
C
o
p
y
r
i
g
h
t
 
 
2
0
2
2
.
 
D
e
 
G
r
u
y
t
e
r
.
 
A
l
l
 
r
i
g
h
t
s
 
r
e
s
e
r
v
e
d
.
 
M
a
y
 
n
o
t
 
b
e
 
r
e
p
r
o
d
u
c
e
d
 
i
n
 
a
n
y
 
f
o
r
m
 
w
i
t
h
o
u
t
 
p
e
r
m
i
s
s
i
o
n
 
f
r
o
m
 
t
h
e
 
p
u
b
l
i
s
h
e
r
,
 

e
x
c
e
p
t
 
f
a
i
r
 
u
s
e
s
 
p
e
r
m
i
t
t
e
d
 
u
n
d
e
r
 
U
.
S
.
 
o
r
 
a
p
p
l
i
c
a
b
l
e
 
c
o
p
y
r
i
g
h
t
 
l
a
w
.
 

EBSCO Publishing : eBook Collection (EBSCOhost) - printed on 2/13/2023 12:55 PM 
via 
AN: 3102575 ; Elias Hakalehto.; Microbiology of Food Quality : Challenges in Food 
Production and Distribution During and After the Pandemics 
Account: ns335141



Elias Hakalehto (Ed.)
Microbiology of Food Quality

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



Also of Interest

Chemistry and Biochemistry of Food
Jose R. Perez-Castineira, 
ISBN ----, e-ISBN ----

Membrane Engineering
Enrico Drioli, Lidietta Giorno, Francesca Macedonio (Eds.), 
ISBN ----, e-ISBN ----

Industrial Biotechnology.
Plant Systems, Resources and Products
Mukesh Yadav, Vikas Kumar, Nirmala Sehrawat (Eds.), 
ISBN ----, e-ISBN ----

Industrial Biotechnology
Mark Anthony Benvenuto, 
ISBN ----, e-ISBN ----

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



Microbiology
of Food Quality

Challenges in Food Production and Distribution During
and After the Pandemics

Edited by
Elias Hakalehto

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



Editor
Adj. Prof. Elias Hakalehto
Finnoflag Oy
Isoharjantie 6
FIN-71800 SIILINJÄRVI
FINLAND
elias.hakalehto@gmail.com

ISBN 978-3-11-072492-9
e-ISBN (PDF) 978-3-11-072496-7
e-ISBN (EPUB) 978-3-11-072508-7

Library of Congress Control Number: 2021949679

Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche Nationalbibliografie;
detailed bibliographic data are available on the Internet at http://dnb.dnb.de.

© 2022 Walter de Gruyter GmbH, Berlin/Boston
Cover image: m-gucci/iStock/Getty Images Plus
Typesetting: Integra Software Services Pvt. Ltd.
Printing and binding: CPI books GmbH, Leck

www.degruyter.com

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use

mailto:elias.hakalehto@gmail.com
http://dnb.dnb.de
http://www.degruyter.com


Preface

Food is the most limiting factor for all humans. Sixty years ago, there was a strong
debate about the possibility to feed the growing population. There were some 3–3.5
billion inhabitants on earth at that time, and 20% of these were living at a standard
considered below “existence minimum” conditions. Since then, we have seen a dra-
matic increase in productivity concerning crop growth. United Nations and World
Bank development indicators present figures on the development of many different
aspects of life. One point of view refers to cereal yield measured as kg/ha in 1970
compared to the yield in 2009. The figures for low-income group are 1,296 and 1,952
respectively. For middle-income groups, the corresponding figures are 1,515 and
3,202 and for high-income countries 2,766 and 5,448 kg/ha, Thus, we see a doubling
during these 40 years not only for middle- and high-income countries, but also for
low-income countries, there is a significant increase in yield. This has been result-
ing from the increased use of fertilizers, irrigation, and more productive species of
different crops.

To this, we have seen a strong decrease in food waste as cereals are kept away
from rats and similar in a better way, but the logistic system has been developed
dramatically as well! This preserves food and other food in a much better way.
Smashed meat, for instance, now can be used after a week, while it had to be eaten
within a couple of days earlier. In addition, we have much more dried and frozen
food, and freezers are now common in most countries.

What we now see developing is a new type of food like fermented food where
microorganisms are used to preserve food. Still, microorganisms can also degrade
cellulosic material, which has not been possible except when converted in the
cows’ digestion system. Also, here microorganisms are used, but they are also caus-
ing problems with greenhouse gases like methane. Now we can see possibilities to
avoid the negative effects of methane. One alternative is to absorb methane in, for
example, activated carbon, from where we can strip it off and use it – for example,
electricity and heat production, or as vehicle fuel. Another interesting method may
be to feed the cows with red algae, which has proven to reduce methane formation
in experiments in Australia. Also, bio-digestion of waste in different ways has been
developing a lot last 20 years and hopefully will proceed further. We also see how
larvae can convert food waste into protein-rich food or fodder. An example of this is
the 1 ton/d plant in Eskilstuna, where soldier fly larvae convert food waste with a
conversion efficiency of some 30–35%. At the same time, the rest material is used
for biogas production and used as fertilizer in farmland. This is showing how we
can get a circular society. First, we reduce the waste as such by better handling and
logistics, including storage. Then we utilize the waste, and we still get to produce
valuable products. This is system optimization!

Another important aspect has come to our minds recently; that is, pandemics
and how to address this in the future. Large storages were made for some safety
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materials in Finland, but still these were gone within few weeks. In other countries
like Sweden, all storage was destroyed 20 years ago as “they would not be needed
in the future.” How shall we prepare society for a similar situation as with COVID-19
in the future? What storages are needed – food, safety equipment, fuel, etc.? How
can we avoid spreading viruses and bacterial diseases via food or by their deliver-
ies? Another aspect is how we can utilize microbes to upgrade side streams from
food industries and agriculture. Biorefineries can be used to produce basic chemi-
cals that can be further applied for producing all materials we need.

We still have just shown the possibilities, but shortly, we hopefully will see
many of these possibilities also implemented in a large scale. Then we will both re-
duce the negative impact on climate and economy and see that we optimally utilize
our limited resources. There is a trade-off between maximal production of crops and
keeping the biodiversity at a high level. The distribution of fertilizers can be opti-
mized and waste recirculated. New species with higher resistance to draft and bio-
control insects and other diseases will reduce the need for biocides. We still should
have the possibility to produce what food we need. There will also be a balance be-
tween eating crops directly or taking the route over animals. It is not all meat or no
meat, but the proportion between meat and crops for sustainability. Good hygiene,
especially in the logistics around animal breeding, is a necessity that includes mini-
mizing antibiotics to avoid antibiotic-resistant microorganisms. This demands care-
ful care of our domestic animals. Cows, sheep, pigs, and hens should be treated
principally as we treat our cats and dogs! There are many good examples of this,
and let us see that regulations are driving in a positive direction for all!

With this I would very much encourage the readers to use the book and think
about how you can impact the future from your own perspectives. Happy reading!

Erik Dahlquist
Senior professor in Energy Technology

School of Business, society and engineering
Malardalen University, Vasteras, Sweden
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Elias Hakalehto

Introduction

Food is much more than a mixture of nutrients. It contains substances and microbes,
which react with our body system and its microbiome. All these interactions influ-
ence the nutrition of our cells and tissues. It gives them the necessary energy and
molecular building blocks for maintaining life.

It is a real danger in everyday life that our food materials get contaminated or
transmit undesired chemical components or microbes. These contaminants can com-
promise our health and well-being, and their eradication requires proper manufactur-
ing, storage, transportation, and preparation of various foods. It also warrants rules
and regulations, as well as their thoughtful implementation.

Industrial monitoring of food quality, preservation methods, and other means
of food maintenance are actually methods for avoiding spoilage and contamina-
tion (Hakalehto, 2016). The accomplished safety is a reward of active measures.
They are based on scientific research and practical experience within various
branches of industries. Although each food material has its own characteristics and
typical microflora, the principles of hygiene maintenance are rather similar in the
entire food and nutritional or environmental health sector.

In hygiene monitoring, it is just not enough to detect harmful or hazardous or-
ganisms. Still, it is important to understand their functions in the unseen world (not
directly observable by our senses). In fact, as researchers and other professionals are
dealing with microorganisms, they should conceive themselves at the microscopic
scale. For example, the small size of the bacterial cells or viral particles allows their
proportionally vast surface areas. Consequently, the microbes have lots of surfaces to
attach, agglutinate, metabolize, transfer signal molecules or genetic materials, take
up nutrients, enter the host cells, and so on.

To fully comprehend their activities, we need to understand the effects of scale.
Correspondingly, our sensory views on reality cannot always reflect the functions of
the microbial world. However, we need the “downgraded vision” for realizing the phys-
ical movements and forces influencing the microbial particles. For instance, a particle
with a diameter less than 10 µm is not landed by gravity but randomly moves in the
airspace along the fluctuations and rainfalls. Due to both the high importance of micro-
bial security and the deviant scale of microbial world we need constant development of
techniques for monitoring and controlling the food macroscopic and microscopic com-
position. Rapid and reliable microbial detection is of crucial importance.

Elias Hakalehto, Finnoflag Oy, Kuopio and Siilinjärvi, Finland; Department of Agricultural
Sciences, University of Helsinki, Helsinki, Finland; University of Eastern Finland, Kuopio, Finland

https://doi.org/10.1515/9783110724967-001

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use

https://doi.org/10.1515/9783110724967-001


Besides the spatial organization of microbial cells, particles, communities, aggre-
gates, mycelia, spores, or biofilms, it is essential to understand their physiological
status and functions. These determine and illustrate the basic principles of biology as
it is eloquently demonstrated in the book The Microbe’s Contribution to Biology by
Dutch microbiologists A.J. Kluyver and C.B. van Niel (1956). The book is based on the
lectures given by the authors at Harvard University in April 1954. In their survey, the
metabolic boundaries for microbiological activities have been fundamentally probed,
and the microbial kingdom is seen as it is: as an essential dimension of the global
ecosystems and as a model for metabolic activities. These metabolic potentials we
have also seen in a very concrete way in the numerous bioprocessing projects
conducted by my company, Finnoflag Oy. In fact, the biorefinery enterprises could
broaden the concept of food and extend our possibilities of producing it globally.

During my studies in the Bioengineering Department of the University College
London in 1984–85, it became most evident that the prevention of microbial con-
tamination is a highly demanding task. During the lectures of Professors Malcolm
D. Lilly FRS., and Peter Dunhill FRS., we also learned that “downstream process-
ing is a losing game.” In other words, we are prone to get defeated in our efforts to
both control the spread of microbes around us and in purifying their meta-
bolic products unless we put our unlimited focus on the combination of microbial
technology with the common mainstream industries and services. The produce
thereof includes the products of the biorefineries, which in the future will be deci-
sive for our nutrition, as the population is continuously increasing. Biotechnol-
ogy also offers means for healthiness for the global population.

Since the beneficial microbes are crucial for our food production, we need to un-
derstand the ways how to protect our interaction with them in a good sense, as well
as to safeguard the food distribution against the harmful contamination. Fortunately,
we can rely on the work of earlier generations of scientists. The past chairman of the
Scientific Committee of the Finnish Academy of Sciences, and Professor of Microbiol-
ogy of the University of Helsinki, late Helge Gyllenberg stated in his book (1958) that
“food microbiology is largely microbial ecology applied to foodstuffs.”

In the current situation with global pandemics, we have lived exceptional times
by many means and measures. For example, it is now a foreseeable future that auto-
mobiles may be replaced by flying vehicles (Hawkins, 2017). Various drones are al-
ready in service for the distribution of food portions. Bringing food with them is
definitely depriving the direct human touch from the catering services. We have to
develop the deliveries in the air, land, and sea. This should be our responsibility as
food sector professionals.

At the same time as we have huge concerns about the global development, for
example, in areas like Africa, there is a glimpse of hope, as the novel technologies
and microbiological knowledge could be harnessed to protect the common good. For
example, at the same time, we need to make sure that new epidemics will not be pro-
voked if possible, for example, by humans carelessly intruding to the caves of the
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bats for mining purposes or fervently destroying their forests. If the ecological prin-
ciples are not respected, harmful viruses and microbes will rampage this planet
and that is most enervating for Mankind.

