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participants would likely already have an under-
standing of these ingredients and their commer-
cial applications, which would explain the lack of
significant increase after learning about their
industrial production. The scientific nature and
small size of the sample (26 participants) mean
that the results may not reflect the population
well. Additionally, despite the lack of statistical
significance, there is still a trend of increased
acceptability of ingredients after their origins are
explained, so clean label may still be a consider-
ation for consumers.

Lecithin was the only ingredient which had a
statistically significant increase in acceptability.
This could have been due to lecithin not being as
commonly known as the other two ingredients
(pectin is used in home-cooking for making jams
and vitamins are associated with health), so after
learning how it is produced (in a fairly natural
process), acceptability increased. Also, pectin
and vitamin B12 are extracted using hot acid and
resin or other solvents respectively, while lecithin
is derived by soaking. Vitamin B12 fortification
of yogurt had the highest average mean and par-
ticipants were likely to accept it in yogurt. A rea-
son for this could be that vitamins are nutrients
which are known to provide health benefits.
Therefore, consumers may be more willing to
accept non-clean label ingredients as long as the
health benefits of the food are clearly highlighted.
More studies among consumers from different
geographical regions are needed to understand
consumer desire for clean label food in food
product development.

Therefore, two approaches can be suggested:
minimal processing and consumer education.

12.3 Technologies for Clean Label
Foods

Successful introduction of clean label food prod-
ucts requires development of technologies for
novel food processing, packaging, and
ingredients.

12.3.1 Nonthermal Processing

Researchers have been investigating the applica-
tion of various nonthermal lethal agents, such as
high pressure, pulsed electric field, high-pressure
homogenization, ozone, cold plasma, ultrasound,
and ultraviolet light, to ensure microbial safety of
foods (Balasubramaniam et al., 2016; NACMEF,
2006; Zhang et al., 2011). These lethal agents can
help food processors inactivate harmful vegeta-
tive bacteria and spoilage organisms commonly
found in foods. While most of the nonthermal
technologies investigated are effective in inacti-
vating various vegetative bacteria, viruses, molds,
and yeasts, spores mostly survive the treatment at
ambient temperatures. Spores can be inactivated
by combining nonthermal lethal agent with mod-
est heat. In addition, nonthermal technologies
have shown variable efficacy against inactivating
enzymes. Among various nonthermal processes,
high-pressure processing has been increasingly
adapted by food processors as a technology that
ensures food safety and development of clean
label foods by reducing thermal exposure and
improving product functionality.

12.3.2 High-Pressure Processing

High-pressure processing involves subjecting the
pre-packaged food to high pressures (400-
600 MPa) with or without external heat addition
(Fig. 12.2). While pressure treatment at chilled or
ambient temperatures produces pasteurized prod-
ucts, the combination of high pressure and heat
(90-120 °C) is required to achieve commercial
sterility ~ (Balasubramaniam, 2021). High-
pressure pasteurization has been industrially
adapted by various food processors to process a
variety of safe and nutritious foods without the
need for synthetic chemicals. Meats, seafood,
juices, sauces, and ready-to-eat meals are exam-
ples of value-added high-pressure pasteurized
products. Though high-pressure processing was
initially commercialized in 1997 in the USA as a
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Fig. 12.2 Process development of high pressure-based technologies in food manufacturing

food safety technology, today the technology has
been employed by food processors to satisfy con-
sumer demand for clean label products by remov-
ing preservatives such as sodium benzoate,
nitrites, and nitrates (Anon, 2018). Nitrites have
been typically employed as a curing agent in
meat products. High-pressure treatment of meats
helped to remove such ingredients from treated
products. Thus, high-pressure pasteurization
facilitates the development of healthier clean
label processed meats (Bolumar et al., 2021;
Roobab et al., 2021).

Ultra-shear technology (UST), also known as
high-pressure homogenization (HPH), is a
semi-continuous method of pressure treating liq-
uid foods. During the process, the liquid bever-
age is pressurized to target pressure and
discharged via a shear valve at the target temper-
ature. During passage through the shear valve,
the pressure energy is converted into kinetic
energy, generating heat, shear force, cavitation,

and turbulence (Martinez-Monteagudo et al.,
2017). Due to the conversion of pressure energy
into kinetic energy, UST could modify food
properties by reducing particle size, altering rhe-
ological characteristics, and modifying protein
structures. This modification may help to pro-
duce various clean label beverages, including
nutritional protein drinks, sauces, food emul-
sions, and liquid foods (Janahar et al., 2021). No
UST-treated beverages are commercially avail-
able as of now. Belmiro et al. (2022) evaluated
the feasibility of high-pressure homogenized cof-
fee by-products as potential healthy clean label
ingredients for making cookies. Incorporation of
coffee by-products increased fiber content and
total reducing power in the cookies without caus-
ing major changes in physical or sensory attri-
butes of the product. Martinez-Monteagudo et al.
(2017) concluded that the treatment may also
help reduce synthetic stabilizer concentration in
dairy beverages.
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12.4 Packaging Technologies
for Clean Label Products

Food packaging material selection is also a criti-
cal component of manufacturing clean label
foods. Packages help the food processors to com-
municate and highlight some of the claims on
clean label products so that consumers can make
informed purchasing decisions. The package
should also be free from any harmful additives.
For example, with increased consumer sensitiv-
ity, food processors now prefer to utilize BPA-
free packaging materials.

Since clean label products do not use synthetic
preservatives, additives, and stabilizers, active
packaging can be utilized by the food processors
to protect the product. Active packages make use
of various active ingredients and components
(such as scavengers for oxygen and ethylene, car-
bon dioxide absorbers and emitters, time-temper-
ature indicators, radio-frequency trackers,
antimicrobial agents, and antioxidants) in the
package for preserving and enhancing product
quality and shelf life (Singh et al.,
2021; Janjarasskul & Suppakul, 2018). Such
ingredients may be placed inside the package via
sachets or pads or incorporated into the packag-
ing to perform certain functions (e.g., antimicro-
bial or antioxidant functions) beyond protection
of the product. For example, clean label snack
foods free from synthetic additives, including
butylated hydroxyanisole, butylated hydroxytol-
uene, tertiary butylhydroquinone, and trans fats,
require protection from lipid oxidation.

High barrier active packaging material with
gas flushing, temperature controls, and oxygen
absorbers may reduce oxygen exposure in meats,
cereals, and dried fruits (Sand, 2017). Natural
antimicrobial compounds incorporated into pack-
aging materials may be useful for delaying or
preventing growth of pathogenic and spoilage
microorganisms. An example is the use of sachets
containing eugenol, carvacrol, and trans-
anethole, compounds with known antimicrobial
activities, which allow preservation of organic
ready-to-eat iceberg lettuce (Wieczynska et al.,
2016). Finally, most of the current food packag-

ing are made from polymers that are noncom-
postable and difficult to degrade. For example, in
the USA alone, food and packaging materials
contribute about 45% of the materials landfilled
and have major environmental impact. Future
research efforts should focus on the development
of biodegradable food packaging material as well
as approaches for recycling packaging material
for reducing packaging waste.

12.5 Natural Ingredients for Clean
Label Products

Processed foods are formulated and stabilized
with a variety of ingredients, including colorants,
flavor agents, emulsifiers, antimicrobial agents,
and agents for modifying rheological characteris-
tics. With the growth of clean label foods, the
demand for natural clean label ingredients is
increasing. For example, in the United States, the
clean label ingredients market was valued at
$38.8 billion in 2018 and is forecasted to reach
$64.1 billion by 2026.

Development of clean label products requires
in part reducing or eliminating the use of various
synthetic ingredients from natural sources. Such
natural additives include various natural antimi-
crobial agents, natural antioxidants, carotenoids,
and essential oils (Carocho et al., 2014). Extracts
from cinnamon, rosemary, thyme, oregano, and
similar essential oils, as well as chitosan are used
as natural antimicrobial agents.

Traditionally, antimicrobial ingredients are
added to formulated foods to provide bacterio-
static effects during extended storage. In addi-
tion, it is possible to combine natural ingredients
with various nonthermal technologies synergis-
tically to reduce process severity. For example,
researchers have demonstrated that natural anti-
microbial compounds such as essential oils can
be synergistically combined with high-pressure
processing to reduce process severity (Chuang
& Sheen, 2022; Daryaei et al., 2016; Evrendilek
& Balasubramaniam, 2011). Raghubeer et al.
(2020) reported that various strains of C. botuli-

num spores inoculated in raw, pressure-
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pasteurized coconut water did not grow or
produce toxins when stored for 45 days at 4 °C
and 10 °C. The authors attributed this lack of
growth to the presence of natural antimicrobial
compounds such as lauric acids, antimicrobial
peptides, and other substances present in coco-
nut water. Such compounds inhibit growth and
toxin production of non-proteolytic and proteo-
lytic strains of C. botulinum when stored at
<10 °C. More research is needed to evaluate the
synergy between various natural antimicrobial
agents in combination with different processing
and packaging technologies.

While nonthermal technology treatment may
help to formulate clean label products by reduc-
ing or removing additives (such as nitrites and
sulfites from high-pressure pasteurized meat
products), potential adverse effects of reducing
or removing these additives on product safety,
quality, and shelf life need to be considered as a
part of process development of clean label prod-
ucts. For example, in conventionally treated
products, nitrites also contribute to the develop-
ment of the color and flavor of cured meat prod-
ucts. The reduction or removal of antioxidants
may promote higher levels of oxidation. Such
effects must be considered before changes to the
product formulation are made.

Synthetic compounds have well-defined mol-
ecules with low batch-to-batch variability. On
the other hand, natural ingredients often lack the
process and storage stability of synthetic ingre-
dients. It is important for natural ingredients to
deliver their function in formulated foods with-
out adversely impacting organoleptic properties
of foods. For example, while various plant-based
essential oils have demonstrated antimicrobial
activities, such compounds may introduce dis-
tinct flavors in the formulated products that may
not be appreciated by the consumers. In addi-
tion, such compounds may have water solubility
and stability. Some of the protein-based natural
antimicrobial compounds may lose antimicro-
bial properties when treated under different non-
thermal  technologies.  Various  pigments
associated with natural colorant sources (e.g.,

anthocyanins, betalains, carotenoids) may be
degraded under certain heat, acidic, and light
conditions during processing and extended stor-
age (Weber & Larsen, 2017). Research is under-
way to modify natural ingredients by
nanoencapsulation or similar approaches to
improve their stability while retaining
functionality.