The author wrote in his blog on the LedFuture Oy’s homepage on February 18,
2021 as follows:

In the current worrying global health situation, it would be most advisable to learn from his-
tory; to enhance the research for finding new antibiotics, antimicrobial substances, production
of passive immunization means as suggested by Hakalehto and Kuronen some 25 years ago
when proposing the use of chicken egg yolk antibodies against the virus epidemics, (Haka-
lehto and Kuronen, 1998) finding of novel probiotics as the continuation of Lactobacillus
rhamnosus GG strain which was studied and launched by Valio Corporation, Finland, laboratories
in Helsinki. Then we hit a vein of ‘the gold of health’, which could be further researched and ex-
tended by finding novel microbial strains and communities. By the way, it has been proven that
microbiome balance could help to also resist SARS-CoV-2 viruses and many other harmful germs.

(Hakalehto, 2021)

We should also implement all the developing new technologies to assist hygiene con-
trol in the field of food services. The fairer and healthier production and distribution
of food should be the main objective.
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Hanna-Leena Alakomi, Satu Salo

1 Microbiological quality and safety –
a general overview

Abstract: Monitoring and safeguarding microbiological quality and safety of drinks
and foods is essential for health. Good manufacturing practices should be practiced
during the whole production process, from raw materials to the end product, as
well as in every phase between them. Microbial contamination can readily take
place on every occasion where the process is disturbed for some reason. Efficient
monitoring of the quality of the foodstuff at different steps of the process is impor-
tant to avoid foodborne infections and even epidemics that may cause morbidity
and mortality in large numbers of consumers within a short period of time.

1.1 Introduction to microbiological quality

Microbiological quality and safety of food is a sum of several factors. Good quality
of raw materials, process hygiene, including both clean air and surfaces, and per-
sonnel having good manufacturing practices are key factors in the production of
safe food. Microbiological spoilage has been defined as a process or change, which
renders a product undesirable or unacceptable for consumption (Nychas and Pan-
gou, 2011). In addition, ability of microbes to grow and spoil the food is influenced
by many factors, including chemical composition of the product, free nutrients, mi-
crobial interactions, microbial enzymatic activities, water activity, pH, and storage
conditions like moisture and temperature as well as storage time.

Contamination of food by microbial agents is a global public health concern
(WHO, 2013). Access to safe and sufficient food is a basic human necessity. Food
spoilers can cause great economical losses, and zoonotic microbes can cause food-
borne diseases. According to the World Health Organization (WHO), an estimate of
600 million (almost 10% of people in the world) people fall ill after eating contami-
nated food, that is, 420,000 people die annually, resulting in the loss of 33 million
healthy life years (https://www.who.int/news-room/fact-sheets/detail/food-safety).
In addition, US $110 billion is lost annually in productivity and medical expenses re-
sulting from unsafe food in low- and middle-income countries. Unsafe food affects
particularly infants, young children, elderly, and people with immunocompromised
immune systems. Diarrheal diseases cause 550 million people to fall ill and 23,000
deaths annually.

Hanna-Leena Alakomi, Satu Salo, Technical Research Centre of Finland VTT Ltd, Espoo, Finland
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According to the One Health approach, the health of people is connected to the
health of animals and our shared environment (https://www.cdc.gov/onehealth/ba
sics/index.html). Therefore, it is important to promote collaboration across all sec-
tors. One Health approach includes zoonotic diseases, antimicrobial resistance,
food safety and security, vector-borne diseases, environmental contamination, ani-
mals, and the environment.

According to the European Food Safety Authority (EFSA) and European Centre
for Disease Prevention and Control (ECDC) report (2021), campylobacteriosis was
the most reported gastrointestinal infection in humans in the European Union (EU)
andhas been so since 2005. Salmonellosis is the secondmost common reported gas-
trointestinal infection in humans and an important cause of foodborne outbreaks in
the EU. Table 1.1 summarizes examples of foodborne pathogens. Foodborne cases of
Campylobacter are mainly caused by raw and undercooked poultry, raw milk, and
contaminated drinking water.

In nature and in process environments, microbes grow as multispecies communities
(biofilms) attached to surfaces where they are protected from the action of biocides
and disinfectant agents (Flemming et al., 2016). Cells of the community have close in-
teractions with each other (multiple attachments and cell–cell signaling) and they co-
operate for obtaining nutrients and metabolic compounds. In addition, cells in
biofilm exhibit an altered phenotype (e.g., slower growth rate and gene expression)
compared to free-swimming (planktonic) cells, and biofilm structure provides the
cells with shelter from an exposure to external agents (e.g., biocides, disinfectant

Table 1.1: Examples of health hazards associated with harmful microbes.

Microbes Hazards Influence of humans Examples of species

Molds Mycotoxins Severe chronic and acute toxicity Aspergillus, Penicillium

Bacteria Foodborne
infections and
intoxications,
allergic
reactions

Diarrhea, vomiting, fever, others
like pathogenic Listeria sp. –
miscarriage in pregnant women

Escherichia coli
Salmonella sp.
Listeria monocytogenes
Staphylococcus aureus
Vibrio cholerae

Sporeforming
bacteria

Bacillus cereus
Clostridium botulinum

Viruses Waterborne
infections

Gastroenteritis, liver inflammation Hepatitis A, norovirus,
rotavirus

Protozoa Human infections Gastrointestinal illness Cryptosporidium
parvum, Cyclospora sp.
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agents, and antibiotics; Flemming et al., 2016). In particular, extracellular polysac-
charides play various roles in the formation of structures and the function of different
biofilm communities: they exclude and/or influence the penetration of antimicrobial
agents and provide protection against a variety of environmental stresses such as UV
radiation, pH shifts, osmotic shock, and desiccation (Rumbaugh and Sauer, 2020).

1.2 Importance of process hygiene

The central goal of food safety policy is to ensure a high level of protection of
human health regarding the food industry. The safety of the food is supervised by
the health authorities. In Europe, the European Commission aims to assure a high
level of food safety within the EU through coherent Farm to Fork measures and ade-
quate monitoring. The website “ec.europa.eu/food” https://ec.europa.eu/food/
index_en managed by the Directorate General for Health and Food Safety is describ-
ing the implementation of integrated Food Safety policy in the EU. It involves fol-
lowing actions: (a) to assure effective control systems and evaluate compliance with
EU standards in the food safety and quality, animal health, animal welfare, animal
nutrition, and plant health sectors within the EU and in non-EU countries in rela-
tion to their exports to the EU; (b) to manage international relations with non-EU
countries and international organizations concerning food safety, animal health,
animal welfare, animal nutrition, and plant health; and (c) to manage relations
with the EFSA and ensure science-based risk management.

Scientists worldwide are reporting emerging pathogens found in foods or food
production facilities (Wirtanen and Salo, 2005; Hammond et al., 2015). This shows
that the fight against microbes is highly important to assure food safety. Despite
this, an overall detection protocol for tracing microbes in food production chain is
still not perfect. Most of the detection methods used in laboratory studies have been
successfully applied to pilot scale and industrial field studies though evidently
there are several limiting factors in the methods used. For instance, taking represen-
tative hygiene sample from inner surface of pipeline using cotton-tipped swab is inef-
ficient. The quality control personnel should choose the proper means to remove the
microbes from process environment by using scientific-based knowledge. Different
microbe populations adapt differently to various food processing environments, and
therefore case studies are needed to obtain detailed knowledge on microbe removal
through optimized cleaning strategies.

Likewise, the plant layout and the production procedure play an important role in
the hygienic state of the factory. As an example, one of our studies showed that re-
turned milk transportation crates functioned as a vehicle transporting Listeria sp. into
high hygiene areas of a dairy. Rearrangement of some process steps and improve-
ment of the cleaning procedure based on ultrasonication were found to improve
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the hygiene in the case study (Salo and Wirtanen, 2007). In this context, also the
combination of equipment design and the cleaning operation is of interest. For ex-
ample, large fermentation tanks need different cleaning and sampling strategies
compared to the milk transportation crates.

1.3 Process and equipment design in food industry

Poorly designed equipment, which are difficult to clean, can harbor spoilage microbes
and pathogens. This can be avoided through hygienic equipment design, which should
be taken into consideration when purchasing new or redesigning old process lines. The
basic rule inhygienic design is touse simple structure,which is stated inmost common
guidelines. Detailed guidelines for hygienic design are available, for instance, from Eu-
ropean Hygienic Engineering and Design group (EHEDG) (https://www.ehedg.org/
guidelines/). EHEDG guideline doc 8 defines hygienic design principles. A hygienic de-
sign of process equipment has a tremendous impact on diminishing the risks of con-
tamination of foods during production and hence on the products’ shelf life. If the
process equipment is of poor hygienic design, it is difficult to clean it from microbes.
The microbes may furthermore survive and multiply in the crevices and dead areas of
the equipment or process line. Poor hygienic design of process equipment and compo-
nents used in the food processing industry is a risk for food contamination. The hy-
gienic design of process equipment and components should be based on a sound
combination of process and mechanical engineering as well as knowledge in microbi-
ology. With a good hygienic design, the lifetime of the equipment will increase, while
the maintenance and the manufacturing costs will be reduced.

The safety of food products manufactured with equipment meeting EU legisla-
tion and regulations has improved. The choice of materials and their surface treat-
ments, for example, grinding and polishing, are important factors in inhibiting the
formation of biofilm and in promoting the cleanability of surface. The process
equipment is easy to clean if the surface materials are smooth and in good condi-
tion. Dead ends, corners, cracks, crevices, gaskets, valves, and joints are vulnerable
points for biofilm accumulation.

1.4 Air handling systems

The quality of air in food production facilities is very important for the final product
quality. The microbial population in the air channels depends on the environment, fil-
tration membranes, and the sites of air holes. Formation of biofilm in air-conditioning
systems does not occur without a water reservoir of some kind. Normally, there is no
water in the air-conditioning systems, but it can accumulate unintentionally through
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condensation. When the air-conditioning system is to be cleaned and disinfected, it is
very important that the disinfection medium penetrates the biofilm and does not
simply flow through the system with the air.

1.5 Hygiene assessment in food processing
environment

Harmful microbes may enter the manufacturing process and reach the end product
in several ways, for example, through raw materials, air in the manufacturing area,
cleaning tools and chemicals, process surfaces, process water, or factory personnel.
Monitoring of microbes in raw materials, on surfaces, in the air and in final prod-
ucts is important in food processing. The cleanliness of food contact surfaces is the
first goal, but it is important to keep the level of microbes as low as possible in the
whole food processing environment since cross contamination can appear. Assess-
ment of process hygiene can be based on observation of technical solutions from a
hygienic design point of view, on soil accumulation in processing lines, or on de-
tecting microbes. The interpretation of results obtained in liquid flow and on surfa-
ces needs to be based on holistic risk assessment since official recommendations
are scarce. Failures in cleaning can be noticed by comparing obtained individual
results to results from long-term routine hygiene control.

1.6 Conclusions

It is important that consumers can rely on the safety of their beverages and foods.
Awareness of the microbial presence and the risk of contamination at every step of
the food manufacturing processes as well as improving the process hygiene and
continuous monitoring are key for maintaining high standards of food quality.
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2 Preservation techniques, storage, stability,
traceability, and other means to maintain
food quality during the distribution chain

Abstract: The chain from the culturing, production, packaging, storage, and trans-
portation of food includes numerous steps from original source to the tables of the
consumer. These food services, to be safe and successful, demand a lot of expertise
and professionalism. Most people live in cities, where food comes in a collective
and centralized manner. Therefore, it is crucially important to follow the chain and
monitor food quality all the way. This chapter describes the basic concepts of track-
ing the food and maintaining its quality. Proper preservation techniques are one of
the keys for successful food deliveries. Many items require cold chain, or otherwise
specific conditions with respect to humidity, light, or other parameters. Correct
keeping, handling, and distribution of the foodstuff are well regulated during nor-
mal times. In the pandemic era, extra preparation, caution, and control are most
necessary additional measures.

2.1 Preservation techniques: an introduction

Aimof food preservation is to prevent and reduce food loss in the production system
as well as extend product shelf life. An efficient preservation prevents both autoly-
sis (e.g., enzymatic activities) and microbial growth.

Food industry is a traditional industrial sector with several small and medium
size enterprises. Implementation of novel food processing technologies is regulated
by the national and international authorities. Hence, application of new processing
technologies is often a slow process. Food safety and consumer acceptance play an
important role in the selection of new food processing techniques.