12.6 Limitations to Consider
When Developing Clean
Label Processed Foods

It is important to realize that clean label pro-
cessed food by itself may not assure the pro-
cessed product is a healthier choice for
consumers. The product may still contain ele-
vated levels of sugar, salt, and fat, which may not
be desired by the consumer. Food processors
motivated to develop consumer-desired clean
label products may ignore the need to fortify
processed foods with vitamins and minerals,
many of which have “chemical-sounding” names
(Shelke, 2020). Raw foods may be contaminated
with mercury, zinc, arsenic, and lead from soil,
chemical fertilizers, and pesticides. Similarly,
fish may be contaminated with mercury from sea
or river water. While many of the conventional
and novel food processing methods are effective
in microbial safety and preserve product quality,
limited studies investigated the technologies’
effectiveness against some of these chemical
contaminants, which may lead to adverse health
effects. More research is needed to develop pro-
cessing and/or ingredient-based intervention
strategies for eliminating these contaminants.
Finally, in the era of social media, consumers are
mostly presented with adverse effects of pro-
cessed foods while overlooking many positive
benefits of various synthetic ingredients in pro-
cessed foods. The food science and engineering
community needs to engage with consumers to
highlight the positive benefits of food process-
ing, packaging, and various ingredients in food
preservation.
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12.7 Conclusions

Development of the next generation of clean
label foods requires coordinated efforts and com-
munication among various stakeholders includ-
ing academia, food processors, retailers, policy
makers, and consumers. Development of clean
label products cannot be realized by simple
removal of preservatives or synthetic ingredients.
Multidisciplinary research and development
efforts in various processes, packaging, and
ingredient technologies are critical. Development
of these clean label foods requires careful prod-
uct reformulation and changes in the food manu-
facturing and filling processes.
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Abstract

Water scarcity and water pollution are in hot
debate in society, and water reuse has become
an important measure of the water conserva-
tion plan. It is important to understand con-
sumers’ perceptions of the environment, water
quality, and food wastewater reuse. Food
wastewater reuse is a promising method of
reclaiming wastewater. For example, by-
products such as acid whey and tofu whey can
be used to manufacture new products. This
report aims to assess consumers’ perceptions
of water quality and acceptance of new whey
beverages in 26 provinces in China. Data are

collected by referring to peer-reviewed litera-
ture, related websites, social network sites,
and other platforms, and formulating a ques-
tionnaire survey of 18 questions (n = 130).
The results show that consumers have a cer-
tain degree of concern about the water quality
of their living environment and worry about
the safety of reclaimed water. Food safety is a
priority for consumers when buying new whey
products. Curiosity, environmental awareness,
and the price will also affect their purchase
intention. The research and development on
the food application of acid whey and tofu
whey are still in progress, and converting them
into functional beverages is the main innova-
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tion direction of researchers. Reducing con-
sumers’ risk perception of these two whey
types will help increase their acceptance.

Keywords

Water reuse - Circular economy - Consumer -
Purchase intention - Acid whey - Tofu whey

13.1 Introduction

Water is not only an important material for main-
taining a healthy ecosystem, but also an indis-
pensable resource for social and economic
development. Due to the acceleration of indus-
trial construction, economic development, and
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urbanization, water consumption continues to
increase (Meneses et al., 2017). It is estimated
that by 2040, global water consumption will
reach 4.35 trillion cubic meters (Tiseo, 2019).
The water footprint represents the number of
freshwater resources consumed to produce a cer-
tain product or provide a certain service
(Hogeboom, 2020). Agriculture is one of the
industries that consumes the most water in the
world, especially in irrigation. For example, in
China, agricultural water consumption accounts
for 70% of the total water consumption
(Winpenny et al., 2010). Crops have a higher
water footprint, but animal-derived foods gener-
ally have greater water footprints than plant-
derived foods (Mekonnen & Hoekstra, 2012).
Human living standards have gradually improved,
and more and more people’s dietary choices have
turned to high protein foods, some of which have
led to an increase in water demand, resulting in
water scarcity (Gonzélez et al., 2020). For exam-
ple, production of 1 liter of milk requires approx-
imately 5,000 liters of water (Mekonnen &
Hoekstra, 2011). A common alternative to milk,
that is considered more sustainable by many, is
almond milk. Nonetheless, almond production
requires much more water, as high as 13,000 L of
water per kg almonds (Vanham et al., 2020) while
almond milk only delivers low quantities of nutri-
ents due almonds limited solubility in water.
Nutrient density and protein content must be fac-
tored in when comparing the environmental
impact of food industries. When doing so,
almonds require the least water per protein,
closely followed by milk: 65 vs. 145 L water/g
protein for almond and milk, respectively. This
estimate is greatly outweighed by almond milk:
3,270 L water/g protein, which is 50 times higher
than the value recorded for almonds (Mekonnen
& Hoekstra, 2011; NZ Food Data Composition,
2021; USDA, 2021; Vanham et al., 2020).