Nonthermal food processing treatments like pulsed electric field, ultra-high
pressure, high electric field pulses, and light pulses have gained a lot of attention
during recent years. The demand by consumers for high-quality foods having
“fresh” or “natural” characteristics has led to the development of foods that are pre-
served using mild technologies (Table 2.1).
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Heat treatment and other traditional preservation techniques have retained
their importance among new emerging techniques. Physical methods aim to inhibit,
destroy, or remove harmful microbes without additives. Dehydration is an efficient
way to preserve food and different techniques are available, including drying and
freeze-drying. In some cases, microbial metabolites, for example, fermentation
products, including organic acids like lactic acid, can act as preservative agents.
Table 2.2 summarizes examples of hurdles to preserve foods.

Table 2.1: Examples of the drivers for mild processing techniques.

Drivers for mild processing techniques include

– Consumers demand for healthier foods that retain their original nutritional properties
– The shift to ready-to-eat and convenience foods that require less further processing by

consumers
– Consumer preference for more natural foods that require less processing and fewer chemical

preservatives
– Long shelf life; this is more important for retailers but also for consumers and it minimizes food

waste; no processing is not an alternative

Table 2.2: Examples of hurdles to preserve foods.

Type of hurdle Examples

Physical hurdles Aseptic packaging

Electromagnetic energy (microwave, radio frequency, pulsed magnetic
fields, high electric fields)

High temperatures (blanching, pasteurization, evaporation,
sterilization, extrusion, baking, frying)

Ionizing radiation: gamma rays, X-rays, electron beam

Low temperatures (chilling, freezing)

Modified atmosphere

Packaging films (incl. active packaging, edible coatings)

Photodynamic inactivation

Ultra-high pressures

Ultrasonication

Ultraviolet radiation

12 Hanna-Leena Alakomi, Satu Salo, Elias Hakalehto

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



Consumer acceptance is linked to consumer education and preference for less
treated foods. Safety of the technologies must be validated through research and
cooperation with regulatory agencies.

Combination of nonthermal technologies with other preservation techniques,
for example, use of additives, has been examined. The hurdle technique aims to
combine several mild preservation techniques and thereby preserve foods (Leist-
ner, 2000; Singh and Shalini, 2016). Understanding of the complex interactions of
temperature, water activity, pH and other factors in food matrix or processes is
used to design a series of hurdles that can ensure microbiological safety of proc-
essed foods.

An integrated concept covering the entire food process is needed for the im-
provement of food safety. For example, bakery industry has successfully adapted
clean room technology in their production facilities during recent years. In Finland,
Uotilan Leipomo combined aseptic packaging facilities and controlled process air.
This approach significantly improved product shelf life, and the company was able
to reduce amounts of preservatives in their products (Uotila, 2006).

2.2 Storage stability

Storage stability and shelf life of foods are influenced by several factors including
food properties like level of moisture, water activity, free nutrients, product che-
mical composition, pH, microbial load, packaging type, and storage conditions
(e.g., temperature, relative humidity, and exposure to light; Hammond et al., 2015).
Three main food spoilage categories include physical spoilage, chemical spoilage (in-
cluding degradation, oxidation, other enzymatic activities, and Maillard reaction)
and microbiological spoilage (Martin et al., 2021). In the marketing of industrial

Table 2.2 (continued)

Type of hurdle Examples

Physicochemical hurdles Carbon dioxide, hydrogen peroxide

Ethanol, lactic acid, organic acids, lactoperoxidase, low pH, low redox
potential, low water activity, Maillard reaction products, oxygen,
ozone, phenols, phosphates, salts, smoking, sodium nitrite/nitrate,
sodium and potassium sulfite, spices and herbs, surface treatment
agents, chlorine-based rinsing liquids

Microbially derived hurdles Antibiotics, bacteriocins

Bacteriophages

Competitive microbiota, protective cultures, fermentation
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products, the retention of nutritional values is to be determined also after preparation
of food products, which often precedes the entry of the products into the market, for
example, the convenience foods (Lee, 2018). Then the results from storage of new ma-
terials or intermediate products and their stability are evaluated together with the ef-
fects of the final processing steps. The storage stability and usability are determined
by experiments specifically designed for different food assortments.

2.3 Traceability and other means to maintain
the food quality during the distribution chain

Globalization and the growing export and import of goods across borders have in-
creased the need for improved tracking and safety evaluation, especially in food in-
dustry where there are highly variable national regulations. This has increased the
demand for enabling technologies that can track and share product and production
information across regions and value chain in a cost-effective manner.

From an environmental perspective, food production is resource-intensive and
has significant environmental impacts. Hence, if food is lost or wasted, this entails
poor use of resources and negative environmental impacts. It has been estimated that
growing population and rising income will increase the demand of agricultural prod-
ucts by 35–50% between 2012 and 2050, which puts more pressure on food sys-
tems. Three types of environmental footprints of food loss and waste are quantifiable:
GHG emissions (carbon footprint), pressures on land (land footprint), and pressures
on water (water footprint). Strongest impact on these parameters is obtained by com-
bining different interventions, including food loss and waste reduction (FAO, 2019).

Globally, around 14% of food produced is lost starting from the post-harvest
stage, and up the food supply chain toward the client, excluding the retail stage.
Currently, accurate estimates of waste by retailers and consumers are being pre-
pared (FAO, 2019). Losses of fruits and vegetables are significantly higher than that
of cereals and pulses (Figure 2.1). This is linked to their perishable and fragile nature.
The causes at retail level are linked to the limited shelf life of perishable products, to
private quality standards of buyers and variability of demand, in particular for fresh
produce. Storage conditions, packaging quality and handling practices have a signifi-
cant impact on the quality, shelf life and acceptability of food products.

Consumer preferences for high-quality and “perfect” products also cause food
waste (Møller et al., 2016). The consumption stage is a critical waste point for all
types of products. High waste percentages have been reported for highly perishable
foods like animal products (14–37%) and fruits and vegetables (9–20%). In industri-
alized countries, as the majority of the wasted food is lost toward the end of the
food supply chain, targeting retail or consumer waste may bring about the largest
reduction in food loss and waste as well as the environmental damage it causes.
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According to Natural Resources Institute Finland, the annual food loss in Finland
is 400 M kg. Reducing food loss and waste is an important target of the sustainable
development goals (SDGs), as well as a mean to achieve other SDG targets, related to
food security in particular, nutrition and environmental sustainability. SDG Target
12.3 calls for halving per capita global food waste at retail and consumer levels by
2030 and reducing food loss (including post-harvest loss) along production and sup-
ply chains. Food loss and waste reduction have potential to improve the environmen-
tal sustainability of food systems significantly. FAO (2019) estimated that:
– The global carbon footprint of food loss and wastes, excluding emissions from

land use change, is 3.3 gigatons of carbon dioxide equivalent, corresponding to
about 7% of total GHG emissions.

– The use of surface and groundwater resources (blue water) attributable to food loss
or waste is about 250 km3, representing around 6% of total water withdrawals.

– Almost 1.4 billion hectares, equal to about 30% of the world’s agricultural land,
are used to produce food that is later lost or wasted.

Figure 2.1: Losses of fruits and vegetables are relatively high in the food chain. In the fruit and
vegetable production, also the relatively strict quality requirements often cause increasing
amounts of discarded products. Fortunately, there are novel potential technologies to fully exploit
such rounds as these desert-grown organic peppers as raw materials in the biorefineries. Photo:
Elias Hakalehto.
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In Europe, we are mostly privileged in comparison with many other areas in having
both food security and strict food safety requirements. Food supply chain integrity is
a complex and multifaceted concept (Davidson et al., 2017). It includes food safety,
security, traceability, origin authenticity, quality attribute and product information
resulting in final food product integrity. In the EU, food industry (producers, distrib-
utors, wholesalers, and retailers) has the responsibility for ensuring that retail food-
stuffs are safe for human and animal consumption (EU legislation). In Europe,
according to the General Food Law Regulation, traceability is defined as the ability to
trace and follow food, feed, and ingredients through all stages of production, proc-
essing, and distribution. IFS Food Standard (for auditing quality and food safety of
food products, IFS 214) and Global Standard Food Safety (BRC, 2015) are also available
for adoption by food industry and to complement the European Union (EU) legislation.

Food safety, diminishing of food waste, and consumers need for reliable infor-
mation are important through the food ecosystem. Traceability and unbroken logis-
tic chain safeguard high-quality and safe products for the consumers. In case of
perishable food, for example, temperature tracing is mandatory. In some cases, car-
bon dioxide and moisture are also wildly tracked. Biorefineries should have an in-
creasing role in the future food ecosystem (Hakalehto, 2020).

Traceability systems ensure quality of raw materials, allowing certification and
accreditation of the products, providing means for quick action, for example, in
cases of withdrawals, location of the products, implementing control systems,
preventing fraud, and anti-tampering of the goods (Espiñeira and Santaclara,
2016). Traceability and development of new technologies are important, and these
issues have been studied, for example, in the EU-funded projects like TagItSmart
(Figure 2.3, https://www.tagitsmart.eu/). Also FAO (2017) has created guidance for
traceability).

Figure 2.2: Examples of factors affecting on the food quality and process hygiene.
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2.4 Proper handling of foodstuffs

In EU, the food hygiene proficiency is regulated by the EU’s General Regulation on
Food Hygiene (Regulation EC No. 852/2004) and on national level, for example in
Finland, by the Food Act 297/2021: https://www.finlex.fi/fi/laki/alkup/2021/
20210297.

A hygiene passport system is utilized in Finland for the demonstration of food
hygiene proficiency. According to the system, a person has to have Hygiene Pass-
port if they work on food premises or handle unpacked easily perishable foodstuffs.
Food hygiene proficiency test includes elements from microbiology, food poisoning,
hygienic working methods, personal hygiene, cleaning, in-house control, and legis-
lation. In Finland, the Finnish Food Authority keeps register on authorized hygiene
passport examiners. The official regulations regarding food hygiene are exemplified
in Table 2.3.

A food business operator must ensure that foodstuffs are safe, and the quality and the
composition of the foodstuffs are compliant with the legislations. In addition, the infor-
mation provided to the customer must be truthful, sufficient, and should not mislead
the consumer by any means, for example, appropriate labeling needs to be provided.

Several factors including process air quality, process surface quality, raw mate-
rial quality, personnel hygiene proficiency, and good manufacturing practices influ-
ence on the end-product quality and storage stability (Figure 2.2).

Packaging is part of the food chain integrity, and packaging materials need to be
food grade. It needs to comply with chemical safety (incl. no harmful substances),

Table 2.3: Examples of relevant principles of the hygiene rules according to the European Union
(Regulation EC No. 852/2004: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CEL
EX:02004R0852-20090420).

Examples of relevant principles of the hygiene rules according to the European Union

– Primary responsibility for food safety on the food business operator
– Food safety ensured throughout the food chain, starting with primary production – from farm to

fork
– General implementation of procedures based on the Hazard Analysis and Critical Control Points

principles (HACCP)
– Application of basic common hygiene requirements, possibly further specified for certain

categories of food
– Registration or approval for certain food establishments
– Development of guidelines to good practice for hygiene or for the application of HACCP

principles as a valuable instrument to aid food business operators at all levels of the food
chain to comply with the new rules

– Flexibility provided for food produced in remote areas (high mountains, remote islands) and for
traditional production and methods
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Figure 2.3: An example of utilization of smart tags in the food chain. Example created by the
TagItSmart project (https://www.tagitsmart.eu/D1.1.pdf).
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microbiological safety (microbiological quality of the end product), and the sensory
quality (no off-flavors or volatiles). Proper packaging protects the product and in-
creases shelf life. Sensor equipped, intelligent package systems have been developed
for keeping the hygienic qualities of foods (Fuertes et al., 2016). Also, smart trays
have been developed for quality follow-up.

2.5 Critical points in maintaining the food quality
during pandemics

Based on observations and experiences during recent COVID-19 pandemic, special
attention should be paid to the following issues during pandemics:
– As a preparedness for quarantine and limited movement situations, households

should have sufficient amount of food in emergency stock. Food with long shelf
life is important in this case.

– During quarantine, food delivery services are important. Quality of the distribu-
tion chain and hygiene practices are important.

– Global logistics may have delays. Food with long shelf life is important, in this
case, for disturbed food services.

– Limitations in restaurant services have emphasized supply and demand of take-
away food. Besides challenges inmaintaining the foodqualityduring thedistribu-
tion chain (incl. cold chain), the shortage of packaging material can be a problem.

– Sudden shortage of various items is possible and likely in long term. For instance,
lots of reagents and laboratory materials are used for performing COVID-19 analy-
ses, which may have an influence on the availability of materials needed for regu-
lar food quality analysis.

2.6 Conclusions

Although the norms and legislation mostly give clear messages about the dealing with
various food commodities, it is always possible that changing conditions, variation in food
availability, or other factors make it necessary to change the practices either temporarily
or for good. For example, some food components can turn out to be unsuitable for human
consumption or the food sortiment needs to be processed in an alternative manner. It is
important to have up-to-date laws and regulations in the food sector to protect the con-
sumers. In addition to the national guidelines, also such organizations as European Union
and FAO set their goals for monitoring food quality. Any major alteration in the public
health or epidemics situation should initiate immediate revision of the rules, if necessary.
Extensive food research is essential, as well as the international communication and
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exchange of ideas. Globally numerous conferences or currently webinars, are organized
on these topics, starting from the food manufacturing and technologies to the methods to
be applied for the understanding of the food chains in the societies. For example, the US
Federal Government is subventing annual international food chemical technology confer-
ences (Food Chemical Technology conferences by United Scientific Inc.). Such gatherings
are popular meeting points for the food sector professionals and organizations to establish
contacts between university researchers, companies, and authorities. The ultimate aim of
these joint activities is to help the societies to maintain healthy, safe, sufficient and sus-
tainable food services at all times.
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3 Microbiological and chemical safety
of African herbal and natural products

Abstract: Products of natural origin have been used globally for centuries for food
and medicine. In recent years, consumption of herbal medicines, functional foods,
cosmetics, and other non-therapeutic products of natural base has become popular.
Cultivation, manufacturing, transportation, and storage conditions of natural and
herbal products expose them to the risk of microbial and chemical contamination.
Pesticide, heavy metal, and microbial contamination of herbal medicinal products
have been associated with numerous pathogenic conditions in humans with great
public health concerns. In order to monitor the standard operating procedures,
regular evaluation is the key to ensure patient safety.

3.1 Background

Various products of natural origin play an instrumental role in human existence on
the Earth, and their usage dates back to centuries. Herbal products have been used
as medicine before the pharmaceutical medicines. Herbal medicine forms an essen-
tial part of “traditional medicine” (TM) also recognized as complementary and al-
ternative medicine (WHO, 2007). According to the European Commission, herbal
medicinal products (HMPs) are defined as any medicinal product exclusively con-
taining one or more herbal substances as active ingredients, one or more herbal
preparations, or a combination of the two (European Commission, 2004). Similarly,
the Finnish Medicines Agency (FIMEA) also defines HMPs as medicinal products
(including supplements) that contain herbal substances, herbal preparations, or a
combination of these as their active agents (FIMEA, 2004). In the last decades, there
has been cumulative growth in the usage and popularity of over-the-counter (OTC)
plant-based medicinal products, functional foods, and therapeutic products from
other natural sources in both developing and developed countries (Adusei-Mensah
and Inkum, 2015, Adusei-Mensah et al., 2019a). Demand for organic and natural
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products in general and plant-based products in particular in recent years for nu-
merous purposes has grown. The increasing resistance to pharmaceutical medi-
cines, lack of definitive and cost-effective therapies for some diseases (Lantto,
2017), adverse health events, and less accessibility and affordability of pharma-
ceutical medicines in parts of developing and underdeveloped countries have
strengthened dependency on natural and plant-based medicines. Furthermore,
natural and the mostly organic nature of these products are worth mentioning. Cur-
rently, billions of the current global population including close to 1.0 billion Africans
(over 70%) use such systems for their primary health-care needs (WHO, 2002). Such
surge in acceptance has also come with concerns and fears over the quality, efficacy,
and safety of the natural and plant-based products on the market, especially during
and beyond the coronavirus pandemic. Natural and plant-based products may be
contaminated with microbial contaminants, excessive use or banned pesticides,
heavy metals, chemical toxins, and adulteration with pharmaceutical drugs
(Adusei-Mensah et al., 2019a, b). Cultivation, harvesting, transporting, manufactur-
ing, and preservation of the natural and/or plant-based products are critical points
for microbial and chemical contamination (Kosalec et al., 2009). This assertion
and the critical points again highlight the importance of continual research to
guide and support the development and distribution of natural and plant-based
medicines and practices to provide suitable, safe, and effective products (de Sousa
Lima et al., 2020). Implementing and performing the hazard analysis of critical
control point (HACCP) on the standard operating procedures leading to the good
agricultural practices, the good laboratory practice, the good supply practice, and
the good manufacturing practice for safe production of natural and herbal prod-
ucts to ascertain consumer safety is vital (Chan, 2003). The general safety of the
products is a necessity for these products to be used as complementary medica-
tions or as a part of nutritional substances.

Mineral mining and the increasing use of pesticides for cultivation, post-
harvest storage, handling, and production processes exposes some natural and
medicinal plant materials and their products to possible heavy metal and pesti-
cide contamination, microbial and microbial-toxin infestation posing health risk.
Adverse health risks due to overexposure to chemicals such as minerals and
heavy metals including mercury (Hg), lead (Pb), cadmium (Cd), arsenic (As), cop-
per (Cr), and pesticides (Adusei-Mensah et al., 2018; Adusei-Mensah, 2020) have
been reported. Again, herbal and natural products may be exposed to microbio-
logical contamination at the field of cultivation, production, and product han-
dling (Figure 3.1). This chapter therefore emphasizes the microbiological and
chemical safety of African herbal and natural products and the need for safe prac-
tices during and after the coronavirus pandemic.
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3.2 Herbal and natural products

Amidst the global acceptability of herbal and natural products, their regulatory pol-
icies vary among different countries globally. The regulation of herbal medicines in
the African region is faced with numerous complexities due to multiple critical
points of microbial and chemical contamination, as well as instrumental and re-
source constrains faced by some member states. Despite the hurdles, however,
many governments have taken steps and political will to regulate natural and plant-
based products in their region and to protect the health of consumers. As such,
steps such as drafting of guidelines for the registration and marketing of HMPs and
related substances have been carried out in different countries across the region. In
Ghana and in most African countries, HMPs are considered as drugs and they are
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Figure 3.1: Schematic health risk cycle of plant-based medicinal products. MP, medicinal plants;
HMP, herbal medicinal product. Adapted from the dissertation of Adusei-Mensah (2020). Risk
points are highlighted in blue.
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advertised as having curative ability for treating diseases. As a result, most natural
products and HMPs are under the jurisdiction of the drug control authorities.

Grounded on the long-term historical use, consumers of herbal medicines have
the belief that the products are safe for human consumption. However, without reg-
ular regulatory controls, the safety and quality of herbal medicines cannot be
guaranteed and may vary considerably between countries (Street et al., 2008). The
proponents of herbal products focus on supporting and working with the body’s in-
nate abilities for self-regeneration. Nutraceuticals and plant-based products and al-
ternative medicines may be considered under five broad and distinct clinical
disciplines: acupuncture, chiropractic, osteopathy, herbal medicine, and homeopa-
thy with different practices and product forms (British Medical Association, 1993).

3.2.1 Market size of the herbal industry

Herbal medicinal industry is fast growing and widespread with an estimation of
over 70% of the population of the developing and about 65% of the developed
world using herbal medicines and natural products. Patients’ annual expenditure
on traditional systems including herbal medicines in the USA increased from
200 million USD in 1988 to 5.1 billion USD in 1997 (Eisenberg et al., 1998). In
the year 2001, the global market of the plant-based medicinal product industry was
16–20 billion USD per annum (Mahady, 2001). The global market grew over 300%
from 16–20 billion USD per annum to 60 billion USD per annum in less than a de-
cade (Tilburt and Kaptchuk, 2008). In South Africa, the industry is considered as a
multi-billion South African ran industry. In Ghana, the industry is worth billions of
Ghana cedis and in Nigeria billions of Nigerian naira. The trend of usage may be
positively impacted during and after coronavirus pandemic. The global usage
calls for global consideration (Komulainen, 2017). Natural products like “inkivääri
shotti” (ginger shot, from ginger, lemon, and honey) and honey-based products
have gained some popularity in Finland during the corona pandemic period, with
similar trend evident globally. There are unlimited evidence of the use of natural
and herbal medicines for the prevention and control of coronavirus infection
(Huang et al., 2020).

3.2.2 Herbal medicines usage and tradition in Africa

The culture, affordability, easy accessibility, and year-round availability to the rural
population makes natural and HMs a reliable source for the treatment of common
ailments in Africa (Adusei-Mensah et al., 2020). HMs have deep-rooted tradition in
many African countries which dates to centuries. The advancement in technological
innovations in the last decade is gradually transforming the herbal industry. Such
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innovations, the desire for organic and natural products, and the HMs’ ability to
control a wide spectrum of diseases have had positive impact on the industry result-
ing in substantial increase in patronage during recent years (Adusei-Mensah and
Inkum, 2015). In Ghana, patronage of HMs is believed to be higher among patients
with malaria and chronic diseases than among the general population both in
Ghana and a similar pattern could be observed in different Afirican countries.

3.3 Plant-based anti-infectives

About 40% of the modern drugs and approximately 75% of drugs for infectious dis-
eases are of natural origin. The number of drug-like molecules present in the vast
amount of species (plants, fungi, bacteria, marine invertebrates, and insects) is
enormous (Samuelsson and Bohlin, 2009). As a source of novel drugs, plants re-
main grossly understudied and underused, especially in the developed world (Aker-
ele, 1993; WHO, 2007). A World Health Organization (WHO) study has shown that
80% of the world’s population relies solely upon medicinal plants as a source of
remedies for the treatment of diseases (Akerele, 1993). Natural products of higher
plants may be a source of new antimicrobial agents with possibly novel mecha-
nisms of action (Runyoro et al., 2006; Shahidi Bonjar, 2004; Riihinen et al., 2011).

Many plants contain bioactive compounds like polyphenols, alkaloids, terpe-
noids, and saponins (Alviano and Alviano, 2009; Mgbeahuruike et al., 2018, 2019a)
with several different mechanisms against microbial infections. In addition to anti-
adhesive (Toivanen et al., 2011; Huttunen et al., 2011, 2016) or antibiotic properties
(Obey et al., 2016; Huttunen et al., 2016), plant material may consist immunomod-
ulatory components that in host alter gut microbiota composition (Matziouridou
et al., 2016; Heyman-Lindén et al., 2016).

Because of the complicated nature of COVID-19 virus and its ability for constant
and quick modifications, vaccine and therapy development has faced unexpected
difficulties. Amidst the available vaccines, there is the need for continual prepared-
ness against current and emerging infectious diseases. A combination therapy tar-
geting different viral factors simultaneously could be a valuable tool against
COVID-19 virus. Multiple active ingredients with a holistic effect are the strength of
plant-based materials and herbal products. They may possess a valuable solution
against viral infections and fight against viral or other microbial pandemics in
future.

Honey is an extensively studied natural antimicrobial as shown in numerous
scientific reports (Mandal and Mandal, 2011; Combarros-Fuertes et al., 2020; Huttu-
nen et al., 2016; Oinaala et al., 2015; Salonen et al., 2017), including honey from
Africa (Nweze et al., 2016; Khan et al., 2014; Mokaya et al., 2020). Recently, a meta-
analysis revealed activity of honey against viral respiratory infections (Abuelgasim

3 Microbiological and chemical safety of African herbal and natural products 25

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



et al., 2020). Honey has been effectively used for varying medicinal purposes be-
cause of its remarkable antimicrobial properties, like in wound healing (Al-Waili
et al., 2011). In honeys, several effective antimicrobial components have been de-
scribed, especially large amounts of methylglyoxal (MGO) present in New Zealand
Manuka honey (Kwakman et al., 2011). MGO activity has been described against
both bacterial and viral infections (Matsunaga et al., 2014). Against respiratory bac-
terial pathogens, unique antimicrobial properties of Finnish honeys have been re-
ported (Huttunen et al., 2013; Salonen et al., 2017). Detecting immunostimulatory
effects of honeys in gut systems is a novel approach. Immunostimulatory effects of
honey have been found from heated honey samples both in vivo and in vitro sys-
tems (Ota et al., 2019). Glycoproteins and glycopeptides of Ziziphus honey has been
reported to stimulate human neutrophils and murine macrophage cell lines in vitro
(Mesaik et al., 2015). Honey saccharides (Ota et al., 2019; Gannabathula et al., 2012),
apigenin and kaempferol flavonoids (Majtan et al., 2013), and proteins (Mesaik
et al., 2015; Majtan et al., 2006) induce cell-mediated immune responses. Immune
modulatory effect of polyphenols has been reported. They regulate immune cell
populations, cytokine production, and inactivation of nuclear factor kappa-light-
chain-enhancer of activated B-cells (Yahfoufi et al., 2018).