In addition, in food processing industries,
water participates in many food processing unit
operations, which produce large amounts of
wastewater that pose harm to the environment
(Casani et al., 2005). The problems of water scar-
city and environmental pollution have seriously

affected the living environment and economic
development, restricted the development of agri-
culture, and endangered food security and public
health. These issues are a source of heated
discussion among global lawmakers as well as
the public.

In order to solve or alleviate the global water
scarcity situation, many countries are working on
improving the water utilization rate in terms of
irrigation and reclaimed water, and they research
and promote actively various water conservation
technologies (Casani et al., 2005). Food Codes
(Code of Federal Regulation CFR and Codex)
stated that wastewater must be treated in a
hygienic manner that does not contaminate food
or food equipment (FDA, 2017). At present, the
food processing industry has taken relevant mea-
sures to treat food wastewater, including mem-
brane filtration technology (such as ultrafiltration,
nanofiltration, reverse osmosis), biological treat-
ment technology, Membrane Bioreactor (MBR),
and others (Meneses et al., 2019). In addition, an
effective way to save water is to recycle wastewa-
ter and make it into edible products. The annual
output of wastewater from the food industry is
large. Wastewater such as acid whey and tofu
whey, which are by-products of the production of
Greek yogurt (Lindsay et al., 2018) and tofu
(Chua & Liu, 2019), respectively, both have high
nutritional value. However, they contain high lev-
els of biological oxygen demand (BOD) and
chemical oxygen demand (COD), which in some
cases is up to 10 g/L (Cassano et al., 2015). These
high BOD and COD cause environmental issues
if the wastewater is discharged. Specifically, high
levels of these indicators can cause eutrophica-
tion: excessive concentration of nitrogen and
phosphorous in freshwater. The result is a lack of
oxygen for native species (such as fish) resulting
in altered ecosystems, with fish death and pro-
duction of toxins (Khan & Mohammad, 2014).
Hence, using them to make new products is a sus-
tainable solution that can reduce water eutrophi-
cation and water pollution caused by discharge
into rivers.

Currently, there are no products derived from
acid whey and tofu whey, and there is also a lack
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of consumer perception of them and no evalua-
tion of the potential acceptance of their products.
Therefore, the purpose of this study is to investi-
gate consumers’ perceptions of water quality and
the discussion of these two types of whey as
sources of new products. Conducting this
research generates justification to improve
research and promotion of such new products
since it aims to collect and judge consumers’ atti-
tudes toward the recycling of food wastewater.

13.2 Consumer Discussion
on Social Media

13.2.1 Data Collection

Peer-Reviewed References

and Websites

The main websites include ScienceDirect,
Lincoln Library, Google Scholar, and so on. The
data were searched in terms of water conserva-
tion, water management, reclaimed water, water
shortage, wastewater treatment, acid whey, tofu
whey, risk perception, etc. The nutrition and food
applications of acid whey and tofu whey as
examples in this report will be mentioned.
Moreover, the papers found will be compared
with the results of the questionnaire survey to
confirm their correctness or incorrectness.

13.2.1.1

13.2.1.2 Social Network Site
and Forums

Social network sites mainly include Facebook,
Twitter, Instagram, and Zhihu (a Q&A commu-
nity in China). In view of the fact that acid whey
and tofu whey are a new type of food raw mate-
rials, people talk less about them on social net-
work sites and forums. Therefore, consumers’
views and perceptions of water quality are the
key data for the main search. In addition, peo-
ple’s attention to local water quality, wastewater
treatment methods, and sources of water pollu-
tion will be discussed. These data will be used
to create word clouds through the WordArt web-
site, and will be compared with the results of the
survey.

13.2.1.3 Consumers’ Survey on Their

Views Toward

the Reconditioning

and Reuse of Wastewater

from Food Processing
The questionnaire survey collected data from 26
provinces in China through Sojump (an online
survey tool). There were a total of 130 respon-
dents, of which 93 were female and 37 were
male. The age of the respondents ranged from 18
to 60, and most of them were 18-25 years old.
The educational background includes high
school, technical secondary school, junior col-
lege, bachelor’s degree, master’s degree and
above, most of which have a bachelor’s degree.
The professional positions of the respondents
include students, government officials, ordinary
office clerk, professionals, etc. The specific
demographic information is shown in Table 13.1
(Q1-Q5).

Using survey data on consumers’ views of
water reconditioning and reuse, we first assessed
people’s attitudes and perceptions of the living
environment, water treatment, and wastewater
sources, which came from Q6 to Q11. Questions
12 to 18 investigated consumers’ acceptance of
new products made from acid whey and tofu
whey, mainly reflecting in terms of their percep-
tions of the two whey, curiosity of the products,
environmental awareness, price, and food safety.
The design of the questionnaire refers to the sur-
vey method of Adams et al. (2013). A question-
naire is deemed invalid if any one item is missing
in the basic information column of the survey
object or if two or more other questions are not
answered. In the end, 130 valid questionnaires
were obtained. The survey results are shown in
Table 13.2.

In the survey, questions about consu-
mers ‘perception of water quality and water
treatment include: (1) Do you often pay attention to
local water quality? (2) Do you think the current
water pollution is serious? (3) The main sources of
water pollution (e.g., industrial production waste-
water, domestic sewage, agricultural wastewater);
(4) The impact of untreated food industry wastewa-
ter on the environment; (5) Food industry wastewa-
ter treatment methods; (6) Acceptance of the
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Table 13.1 Demographics of survey respondents (n = 130)

Respondents (%)
Gender
Male 28.5
Female 71.5
Age
18-25 67
26-30 16
31-40 7.0
41-50 4.0
50-60 6.0
Educational background
High school 3.0
Technical secondary school 6.0
Junior college/ Bachelor degree 77
Master degree and above 8.0
Position
Student 60
Government officials 4.0
Ordinary office clerk 13
Professionals (e.g. teacher, doctor, etc.) 11
Others 12

Table 13.2 Statistical analysis of questionnaire survey (n = 130)

Description Results

Degree of concern for local water quality (1-Never, ... 5- Always) 3.41 098

The main sources of water pollution industrial wastewater (1-yes, 0-no) domestic | 0.90 + 0.30

sewage (1-yes, 0-no) agricultural sewage (1-yes, 0-no) others (1-yes, 0-no) 0.87 +£0.34
0.47 £0.50
0.02+0.15

Degree of understanding of wastewater treatment (1- don’t know, ... 5- know 2.58 £1.00

well)

Acceptance of water reconditioning and reuse (1- low acceptance, ... 5- high 33+1.13

acceptance)

Food safety consideration of food industry wastewater (1- not worried, ... 5- very |3.86 +0.94

worried)

Degree of understanding of tofu whey (1- yes, 0- no) 0.50 £ 0.50

Degree of understanding of acid whey (1- yes, 0- no) 0.24 = 0.46

Buying products made from acid whey or tofu whey due to curiosity (1- 3.13+£0.79

unwilling, ... 5- very willing)

Buying the products due to environmental awareness (1- unwilling, ... 5- very 3.31+0.85

willing)

Buying the products due to low price (1- unwilling, ... 5- very willing) 3.53+0.86

Buying the products due to guaranteed food safety (1- unwilling, ... 5- very 3.99 +0.89

willing)
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recycling of wastewater from the food industry.
Moreover, questions about consumer acceptance
of products made from acid whey or tofu whey
include: (1) The hygiene and safety of products
made from food industry wastewater; (2)
Understanding of acid whey and tofu whey; (3)
Purchase intention of the new products.

13.2.1.4 Data Analysis by Word
Clouds

All data were searched based on the purpose of
this research report. Making word clouds can
combine the relevant discussions of water quality,
acid whey and tofu whey, and highlight the key
points. Referring to Adams et al. (2013), the
results of this questionnaire survey are listed
using quantifiable single-choice or multiple-
choice options (the scale is 1-5 or 0-1), and they
were quantitatively analyzed. In order to conform
to cognition and facilitate comparison, the ques-
tionnaire scores are finally converted into aver-
ages and percentages. The risk perception of
consumers was evaluated by comparing the
knowledge, attitudes, and behaviour of consum-
ers on water reconditioning and reuse.

13.2.2 Discussion of Consumers’
Perception

13.2.2.1 Perception of Water Quality

The problem of water pollution and water scar-
city has always been a frequently debated topic in
modern society. It will continue to be a perma-
nent topic in the world, since it is related to
human health and development (Fig. 13.1).
People’s perception of water resources affects
their water use concepts and behaviour (Lease
et al., 2014). Their awareness of water quality
issues is the first research field of this investiga-
tion. The questions and corresponding results of
the questionnaire survey are summarized in
Table 13.2.

When respondents were asked how often they
are concerned about the water quality of their liv-
ing environment, with a scale of 1-5 to determine
the data, most people will sometimes pay atten-
tion to water quality issues (mean 3.41). This
mean also shows that they have a certain degree of
attention to water and environmental issues. The
results of the study by Eck et al. (2019) are similar
to this data, but more respondents are paying
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attention to the water situation. It shows that most
of the general public, water professionals, and
professional students in Oklahoma State are con-
cerned about clean water (Eck et al., 2019). The
reason for the higher attention is likely to be the
difference in the region, the water quality, and the
deeper understanding of water (Moosavi et al.,
2021). When asked to choose the main source of
water pollution among industrial wastewater,
domestic sewage, agricultural wastewater, and
other pollution sources (1 = yes, 0 = no), most
questionnaire respondents chose the first two
(mean value 0.9 and 0.87, respectively), about
half of the people chose agricultural wastewater
(0.47), and a very small number of them chose
other pollution sources (0.02) but did not specify
the source. According to UNESCO (2016), global
industries discharge 30—40 billion tons of waste-
water into water bodies every year, which also
reveals that industrial wastewater is putting
increasing pressure on the implementation of
measures to protect water bodies. It is reported
that agricultural water consumption accounts for
70% of total water consumption, and the amount
of sewage produced is also harmful to the envi-
ronment (Winpenny et al., 2010). More and more
people believe that inorganic substances (such as
nitrogen, phosphorus, cadmium, etc.) and organic
substances (such as pesticide residues) contained
in domestic sewage and agricultural wastewater
pose great threats to the ecosystem, which greatly
increases the total pollutant load (Xie et al., 2007).
Based on statistics, Asia’s annual wastewater vol-
ume is as high as 160 million cubic meters, while
North America and Europe produce approxi-
mately 67 billion cubic meters each year (Tiseo,
2020). Hence, people have a great responsibility
for the treatment of wastewater.