3.4 Medicinal plants against COVID-19 and other
epidemics in Ghana

About 80% of the rural population in sub-Saharan Africa depends on traditional
herbal remedies for primary health-care and veterinary use (WHO, 2002). In rural
parts of China, India, Africa, and Latin America, modern drugs are not available, or,
if they are, they often prove to be too expensive, unavailable, or inaccessible. In
many developing countries, antibiotic resistance, adverse drug reactions, and the
high costs of antimicrobials have made management of infectious diseases ineffec-
tive (Kapil 2005; Runyoro et al., 2006). On the other hand, the spread of the virus
infections and their bacterial or fungal complications deserve immediate attention.
One potential solution could be based on chicken egg yolk antibodies (Hakalehto,
2021). This approach is using the egg yolk of vaccinated hen eggs for prophylaxis by
so-called passive immunization. Such procedures with antibodies produced into
eggs or colostrum could offer means for preventing disease, together with safe plant
production and herbal medications. Neither of the methods is replacing vaccina-
tions as a long-term solution, but provide ways to react locally to the pandemic
urgencies.

Domestic chicken forms an important and diverse source of nutrition in rural
areas everywhere in Africa. In many cases, the hygienic quality of the chicken feed
is compromised (Hakalehto et al., 2014). Chicken and their eggs constitute a basic
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solution for protein and vitamin acquisition, as well as for many side products
(Hakalehto, 2015). Their extensive or industrial use is also bringing about the is-
sues of chicken litter. Poor waste management could worsen the hygienic levels
further, unless the manure, parts of the carcasses, and other leftover fractions are
properly converted into useful chemicals, energy gases, or other products (Schwede
et al., 2017). The dissemination of the viral or other epidemics, in turn, could be pre-
vented by high levels of chemical and microbiological hygiene, and waste recycling.
Therefore, the safe usage of various herbal and natural plants or their seeds as
chicken feed in the African rural areas should be considered as a part of the holistic
picture on the public health.

In Africa, plants are widely used in folkloric medicine and searched as source
for novel anti-infectives (Obey et al., 2016, 2018; Mgbeahuruike et al., 2019b). Ethno-
pharmacological studies on some indigenous Ghanaian medicinal plants including
Moringa oleifera, Paullinia pinnata, Sutherlandia frutescens, Solanum torvum, Alsto-
nia boonei, Hibiscus sp., Azadirachta indica, and Acacia kameruneensis have shown
their efficacy in treating numerous viral infections such as AIDS, common cold,
pneumonia, and hepatitis (Koffuor et al., 2014; Boadu and Asase, 2017; Firempong,
2020). Hibiscus flower is also commonly used in Ghana for a popular local delicacy
drink “soobolo.” In Kenya, the plant Croton macrostachyus has been traditionally
used to treat diseases (Wagate et al., 2010). Scientific investigations have shown
that ethyl acetate, methanol, and isobutanol stem bark extracts of C. macrostachyus
are active against several human pathogenic bacteria and have significant antiplas-
modial activity against Plasmodium berghei causing malaria (Obey et al., 2016,
2018). Mgbeahuruike et al. (2018) have demonstrated that Piper guineense from
West African TM contains antibacterial alkaloids that could be relevant for the dis-
covery of new natural antibiotics.

The traditional use of herbal plants and products against COVID-19 could be
based on their immunomodulating properties, the plants’ ability to prevent or ter-
minate viral replication (Firempong, 2020),and their general antiviral properties
(Koffuor et al., 2014; Boadu andAsase, 2017).One of themost promising herbal prod-
uct candidate against COVID-19 infection recommended by Centre for Plant Medicine
Research (CPMR) as an immune booster against COVID-19 is the Centre of Awareness
Food Supplement (COA FS) (CPMR, 2020). Hibiscus sp., A. indica, P. pinnata,and
S. torvum are used in the preparation of immune booster in Ghana. COA FS is a
multi-herbal commercial product used in Ghana as an immune booster. The aerial
parts of Hibiscus sp. have been reported to contain anthocyanins, flavonoids, and
polyphenols which act as antioxidants, anti-inflammatory agents with cytotoxic ac-
tivities (Al-Yousef et al., 2020). Its flower infusion is used for treating bronchial ca-
tarrh (Siddiqui et al., 2018). A. indica leaves contain azadiractin, which has been
reported to have impact against the dengue virus (Parida et al., 2002). Azadiractin
acts through different modes of mechanisms including inhibiting viral attachment,
virucidal, and intracellular inhibition (Xu et al., 2012). Based on molecular docking

3 Microbiological and chemical safety of African herbal and natural products 27

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



studies, desacetylgedunin from the seeds of A. indica has been reported to be a good
drug candidate against COVID-19 (Baildya et al., 2020; Borkotoky and Banerjee,
2020). Andrographolide from P. pinnata has been reported to have antiviral activity
(Verma, 2020) and quercetin and kaempferol from M. oleifera blocks viral replication
(Verma, 2020). Torvanol-A and torvanol-H from S. torvum have antiviral effect
against Herpes simplex virus (HSV-I) (Ikeda et al., 2000).

3.5 Safety of natural and herbal medicinal products

The herbal industry has been faced with concerns about pesticides, microbial con-
tamination, and adulteration with pharmaceutical drugs. Those who adulterate do
so with the intention of increasing the efficacy and usually without clinical data on
compatibility and drug–herb interactions (Adusei-Mensah et al., 2020). Several
herbal medicine consumers purchase the herbal medicines OTC without a prescrip-
tion thereby increasing the patients’ health risk. Natural products and herbal medi-
cine consumers could experience adverse health events due to inherent active
compounds, microbial contamination, microbial toxins like aflatoxin, pesticide,
and heavy metal contamination. Previous research has identified some adverse re-
actions associated with the use of medicinal herbs. Aristolochic acid from Aristolo-
chia species has been reported as being carcinogenic, mutagenic, hepatotoxic, and
causes severe toxic effects on kidney (Ekor, 2014). Products containing Ephedra sin-
ica have been associated with severe cardiovascular and central nervous system
problems (Deng et al., 2013), neurotoxicity, hepatotoxicity, and reversible blindness
(Schoepfer et al., 2007). Piper methysticum is traditionally used in medications for
its anxiolytic activity, however, hepatotoxicity has been ascribed to its use. In addi-
tion, these products could pose potential microbial and chemical safety concerns.

3.5.1 Regulation of herbal medicines in Africa

As in many developed countries, most African countries have well established regu-
latory departments and guidelines for herbal and natural products, though with
varying levels of enforcement of these policies. Ghana Food and Drug Authority
(GFDA) regulates the production, registration and distribution, and exercise post-
registration control of food and drugs in the country. In addition, the GFDA regulates
natural products, herbal and alternative medicines in the country. The Nigerian regu-
latory authority for natural and plant-based products is the National Agency for Food
and Drug Administration and Control (NAFDAC). Under the GFDA and NAFDAC,
large-scale production, marketing, and post-market evaluation of homeopathic and
HMPs require registration and marketing approval. The authorities also regulate post-
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registration evaluation/monitoring with the intent of protecting the health of the
public (Adusei-Mensah, 2020; Osuide, 2002). For safe products and patient safety,
the producers and distributors need to take actions to prevent, minimize, control,
and report products related health concerns such as microbial and chemical con-
taminations and adverse health events of natural and herbal medicines. Data on
the potential toxicity and safety of many multi-herbal preparations available on
the market have not been well established (Adusei-Mensah, 2020; Adusei-Mensah
et al., 2019b).

3.6 Microbiological safety of African herbal
and natural products

Another major area of health consideration on natural and plant-based products is
the microbiological and chemical safety. A plethora of ecological, agronomic, har-
vesting, manufacturing, processing and storage factors are worth considering for
microbial and chemical safety (Street et al., 2008). Risk assessment of the micro-
bial load of natural and plant-based medicines has therefore become an important
subject in current HACCP schemes. In this area, considerable amount of previous
research on natural and herbal product contamination by microbial organisms,
fungi, and microbial toxins have been done. The environments in which the prod-
ucts are produced, transported, and stored make them predisposed to bacterial
and fungal contamination. Such contaminations could pose potential health hazards
to consumers and economic losses to stakeholders (Figure 3.2). Microbial safety is of
critical consideration during and beyond the coronavirus pandemic where the pro-
duction and transport chain have been hugely impacted. Of major concern is the con-
ceivable presence of pathogenic bacterial, fungi and microbial toxins (Katerere et al.,
2008). In a South African study, 16 HMP samples were examined for microbial con-
tamination (Katerere et al., 2008). The microbial isolates were found in 15 of the ana-
lyzed samples containing Aspergillus, Fusarium, or Penicillium classes. The mycotoxin
Fumonisin B1 producing plant pathogenwas present in 13 of the 16 samples in quanti-
ties ranging from 14 to 139 μg/kg (Katerere et al., 2008). This observation suggests the
broken microbial quality control between cultivation and the final natural product for
patient administration. Microbial cycle from the cultivation field to the final con-
sumer of the natural product has been identified, (Figure 3.2), (Hakalehto et al., 2014).

Microbial coliform forming units (CFU) were observed in 15 traditional medici-
nal plant samples sold at the Faraday Muthi market, Johannesburg, South Africa
(Van Vuuren et al., 2014). Of the observed microbial types, 13% were predominantly
opportunistic pathogens and of great health concern. The other detected contami-
nating microbes were generally non-pathogenic ones with Pantoea sp. and Bacillus
spp. forming a major portion of the isolates. The microbes were mostly within the

3 Microbiological and chemical safety of African herbal and natural products 29

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



maximum acceptable contamination limits set by the WHO (i.e., ≤105 cfu/g) (Van
Vuuren et al., 2014). Infective bacteria such as Salmonella spp., Staphylococcus au-
reus, and Shigella spp. pose serious health hazards to consumers. Pathogenic mi-
crobes and microbial toxins could cause serious health implications. Mycotoxin, for
example, aflatoxin, has carcinogenic, mutagenic, teratogenic, neurotoxic, nephro-
toxic, and immunosuppressive effect (Turkson et al., 2020).

A study on commercial herbal products from the Nelson Mandela Metropole
(Port Elizabeth), South Africa showed significant bacteria and fungi contamination.
Different indicator microbes were identified that typify different stages of product
contamination. Bacillus spp., Enterobacteriaceae, Penicillium,Mucor, and Asper-
gillus were common isolates in the investigated products (Katerere et al., 2008).
Cultivation, transportation, and/or harvesting related contamination including
pathogenic and non-pathogenic species such as Acinetobacter baumannii, Borde-
tella spp., Chryseomonas spp., Flavimonas spp., Rahnella aquatilis, Pseudomonas
spp., Stenotrophomonas maltophilia, Salmonella spp., and Klebsiella pneumoniae
were isolated (Katerere et al., 2008; Govender et al., 2006). The isolation of Bacillus
diarrhea enterotoxin and multidrug methicillin and vancomycin-resistant S. aureus
strains in some of the commercial HMPs is of great safety concern. There is, there-
fore, a call for strict regulatory guidelines for the microbiological quality control of
natural and herbal medicines for public safety (Govender et al., 2006). The identi-
fied human pathogenic and opportunistic pathogens including gram-negative Kleb-
siella ornithinolytica, Salmonella, and K. pneumoniae could be a serious public
health hazard. Some of these species have been linked to enteric fever, diarrhea,
urinary tract infection (UTI), and renal cysts in humans (Famewo et al., 2016).