The composition of wastewater from food pro-
cessing plants is relatively complex, including
production processes such as sugar making, brew-
ing, meat, and dairy processing, which all contain
organic matter with a strong aerobic property, and
a large amount of suspended matter is discharged
with the wastewater (Cassano et al., 2015). When
the respondents were asked whether the direct
discharge of untreated food industry wastewater
into water bodies or other places would affect the

environment, 89.6% of them thought the impact
was greater, and only 2.22% of them disagreed
with this point of view, which reflects the impor-
tance of wastewater treatment. The survey by
Petrescu et al. (2019) also shows that consumers
agree that untreated wastewater has a highly nega-
tive impact on the environment and human health,
which is consistent with the results of this survey.
It is reported that food industry wastewater is a
biodegradable water resource and does not con-
tain toxic chemicals, but it has significant BOD
and COD values, which can increase the pollution
level of water resources if without wastewater
treatments (Meneses et al., 2019). In the Food
Code, the FDA (2017) requires food processing
plants to treat wastewater in a wastewater treat-
ment plant before discharging the wastewater into
the water body, so as to meet the dischargeable
wastewater standards. On average, most consum-
ers do not know much about wastewater treatment
methods in food factories (mean response of 2.58,
on a 1-5 knowledge scale) (Table 13.2).
Consumers seem to care more about the cleanli-
ness and safety of water than wastewater treat-
ment or water management.

13.2.2.2 Acceptance of Whey
Products

Acid whey and tofu whey are recycled by food
factories or laboratories because of their valuable
nutrients to make new whey products, so as to
realize the valorization of these two kinds of food
wastewater (Chua & Liu, 2019).
Consumers ‘willingness to buy new products often
depends on their knowledge of the product’s raw
materials, processing methods, product innova-
tion, price, and product safety. Therefore, the pur-
chase intention of consumers is mainly collected
through questionnaire surveys (Table 13.2).

When consumers were asked about their
acceptance of water reconditioning and reuse,
with a scale of 1-5 to test, and the result was that
most people chose the median value (3.3). It is
obvious that their acceptance of reclaimed water
was at a general level, but there were still some
consumers who fully accept this recycling mea-
sure. The main reason is reflected in the next
question of the survey, “Are you worried about the
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hygiene and safety of products made from food
industry wastewater?” Most consumers are wor-
ried about the kind of product (3.86). Consumers
lack the perception of wastewater reuse, which
will increase their negative attitudes towards
reclaimed water. Lease et al. (2014) found that
consumers’ responses become positive when they
obtain trustworthy information, and they gener-
ally accept or try to accept reclaimed water. Tofu
whey and acid whey were previously considered
to be of little value by the food industry, but now
as a new type of food raw material, it can reduce
the burden on wastewater discharge (Wang &
Serventi, 2019). However, consumers also have
little knowledge of tofu whey and acid whey. It is
investigated that on the scale of 0-1, half of the
consumers know about tofu whey, but most peo-
ple pour it away directly. In contrast, people know
less about acid whey, with an average value of
0.24. The reason may be different regional diets.
Greek yogurt is very popular in the United States,
and its production is increasing year by year
(USDA, 2021), hence, consumers also have a cer-
tain understanding of acid whey. Some content
about consumers cooking acid whey or tofu whey
into new foods can be found on social network
sites such as Twitter and Facebook, and the food
applications of these two types of whey will be
shown later. These two sources of whey as well as
other types have been mentioned in the question-
naire for follow-up investigation.

The survey investigated consumer attitudes
and behaviour toward whey products in terms of
curiosity, environmental awareness, price, and
food safety issues. It can be found from Table 13.2
that the average score in all aspects is 3—4. A study
believes that new products can attract consumers’
attention, stimulate their curiosity, and generate
an urge to approach the product (Gerrath &
Biraglia, 2021). However, the survey showed that
respondents were hesitant to such products (mean
3.13). Curiosity cannot increase their purchasing
desire, which reflects consumers’ neophobia.
Neophobia is defined as a resistive response to a
food that people have never eaten before, and it is
an inadaptability to new things (Nezlek et al.,
2021). Uncertainty about the reliability of whey
wastewater reuse technology makes consumers
fear new products, and this phenomenon exists in

both developing and developed countries
(Coppola & Verneau, 2018). When asked whether
they would include environmental awareness in
their decision to accept these whey products,
respondents selected 3 in the range of 1-5 most
often, resulting in an average of 3.31.
Environmental value has a positive impact on
consumers’ purchasing behaviour, but their cog-
nitive value prompts them to show hesitation in
accepting sustainable products (Khan & Mohsin,
2017). Consumers’ negative perceptions of food
wastewater hinder the development of environ-
mental awareness. Compared with curiosity and
environmental awareness, the average score of
prices is relatively high (3.53), showing that low
prices seem to be more effective in attracting con-
sumers, but obviously, consumers do not pay too
much attention to the economic loss of food.
Among four aspects, food safety is the first choice
of consumers. The result shows a higher average
value (3.99) than the other three aspects, which is
close to 4. Consumers’ attitudes toward product
safety is the same as the result of water quality
safety issues. What is interesting is that none of
the 135 respondents chose option 1, which proves
that food safety can increase consumer accep-
tance of whey products. Consumers’ desire to buy
will be motivated while ensuring food safety.
Lease et al. (2014) recovered and treated waste-
water to meet drinking water standards, and then
applied it to meat food, which gained high con-
sumer acceptance. Acid whey and tofu whey have
a higher safety factor than other wastewater, but
consumers ‘negative attitudes toward whey waste-
water is a problem that needs to be solved. In gen-
eral, consumers do not have a high degree of
acceptance of new whey products, and most of
them hold a conservative attitude.