Figure 3.2: Hypothetical route for contamination of Campylobacter sp. during the outbreak in
Burkina Faso. The route of contamination shows the microbial cycle from the cultivation field to the
final consumer of the natural product (modified from Hakalehto et al., 2014).
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Bacterial contamination in Malawian commercial herbal medicines from Limbe,
Mibawa, and Lunzu markets of Blanyre City was observed by Kalumbi et al., 2020.
A total of 68.9% (n = 29) of the herbal products showed Bacillus, Staphylococcus,
Klebsiella, Enterobacter, and Citrobacter species and other coliforms, with predomi-
nant coliform contamination of 75% of the microbial isolates (Kalumbi et al., 2020).
The mean units (CFU) were higher in liquid herbal medicines (1.4–1.793) × 103 cfu/mL
compared to powder (1.375–1.4) × 103 cfu/mL and tablets (0.00–0.75) × 103 cfu/mL)
(Kalumbi et al., 2020). Coliforms are hygienic indicators and the high coliform count
in the herbal samples indicates unhygienic practices related to the handling of these
products. In herbal products from Ghana, both pathogenic and non-pathogenic mi-
crobes were detected. Majority of the studied herbal preparations showed the pres-
ence of pathogenic bacteria (Ampofo et al., 2012); however, most of the values were
within the acceptable reference limits.

Major pathogenic multidrug resistant (MDR) isolates from HMPs sold in the
Gondar Town, Northwest Ethiopia have been reported (Yesuf et al., 2016). A total of
55 HMPs applied locally, orally, or intranasally were analyzed. Fecal indicator or-
ganisms (pathogenic and non-pathogenic) including Escherichia coli, Salmonella,
Shigella, S. aureus, or Pseudomonas aeruginosa in 23/55 (41.8%) of the herbal prod-
ucts were detected. The average of total aerobic bacterial count was 1.99 × 108 cfu/
mL, and the average of 1.05 × 108 cfu/mL was reported for the total coliform count.
All the isolated aerobic microbes had levels above the WHO tolerable limit and of
safety concerns. Contamination in liquid products was also high and follows the
trend of other studies (Van Vuuren et al., 2014; de Sousa Lima et al., 2020). Bacillus
spp., Enterobacter spp., Shigella dysenteriae, and Salmonella spp. were among the
most common bacteria isolates reported. These isolates were similar to those found
in the studies from South Africa, Ghana, and Brazil (Ampofo et al., 2012; Van Vuu-
ren et al., 2014; de Sousa Lima et al., 2020). Microbes resistant to multiple antibiotic
drugs were very common. Most microbial isolates (n = 150) were resistant, 131
(87.3%) were resistant to ampicillin, 92 (61.3%) to amoxicillin, 87 (63.3%) to amoxi-
cillin clavulanic acid, and 78 (48.7%) to nitrofurantoin. Pathogenic gram-negative-
and gram-positive MDR isolates were resistant to four or more antibiotics
(Table 3.1). MDR Staphylococcus epidermidis and highly virulent pathogen Salmo-
nella spp. with global pathogenic importance were isolated. MDR Enterobacter cloa-
cae (9/18), Providencia stuartii (4/12), Bacillus spp. (8/31), and Shigella dysenteriae
(3/13) were resistant to four or more antibiotic drugs (Yesuf et al., 2016). Multidrug
methicillin and vancomycin-resistant S. aureus strains have also been discovered in
South Africa (Govender et al., 2006). In Nigeria, microbial isolates resistant to ampi-
cillin, penicillin, co-trimoxazole, and gentamicin antibiotics have been found from
herbal products (Adeleye et al., 2005). These findings indicate the growing trend of
multiple drug resistance microbes and call the need for policies to regulate non-
prescribed antibiotic use in the region.
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In several analyses of the HMPs, most of the microbial isolates detected have
been human pathogens (Katerere et al., 2008; Govender et al., 2006; Ampofo et al.,
2012; Kalumbi et al., 2020; Famewo et al., 2016) (Table 3.2). A. baumannii is an op-
portunistic nosocomial human pathogen, and is one of the six most important MDR
strains globally. A. baumannii causes ventilator-associated pneumonia and blood-
stream infections with 35% mortality rates in humans. S. aureus is a virulent patho-
gen and is responsible for most hospitalized patients’ infections. Staphylococcus
saprophyticus is a causative agent of uncomplicated lower UTI in humans. Higher
contamination of the homemade herbal medicinal plant materials compared to the
commercial final products has been reported (Van Vuuren et al., 2014).

Table 3.1: Multidrug resistant microbial isolates from natural and herbal medicinal products
(according to Yesuf et al., 2016 and Onyemelukwe et al., 2019).

Microbial isolates Resistant microbial isolates Antibiotic resistance of the microbial
isolates (%)

– MDR MDR MDR ≥MDR

Gram positives (N = ) .%  . . .

Gram negatives (N = ) .% . . . .

Bacillus sp.(N = )  (%) Resistant – – –

E. coli (N = )  (.%) – – – Resistant

E. asburiae (N = )  (.%) – Resistant – –

C. krusei (N = )  (%) Resistant – – –

E. asburieae, Enterobacter asburiae; C. krusei, Candida krusei; MDR2, resistance to two antibiotics;
MDR3, resistance to three antibiotics; MDR4, resistance to four antibiotics; and ≥MDR5, resistance
to five and more antibiotics. Tested antibiotics: co-trimoxazole, gentamycin, tetracycline,
nitrofurantoin, amoxicillin clavulanic acid, ceftriaxone, ampicillin, amoxicillin, chloramphenicol,
norfloxacin, ciprofloxacin, cloxacillin, penicillin, erythromycin and vancomycin, streptomycin,
sparfloxacin, perfloxacin, ofloxacin, cefuroxime, combination of ampicillin and cloxacillin, and
rifampicin. N, total number of isolates

Table 3.2: Microbial isolates from herbal and other natural products (according to Katerere et al.,
2008; Govender et al., 2006), Ampofo et al., 2012; Kalumbi et al., 2020; Famewo et al., 2016;
Onyemelukwe et al., 2019).

Microbe Contamination level (cfu/mL),
or frequency (%)

Nature of microbes Origin

Acinetobacter
baumannii

 (.%) Opportunistic MDR human
pathogen

SA, Et

Ascaris lumbricoides  (.%) Human pathogen Ni
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Table 3.2 (continued)

Microbe Contamination level (cfu/mL),
or frequency (%)

Nature of microbes Origin

Bacillus spp.  (%) Opportunistic pathogens in the
hospitalized patients

Gh, Ma,
Et, Ni

Bordetella spp. NA Strictly human pathogen SA

Chryseomonas spp. NA Rare human pathogen SA

Clostridium spp. – Human pathogen Gh

Citrobacter spp.  (.%) Emerging urinary pathogen Et, Ma

Enterobacter
cloacae

 (%) Nosocomial pathogenic
infections

Et

Enterobacter
aerogenes

 (.%) Opportunistic human pathogen Et

Enterobacter spp.  (.%) Opportunistic human pathogen Ma, Ni

Escherichia coli . (%) Human and animal pathogen Et

Ewingella americana NA Rare human pathogens SA

Flavimonas spp. NA Emerging human pathogen SA

Fumonisin B – μg/mL Plant pathogen SA

Giardia infestinalis  (.%) Human pathogen Ni

Pantoea spp. NA Opportunistic human pathogens SA

Streptococcus
pyogenes

 (.%) Human pathogen Et

Staphylococcus
aureus

 (.%)– (.%) Virulent pathogen Et

Staphylococcus
epidermidis

 (.%) Nosocomial pathogen Et

Staphylococcus
saprophyticus

 (.%) Human pathogen Et

Klebsiella spp.  (.%) Normal flora and opportunistic
pathogens

SA, Ma,
Et

Klebsiella
pneumoniae

 (.%) Opportunistic pathogen ET, SA

Klebsiella ozaenae  (.%) Invasive pathogen ET

Pasteurella
pneumolytica

NA Opportunistic pathogen SA
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3.7 Chemical safety of African herbal and natural
products

3.7.1 Heavy metals and health risk

The presence of contaminants, adulterants, and inherent toxic compounds in
herbal medicines has been associated with adverse events of herbal medicines ad-
ministration (Mosihuzzaman and Choudhary, 2008). Heavy metals are defined as

Table 3.2 (continued)

Microbe Contamination level (cfu/mL),
or frequency (%)

Nature of microbes Origin

Providencia spp.  (.%) Opportunistic pathogen Et

Pseudomonas
aeruginosa

– Opportunistic pathogen Gh, Et

Rahnella aquatilis NA Pathogenic SA

Salmonella spp. – Pathogenic SA, Gh,
Et

Serratia spp. Opportunistic pathogens SA, Et

Shigella dysenteriae  (.%) Extremely pathogenic Et

Stenotrophomonas
maltophilia

NA Extremely pathogenic SA, Et

Staphylococcus spp. .–. × 
 Extremely versatile pathogen Ma, Ni

Total heterotrophic
bacteria

–. × 
cfu/mL All are not human pathogens Gh

Total heterotrophic – cfu/mL Human pathogen Gh

Toxocara canis  (.%) Human pathogen Ni

TC cfu/mL –. × 
 cfu/g Purity indicator Gh, Eth

Total aerobic count . × 
–. × 

 Non-human pathogen Gh, SA

Mold –. × 
 Non-human pathogen Gh

Yeasts and molds . × 
 Pathogen and non-pathogenic

spp.
Gh

MDR, multiple drug resistance; TC, total coliform bacteria count; Et, Ethiopia; Gh, Ghana; Ma,
Malawi; Ni, Nigeria; SA, South Africa. NA, not available, WHO safe limits: E. coli (103), S. aureus
(103), Enterobacter (103), total aerobic mesophilic count (103), yeast and molds (103), total aerobic
count (107 cfu/mL), Salmonella spp. (102 cfu/mL).
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naturally occurring metallic elements which have relatively high atomic weights and
a density of at least five times greater than that of water (≥5 g/cm3) (Tchounwou
et al., 2012). Essential trace metals form key components of several key enzymes that
play important roles in various vital physiological processes (Tchounwou et al.,
2012). Trace metals and microminerals including Cobalt (Co), copper (Cu), chromium
(Cr), iron (Fe), magnesium (Mg), manganese (Mn), nickel (Ni), and zinc (Zn) are vital
minerals required in small quantities for various biochemical and physiological
functions (WHO, 2004). Excessive amount of the trace metals or their lack in the
human system have been linked to various adverse health effects in human with
various pathogenic conditions. Chromium (Cr(IV)) and copper have narrow con-
centration range for beneficial effect, and outside this narrow range leads to toxic
adverse health effects (Achadu et al., 2016).

Vanadium (V) and manganese are essential for proper enzyme functioning, but
oxidized vanadium such as vanadium pentoxide (V2O5) is carcinogenic and, when
inhaled, causes mutagenic damage in the DNA (Tchounwou et al., 2012). Manga-
nese, iron, and nickel have known importance in the body. However, permanganate
ion (MnO4

−) is a known liver and kidney poison and nickel carbonyl (Ni2(CO)4) is
known to cause extreme toxicity in human causing respiratory failure, brain dam-
age, and death (Budavari et al., 1996). Ingesting more than 0.5 g of iron a day can
induce cardiac collapse and death (Tchounwou et al., 2012). A high dose of copper
sulfate (Cu(SO4)2) has been reported to cause major organ damage and death.

Table 3.3: Levels of heavy metal content (mg/kg) in selected herbal and natural
medicinal products (according to Adusei-Mensah et al., 2019a; Adusei-Mensah,
2020; Kalumbi et al., 2020; Turkson et al., 2020).

Heavy
metal

Concentration
Range (mg/kg)

MRL Percentage of samples
exceeding acceptable limit

Origin

As .–. . % (N = ) Ghana, Malawi

Cd .–. . .% (N = ) Ghana, Malawi

Cu .–. . .% (N = ) Ghana

Cr .–. . % (N = ) Ghana

Fe .–. . % (N = ) Ghana

Hg ND–. . .% (N = ) Ghana, Malawi

K .–. NA NA (N = ) Ghana

Mn .–. . % (N = ) Ghana

Na .–. NA NA (N = ) Ghana

Ni .–. . % (N = ) Ghana
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Heavy metal levels above the established maximum residual limits (MRLs) pose
a health risk to consumers. In our recent study (Adusei-Mensah et al., 2019a), heavy
metal contamination was detected in most of the studied HMPs (HMPA-F) (Table 3.3)
at levels above their MRL. Heavy metal introduction may occur during cultivation
and or manufacturing. The maximum residual content of Cr, Mn, Ni, Cu, and As were
above the MRL in all the six studied herbal preparations (Adusei-Mensah et al.,
2019a; Table 3.3). Pb contents were mostly below the MRL. MRLs are important for
legal purposes but not decisive for health risk estimation due to differing consump-
tion frequencies, dosage variations, and body mass index variations.

Kalumbi et al. (2020) observed high lead and cadmium contamination of 67%
(n = 18) and 11% (n = 18), respectively, in the HMPs collected from Blantyre, Ma-
lawi. The detected levels exceeded the acceptable reference limits. They discovered
that liquid herbal products contained the highest concentrations of heavy metals (Ka-
lumbi et al., 2020). The presence of high levels of heavy metals including arsenic is
associated with cancer risk. High levels of heavy metals in herbal products could be
due to cultivation conditions of the medicinal plants or unhygienic processing or
storage conditions.

3.7.2 Pesticides and health risk

According to the Food and Agriculture Organization, pesticides are defined as any
substance or mixture of substances intended for preventing, destroying, or control-
ling any pest. Pesticides have been useful for decades in both the agricultural and
health industries. Pesticides provide an efficient, economic, labor, and lifesaving
means for pest control in both agriculture and public health sectors (Cooper and
Dobson, 2007; Damalas and Eleftherohorinos, 2011). Despite the enormous benefits
of pesticides, their extensive use presents health risk to humans and they are of
great concerns (Skovgaard et al., 2017). Data on global health impacts of pesticides
are limited, but a lot can be learnt from the few reported data. For instance, in 2002
the impact of suicidal pesticide ingestion has been estimated to have caused
186,000 deaths and 4,420,000 disability adjusted life globally (Gyenwali et al.,

Table 3.3 (continued)

Heavy
metal

Concentration
Range (mg/kg)

MRL Percentage of samples
exceeding acceptable limit

Origin

Pb .–. . .% (N = ) Ghana, Malawi

Zn .–. . % (N = ) Ghana

MRL, maximum residual limit; ND, non-detected; NA, not available; N, total number
of samples investigated.
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2017). It has been reported that over 98% of sprayed insecticides and 95% of herbi-
cides reach non-targeted destinations including other ecologically important spe-
cies, air, water, and soil, thereby polluting the environment and causing health risk
(Tsimbiri et al., 2015). Excess and run-off pesticides seep into the soil and are
washed into water bodies and contaminate them. Pesticides with long half-life stay
in the environment and end up in the tissues of plants including herbal medicinal
plants and into humans via the food chain.

Intake of certain pesticides in amounts above their safe levels can lead to acute
or chronic poisoning, coma, and death (Skovgaard et al., 2017). Reduced intelli-
gence quotient power cancer and neurological problems are some of the health
problems associated with chronic exposure to some pesticides (Skovgaard et al.,
2017). The use of aldrin, camphechlor, chlordecone, dieldrin, endrin, dichlorodi-
phenyltrichloroethane, heptachlor, and mirex is prohibited or severely restricted
by the Stockholm convention (United Nations, 2001). But according to recent re-
ports, some of these banned hazardous pesticides are still being used in many
countries including Ghana (Ghana Environmental Protection Agency, 2008).

Chlorpyrifos is a commonly used pesticide in Ghana (Adusei-Mensah, 2020). Though
its use is legal, care must be exercised during usage to reduce human exposure and
health risk. Some legally banned pesticides revised to (G-EPA 2008) including al-
drin, dieldrin, and chlordane, were also identified in 50% of the herbal products
sampled in Ghana (Adusei Mensah et al., 2018). This may indicate their continues use
in the country despite the ban of their usage in the country. Authorities are therefore

Table 3.4: Pesticide residues detected and quantified from the herbal products (according to
Adusei Mensah et al., 2018).

Sample Pesticide class Pesticide Mean pesticide level (mg/kg) MRLs (mg/kg)

HMPA Organophosphorus Chlorpyrifos . .

HMPB Organophosphorus Chlorpyrifos . .

Organophosphorus Fenitrothion . .

HMPC Pirimiphos-M Pirimiphos-m . .

Organophosphorus Chlorpyrifos . .

HMPD Organophosphorus Chlorpyrifos . .

HMPE Organophosphorus Pirimiphos-m . .

Organophosphorus Chlorpyrifos . .

HMPF Organophosphorus Chlorpyrifos . .

HMPA, herbal product A; HMPB, herbal product B; HMPC, herbal product C; HMPD, herbal product
D; HMPE, herbal product E; HMPF, herbal product F; MRL, maximum residual limit.
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called on to regulate their importation and usage in the country. In our previous
study, we found that the total pesticide content of the studied six (HMPA-F) herbal
preparations were mostly (83%, n = 6) within internationally acceptable safety limits
(Adusei Mensah et al., 2018; Table 3.4). The concentration of pirimiphos-methyl in
HMPE was higher than the MRL (Table 3.4) and may predispose to pirimiphos-methyl
exposure and possible health hazard following chronic use of this herbal preparation.

3.8 Fraudulent practices and adulteration

Adulteration of food and medicines is becoming a global challenge of the twenty-
first century where chemicals like melamine are added to food and dairies to false
increase its protein estimation value. Adulteration in the natural and herbal prod-
uct industry cannot be ruled out. For instance, honey adulteration is becoming a
common issue. Honey is usually adulterated with low-cost sugars (Fakhlaei et al.,
2020). Honey adulterations include direct, indirect, and blended methods. The di-
rect adulteration is a post-production procedure in which certain foreign sugar syr-
ups and chemical sweeteners are added directly into the honey to increase the
quantity and sweetness of the honey (Zábrodská and Vorlová, 2015). During the in-
direct adulteration process, the honeybees are overfed with industrial sugars to re-
cover more honey from hives (Fakhlaei et al., 2020). In the blending adulteration
procedure, pure and high-quality honey is mixed with cheap and low-quality
honey. These adulteration procedures increase the possibility of the contamination.

Various analytical methods are applicable for the detection of adulteration in
honeys. High-performance liquid chromatography, gas chromatography coupled
mass spectrometry, high-performance anion-exchange chromatography coupled
pulsed amperometric detection, matrix-assisted laser desorption/ionization mass
spectrometry, ultrahigh-performance liquid chromatography coupled quadrupole
time-of-flight mass spectrometry, liquid chromatography-electrochemical detection,
and other advanced techniques including infrared spectroscopy, nuclear magnetic
resonance spectroscopy, and Raman spectroscopy are currently used for honey
adulteration analysis (Fakhlaei et al., 2020; Wu et al., 2017).

38 Frank Adusei-Mensah, Elias Hakalehto, Carina Tikkanen-Kaukanen

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



3.9 Conclusion

The cultivation, harvesting of plant-based or other natural materials, transporting,
manufacturing, and preservation of them are critical points for microbial and chemi-
cal contamination. As a result, the implementation of high standards and practices
will influence the microbial and chemical quality and safety of natural and medicinal
products during and beyond the coronavirus pandemic. Regulatory programs for the
production, distribution, and storage should be implemented to reduce microbial and
chemical contamination and to improve quality. In addition to compliance with safe
production and transportation practices, observing current national and international
legislations is vital. Among product categories, liquid preparations were most fre-
quently contaminated by microbes. The wet nature of liquid herbal medicinal prepa-
rations makes them more vulnerable to microbial contaminations compared to the
other product forms. Home-prepared plant-based medicine and natural products
have higher risk of contamination by coliforms and pathogenic bacteria than the
commercial HMPs. Another observation of great health concern is the increasing
trend of MDR microbes. Such findings infer the level of OTC use of antibiotics in
the region and a call for concerted effort to control it. For heavy metals, most of
the reported metals including arsenic, chromium, copper, lead, and cadmium had
levels exceeding regulatory limits. In conclusion, pesticides, heavy metals, and
microbial contamination pose a threat to the quality and safety of the plant-based
and other natural products and require a concerted effort to ensure their microbial
and chemical safety during and beyond coronavirus or other possible pandemics.
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4 Fermented foods and novel or upgraded
raw materials for food commodities by
microbial communities

Abstract: Microbial presence in any closed or semi-closed system usually strives for the
energetically most feasible outcome. In mixed fermentations, this result is achieved by
the metabolic networks of versatile microflora. Such biochemical constitution can be
used effectively as a lead for food industry development projects, food preservation,
and nutritional improvement. Traditionally, microbial inocula have been used for pro-
ducing fermented foods and drinks. This has often taken place in non-aseptic or semi-
aseptic environments. The metabolic network of microbial communities is extremely
adaptable with respect to the slightest changes in environmental conditions. In fact,
the microbial networks constitute the foundation for the ecological balances in the en-
vironment. Moreover, they decisively impact the functions of our alimentary tract, and
consequently, the entire body system, too. Actually, microbial ecosystems exist in the
environment, in agricultural production, in food, inside our body system, and in the
wastes or side streams. They are all important for our food chain.

The basic nature of microbial networks has also been tested in numerous micro-
bial bioprocesses based on the utilization of industrial side streams by the undefined
mixed cultures (UMC) approach. Such fermentation processes are used for producing
food components. These processes also relate to the environmental or ecosystem en-
gineering processes. We can exploit the principles in sustainable manufacturing in-
dustries, which use biomass side streams as raw materials. Then, in the process
control, we steer and adjust the functions of the available or boosted microbial eco-
system, which consists of the natural members of the side stream microbiome, as
well as the inoculated industrial strains based on our technical decision or choice.
The biorefineries offer a continuum for the traditional fermentation technologies in
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food production. The products we get, besides the fermented foods or beverages, are
also chemical compounds, energy gases, and organic fertilizers. Future biorefineries
are industrial fields, where side streams from agriculture, industries, and municipali-
ties are treated and refined into useful products. In a successful project, no waste is left
behind. It is all turned into new raw materials. In food manufacturing technologies, the
hygienic levels of the substances are also maintained. And the production strategies
transfer into sustainable ones with the aid of natural microbial strains.

4.1 Introduction to ecosystem engineering

At the bottom of lake Näsijärvi in Tampere, Finland, about 1.5 million or more tons
of the so-called zero fiber have been accumulated during a century as a result of the
outlets of a wood industry complex ashore. These residual cellulosic fractions have
been preserved in the dark, cold, anoxic, and acidic conditions at the bottom of the
lake. This resource and its potential utilization give an eloquent example of the
total conversion of industrial wastes or side streams into useful products. Actually,
this approach is not only complementary to the petrochemical industries but also
illustrates the principle of producing food materials from organic residues. Such an
approach could be a kind of extension of traditional fermented foods in the food
industry, the latter having been manufactured worldwide throughout the centuries.

In the future, our industries are increasingly relying on both ecosystem engineering
and on recycling organic substances. In practice, this means seeing the various side
streams as valuable raw materials. Moreover, the harmful substances can be removed
by using micro-organisms for the clean-up. Most importantly, in the production of vari-
ous chemical commodities, we will be using biomass raw materials as complementary
sources alongside the fossil deposits or the fresh food substrates. The fossil compounds
have to be dug from underground or the sea bottom to be used not only as the sources
of food chemicals but also in thepreparationofpackages for food transport andstorage.
These materials could be replaced by bio-based ones. For example, for the industrial
expanded polystyrene packaging, more eco-friendly replacements are needed. The
polylactide foams are one potential solution. In Finland, the State Research Centre (VTT)
is developing a solution based on wood pulp. It is also important to keep in mind that
by their metabolic versatility, micro-organisms are producing several new materials
and intermediary substances useful for the manufacturing of biopolymers and composites.

Correspondingly with the current trend, more and more raw materials and en-
ergy are obtained from the organic side streams of agriculture and forestry, fisher-
ies, different manufacturing industries, and so on. In principle, all materials are
increasingly seen as resources instead of wastes or useless residues. This actually
comes closer to the way, how Mother Nature is functioning. In the ecosystems, most
of the organic matter is in circulation by the energy flow originally deriving from
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the solar energies. And human economy resembles more and more the economy of
Nature. At least it should resemble.