The survey results are mainly due to consum-
ers’ risk perception of acid whey and tofu whey.
Similarly, research has shown that one of the
important hindrances to the implementation of
water reuse is consumers’ risk perception
(Meneses et al., 2017). Consumers obtain infor-
mation on food safety issues from social network
sites, news, or magazines, but fail to think deeply
about the true source of food pollution, leading to
a negative attitude toward the reuse of food waste-
water (Machado Nardi et al., 2020). Reducing risk



176

Y.Bietal.

perception is very significant to increase the recog-
nition and acceptance of whey products. In terms
of food risk perception, consumers have a higher
perception of experience risk, psychological risk,
and health risk (Carducci et al., 2019). They are
desperately focused on the quality and characteris-
tics of the product, and care about the emotion pro-
duced by the product (Khan & Mohsin, 2017).
Their purchase intention also depends on the emo-
tions of consumers (Liang et al., 2019). Functional
foods have nutrition as their basic attribute, while
hedonic foods that satisfy the need for taste are the
main attribute (Machado Nardi et al., 2020).
Studies have shown that the acceptance of hedonic
foods is higher than functional foods (Madzharov
etal., 2016). Making acid whey and tofu whey into
palatable pleasure foods seems to effectively
reduce food risk perception.

13.3 Food Applications of Whey
Ingredients

13.3.1 Acid Whey

Acid whey is a by-product produced during the
processing of fermented dairy products such as
cottage or quarg cheese and Greek yogurt.
According to statistics from the U.S. Department
of Agriculture, the production of Greek yogurt in
2021 is about 400 million pounds, an increase of
14% over 2020 (USDA, 2021). For every pound
of Greek yogurt produced, approximately 3
pounds of liquid whey waste are produced
(Rocha-Mendoza et al., 2020). With increasing
sales of Greek yogurt in the US market, the pro-
duction of acid whey has increased. Acid whey
contains more than 93% water, minerals, protein,
and lactose-based compounds, but it has a high
BOD and COD content (Lievore et al., 2015).
Compared with sweet whey, it has a lower con-
tent of protein and a higher content of lactose,
with the pH value ranging from 4 to 5 (Wherry
et al., 2019). The processing of acid whey is con-
sidered an additional cost for the dairy industry.
However, the treatment of discharging acid whey
directly in their waste stream by Greek yogurt
manufacturers has been controversial in terms of
environmental impact and protection. At present,
acid whey is generally used for anaerobic diges-

tion and converted into methane that can generate
electricity, which is the best way to treat large
amounts of acid whey (Danovich, 2018). It can
also be used as crop fertilizer or animal feed
(Menchik et al., 2018). In recent years, whey pro-
cessing has become an emerging industry. Sweet
whey has been ultrafiltered by the food process-
ing industry to obtain whey concentrate and
spray-dried to produce sweet whey powder,
which is widely used in confectionery products,
cereal and nutrition bars, processed cheeses,
baked goods, sports beverages, muscle gain for-
mulations, and desserts (Prazeres et al., 2012).
However, the processing method of sweet whey
is not suitable for acid whey, because most of the
lactose will be converted into crystal structure
due to the high lactic acid content and low pH
value during the spray drying (Rocha-Mendoza
et al., 2020). However, the nutritional value of
acid whey cannot be ignored. Although the devel-
opment and comprehensive utilization of acid
whey are still in the research stages, the potential
applications of acid whey as a sustainable prod-
uct raw material are promising.

The valorization of acid whey is a challenge
for dairy industries, but its application in the food
processing industry can relieve the pressure of
handling large amounts of whey. Although acid
whey causes agglomeration of particles during
spray drying (Rocha-Mendoza et al., 2020), nano-
filtration technology can remove or concentrate
50% of the lactic acid in acid whey to increase the
possibility of processing it as a spray-dried whey
powder (Chandrapala et al., 2016). Lactose can
also be purified from acid whey by ultrafiltration,
concentration, and crystallization, and can be
used to produce glucose syrup or galactose syrup
by enzymatic (such as fB-galactosidase) or acid-
catalyzed hydrolysis, which can replace sucrose
as sweeteners of ice cream, candy, and other foods
(Lindsay et al., 2018). It is also a high-quality raw
material for the production of fermented probiotic
beverages, which provide rich nutrients for lactic
acid bacteria (LAB) (Rama et al., 2019). Due to
its antibacterial and antioxidant functions, it could
become a potential functional beverage (Dragone
et al., 2009). It is reported that acid whey can
replace all the water in the original fermentation
formulation to produce fermented milk because
lactose and other solid components provide
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energy for fermentation, which can shorten the
fermentation period and give fermented products
a body-full sensory experience (Lievore et al.,
2015). Since there is little casein in acid whey,
replacing part of the milk with acid whey will
reduce the gel strength and viscosity of the fer-
mented product (Lievore et al., 2015). In addition,
it can be used to produce a new type of alcoholic
beverage with acceptable organoleptic properties
by yeast (Dragone et al., 2009). Moreover, it is
considered to be a powerful antioxidant and can
inhibit the release of iron during the oxidation and
deterioration of sausage production to stabilize
the bright red colour of sausages (Woéjciak et al.,
2014). The food applications of acid whey can
bring economic benefits to the dairy industry, and
be beneficial to consumers’ health.

13.3.2 Tofu Whey

Tofu whey contains nutrients such as protein,
minerals, monosaccharides, oligosaccharides,
and soy isoflavones (Chua & Liu, 2019). Among
them, the anticancer factor trypsin inhibitor can
effectively prevent liver cancer, colon cancer, and
breast cancer (Kobayashi et al., 2004). Every
1 kg of soybeans can produce about 9 kg of tofu
whey during tofu processing (Chua et al., 2018).
It will promote the growth of microorganisms,
resulting in high levels of BOD (8,000-
10,000 mg/L) and COD (17,000-26,000 mg/L)
when discharged as waste without treatment
(Chua & Liu, 2019). The protein and solu-
ble sugar in tofu whey give it a high spoilage rate
and consume oxygen in the water and pollute
sewers. With the increasing acceptance of tofu by
consumers, the risk of environmental pollution
continues to increase (Wang & Serventi, 2019).
Although tofu whey is rich in nutrients, most of it
will be used as crop fertilizer, animal feed, or
directly treated as wastewater (Meneses et al.,
2017). As a feed, it can provide more nutrition for
animals, reduce human competition for feed and
the cost of animal products, and reduce the water
footprint. However, anaerobic treatment and aer-
obic treatment cannot recycle the effective ingre-
dients in tofu whey (Hongyang et al., 2011).
Using tofu whey to make new products can

improve the utilization of nutrients and reduce
environmental pollution.

Studies have shown that tofu whey can be
used as a culture medium for LAB during sauer-
kraut fermentation (Cai et al., 2013). It can also
be used to produce the next batch of tofu because
the fermented tofu whey contains the strong acid-
producing  Lactobacillus  plantarum  strain
JMC-1, which can coagulate soy milk and make
the tofu moderate in firmness (Chua & Liu,
2019). Water kefir is a natural starter, and its
microbiota includes LAB, yeast, and acetic acid
bacteria. It can convert tofu whey into a biologi-
cally active beverage that has the function of
scavenging free radicals and generating flavo-
noids, biologically active peptides, and glycero-
phospholipids that are beneficial to human health
(Azietal., 2021). Kombucha consortium can also
convert tofu whey into a potential new functional
beverage, which is composed of tea fungus, bac-
teria, and yeast. Studies have proven that the
DPPH scavenging activity and antibacterial
activity of tofu whey fermented by the kombucha
consortium is improved, and the beany taste is
reduced (Tu et al., 2019). Tofu whey, like acid
whey, can be made into alcoholic beverages.
Both  Saccharomyces cerevisiae and non-
Saccharomyces cerevisiae can be used to ferment
tofu whey, showing different flavour characteris-
tics (Chua et al.,, 2021). Researchers at the
National University of Singapore (NUS) success-
fully developed the fermented tofu whey into an
alcohol-containing beverage product, namely
Sachi, which is rich in isoflavones and antioxi-
dants and has attracted widespread attention
worldwide (Chua et al., 2018). In addition, tofu
whey can be dried into powder by a vacuum
freeze dryer and mixed with flour to make wheat
bread, resulting in improving the protein and
nutritional quality of the bread, reducing the bak-
ing loss, and increasing the total phenols and fla-
vonoid content (Barukci¢ et al., 2019). The
mentioned food applications show that tofu whey
is a potential functional food raw material.
However, there are currently few sensory studies
on the manufacturing of tofu whey into edible
food and beverage products, thus, this will be the
next research direction to obtain more realistic
sensory data from the mass market.
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13.4 Conclusion

Eco-environmental resources are allocated glob-
ally, and benefits are shared globally. The use of
eco-environmental resources by a country or
region often affects the well-being of people in all
countries. For example, climate warming will not
lead to the collapse of Earth itself, but will devas-
tate the fragile human beings, and even make the
whole of human society disappear. People have
promoted the slogan of “protecting the earth”, but
what they really need to protect is our own com-
munity and our shared future. The depletion of the
ozone layer, climate warming, dramatic decline in
biodiversity, and global transport of persistent
organic pollutants represent the primary chal-
lenges facing the community of shared future of
mankind. All countries must join in addressing
these challenges. No single country, region, or
organization can lead such a large-scale global
ecological and environmental governance action
alone. The ecological and environmental crisis
must and can only be resolved through the organi-
zation of a community of shared future for
humans. As a community, humankind must
respect, conform to, and protect nature. The sus-
tainable development of a community with a
shared future will only be possible if all countries
in the world make positive changes and embark
on the path of green development.
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