Various novel technologies have been developed for implementing the change
into the ecosystem engineering kind of approach, which repairs the potential dam-
ages caused by Mankind to the ecosystems. The kickoff incident of the new field was
undoubtedly the oil accident in the Mexican Gulf on the “Deepwater Horizon” oil dril-
ling platform in 2010 (Hakalehto and Dahlquist, 2018; Passow and Overton, 2021).
Then the damages to the ecosystem were believed to be causing devastating long-
term effects or even final destructive consequences for the entire Caribbean Sea. How-
ever, this ecosystem, in addition to the economic blow of the disaster, opened the eyes
of the industrialists to see the possibilities in microbial biotechnology, as the seawater
and sediment micro-organisms attenuated the worst consequences of the environmen-
tal catastrophe. This underlined the unity of human societies with the natural ecosys-
tems. It also took up most clearly the economic potential in using microbes for cleaning
up environmental pollution and eradicating recalcitrant substances (Hakalehto and
Dahlquist, 2018). This strategy would benefit all in a long term. For example, the tourism
industry, fisheries, as well as all other livelihoods in and around the sea are dependent
on the ocean ecosystem. They would get the advantage of this modern thinking and the
more developed approach. Environmental health aspects should also be considered and
calculated into that equation. Most eloquently, we could turn environmental problems
into assets by harnessing the micro-organisms into processes as biocatalysts. They could
be applied for producing valuable chemicals, energy in the form of gases such as meth-
ane and hydrogen, or by exploiting fatty acids, or microbiologically returning residual bi-
omasses into the production of food or its packages or taken back to the agricultural use
as soil improvement or organic fertilizers.

4.2 Utilization of the residual fractions
of the biorefinery units as soil improvement
agents or organic fertilizers

There is an increasing concern about the dependence of agricultural food production
on mineral fertilizers (especially Nitrogen and Phosphorus) and other agrochemicals
because these inputs (a) are associated with significant negative environmental im-
pacts; (b) reduce the sustainability of crop production systems, and (c) negatively affect
future food security. Therefore, the main concept or strategy available to replace or re-
duce mineral fertilizer use is to recycle a larger proportion of nutrients that are
removed from soils as crops and livestock products back into agricultural lands.
We could also take advantage of the microbial Nitrogen fixing in an unprecedented
manner (Figure 4.1). This should be based on the efficient processing and recycling of
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agricultural side streams (e.g., excess manure, residues from on-farm bioenergy gen-
eration systems), food processing residues, and domestic or communal waste (includ-
ing sewage). However, based on current predictions for (a) climate change, (b)
increases in world population, and (c) demand for “renewable sources of energy,” it
will be essential to maintain and improve yields for staple food, feed, and potential
biofuel crops. Fertilization regimes based on recycled organic waste should therefore
minimize environmental impacts (especially with respect to nutrient pollution and
greenhouse gas emissions) while increasing crop yields. The main aim of the pro-
posed project concept is to improve the sustainability of crop production by develop-
ing technologies and strategies for the efficient recycling of agricultural and domestic
organic wastes as added value organic fertilizers and soil improvers into agriculture.

More recycling of food industry byproducts helps in the quantification of the agro-
nomic and the climate change mitigation potential of food production byproducts
based on organic fertilizers. This approach will and should focus on crop health, its
yield, and quality, as well as selected soil fertility parameters (e.g., soil C, N, and P

Figure 4.1: Garden grass experiments conducted since September 2015 in the Helsinki University
greenhouses at Viikki Campus are being designed and conducted by Jukka Kivelä and Elias
Hakalehto. The graphics on the left indicate the plant dry weight in three experiments without
microbial addition (orange bars) and with microbial addition (green bars). The right-hand side shows
the corresponding results of fresh weight measurements. The lower picture shows garden grass with
microbe addition on the left. The nitrogen fixing microbial enforcement to the soil is launched with
the trade name Aurobion®. Similar results were obtained with several other plant species, which
implies to the potential of micro-organisms in agriculture and plant nutrition. Photo: Elias Hakalehto.
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levels). Use of novel byproduct-based organic fertilizers, have to be quantified and
demonstrated. Its effects under different agronomic and pedo-climatic background
conditions need to get elucidated. This will focus on detailed assessments of (a) car-
bon footprints and greenhouse gas mitigation potential; (b) soil chemical, physical,
and biological properties; and (c) crop yield and quality parameters.

Existing byproduct fertilizers have shown the potential for reducing mineral fertil-
izer and crop protection inputs. Especially, under the controlled studies and field trials,
the effects of byproduct fertilizers provide a mechanistic understanding of the effects
of fertilizers and organic soil amendments which can be exploited to further improve
organic waste processing technologies and protocols. To enable the development of
rural and urban waste management in different regions based on realistic business
plans, it is also proposed to develop a safety and quality assurance system for the pro-
duction and use of byproduct-based organic fertilizers. This will focus on assuring not
only microbiological and toxicological safety parameters but also important quality pa-
rameters such as fertilizer value and nutrient release characteristics, suppressiveness,
and carbon sequestration potential associated with different fertilizer products. This
will in long term make agricultural production more effective, ecological, and sustain-
able. Moreover, it should be taken into account that some parts of the side streams or
waste could be circulated in the areas, for the production of city-food, for instance
(Proksch and Baganz, 2020). The vertical farming and cultivation of plants and microbes
in cultures and as products by bioprosesing, will open avenues for future food production.

At the same time, it is needed to develop an efficient program of dissemination
and training activities to improve the implementation of project results by farmers,
rural and urban industries, as well as communities generating organic waste. The
waste processing industry needs to be established and developed. The entire food
production system requires a clear nutrient recycling program, which allows the
use of byproducts as recycled fertilizers. For more discussion on organic fertiliza-
tion and the role of microbes, see Kivelä and Hakalehto (2016).

4.3 Case Hiedanranta as a valuable example and
option of novel thinking in biomass conversion

In the city of Tampere in Southern Finland, the forest industry has accumulated the
previously useless “zero fiber” into the lake bottom for almost a century. These cel-
lulosic byproducts have been sedimented in millions of tons (1.5 million tons just in
the proximity of the former abandoned Lielahti forest industry complex) onto the
lake bottom. During 2018–19, Finnoflag Oy was the key technology provider in the
governmentally funded project “Zero waste from zero fiber.” This project belonged
to the Finnish Ministry of Agriculture “Blue bioeconomy” projects. In the project
consortium of companies and research institutes, we developed a three-pilot system
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for producing food-grade chemicals, energy gases, and organic fertilizers out of the
cellulosic waste sediments recovered from the lake bottom:
1. valuable chemicals, such as lactate and mannitol, which both are important raw

materials and additives for various foods being non-toxic and versatile in use,
2. energy gases, such as methane biogas, biohydrogen, and hytane (combination

of methane and hydrogen), and
3. organic fertilizers or humus-containing high-value products that could be used for

returning the soil balance of microbes and organic substances, which is being lost
by chemicalization or erosion in spoiled agricultural lands all over the world. This
brings the nutrients back to soil, and for producing safe and cleaner plant crops,
for instance. Also, the so-called city-food could be produced in the urban areas.

See also the schematic presentation of the project entity (Figure 4.2). The future po-
litical decision-making on a larger scale project based on the pilot results was un-
derway when this chapter was written in June 2021. More information on the
Hiedanranta biorefinery project could be found in Hakalehto (2018a) or in Becking-
hausen et al. (2019). This concept is a case where no waste is remaining or left be-
hind after the environmental deposits of past industrial actions will be utilized in
economically feasible ways. These processes are based on research regarding the
microbiological communities and processes thereof (Figure 4.3).

Figure 4.2: “Zero waste from zero fiber”-project was based on the order of the City of Tampere. It
was in part funded by the Government of Finland (Ministry of Agriculture and Forestry, ELY Centre
“Blue Bioeconomy” project). Ramboll Finland Oyj took care of project coordination. TU = Tampere
University; HU = University of Helsinki; UEF = University of Eastern Finland, Kuopio, Finland; MDH =
Mälaren University, Västerås, Sweden; DTS = DTS Biosystems Oy; FF = Finnoflag Oy.
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As a side-benefit of these novel industries, the City of Tampere could get
cleaned the spacious bay area in front of the designed future lakeside suburb for
25,000 inhabitants. We optimistically and positively look forward to a favourable
conclusion by the city decision-makers, which could provide the authorization for
the consortium to execute comprehensive plans for this revolutionary industrial
project of massive scale and goals to become a global showcase of sustainable de-
velopment. At the same time, cleaning up the suburban area and the adjacent lake
could offer better health perspectives for the citizens of the city. For example, the
removal of aerosols generating organic deposits is important for respiratory health.
By accomplishing this task with sustainable biorefineries, the city would facilitate
100% recycling of this accumulated waste deposit in a climate-friendly fashion.

Figure 4.3: The zero fiber deposits from the lake bottom in Hiedanranta, Tampere, were processed
in a bioreactor with approximately 15 m3 of effective volume. The exhaust gases were collected and
measured. Maximal hydrogen concentration was about 4% in the emitted gas flow (containing the
carrier gas). The lactate production rate was 9.2% (w/v). Photo: Elias Hakalehto.
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4.4 Novel microbial bioindustries in accumulating
health and providing nutrition for sustainable
societies

Based on cases like the Hiedanranta plan in Tampere, Finland, the new generation
could establish novel kinds of industrial activities. Using the microbial communities
and their metabolism, these processes could be fashionable for the human living
side by side along with the natural ecosystems in the abolished industrial sites
(Figure 4.4). Such eye-opening activities could give proofs of massive scale solutions
to environmental issues globally. This basic principle of removing waste and con-
verting it into e.g. sustainable food substances and other sustainable products could

Figure 4.4: Hiedanranta Bay area, Näsijärvi, Finland. The abolished factory site is at the top left
corner. Center of the city of Tampere is situated on the other side of the lake about 2 km away. In
this Hiedanranta area, the lakeside and industrial sites will be converted into a suburb for up to
25,000 residents. The major location of zero fiber deposits on the lake bottom is on the upper part
of the bay in this aerial photo, as well as in underground deposits ashore. Total amount of naturally
preserved biomass in the close proximity of the former factory site is estimated to be 3.0 million
cubic meters. Photo: National Land Survey of Finland.
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provide a remarkable option for the future societies to increasingly feed their citizens
by the circulated chemical or fertilized commodities, and to compensate for any ad-
versarial climate effect of past activities (Hakalehto, 2018b, 2020).

4.5 Microbial safety through modern food
production

There are microbes everywhere and in food they usually reside in high numbers. The
human epithelia are also colonized by multitudes of versatile microbiota. Fortunately,
since the microbes are essential factors in maintaining our healthy living, the micro-
biota of ours mostly consists of beneficial species. The members of microbial communi-
ties often “work in shifts” in our digestion, according to the food raw materials, body
functions, and humoral, immunological, and neurological control (Shin et al., 2019). In
other words, members of the microbial communities have specific metabolic preferen-
ces. As we consider those preferences, we learn to adjust and optimize the bioprocesses
based on the utilization of side streams. In fact, the principles of microbial interactions
in the intestines could be utilized in industrial processes as well.

In one spoonful of yogurt, there are as many bacterial cells as humans on the planet
Earth. This is a microcosm we all encounter every day. These micro-organisms play huge
roles in food production and preservation. Different generations have learned to shelter
from diseases and maintained good hygiene long before the connection between mi-
crobes and health threats or potentials were demonstrated. Many foods are still produced
by using microbes. Different fermentation processes are important in food manufacturing
protocols and practices. Many additives are produced by the microbes, which then im-
prove the quality and health benefits of food. For example, citric acid that is mainly pro-
duced by biotechnological methods is commonly used for flavour and for preserving
foods. New possibilities for sustainable production of raw materials are indeed opened
through the various microbiological processes. Biotechnological components in our
food, such as IgY-antibodies in eggs, give us a chance to improve global health se-
curity by functional food components (Hakalehto, 2021b). As it is stated by Haka-
lehto and Jääskeläinen (2017): “At present, to restructure our way of living during
the post-industrial era, it is crucial to put weight on recirculation. This could open
up novel technological solutions, which will help in balancing the human impact on
the global ecosystem.”
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4.6 Microbial metabolism can be utilized

4.6.1 Possibilities in the microbial fermentation

The health benefits of acetic acid are known as components in complementary reme-
dies all over the world (Ho et al., 2017). Acetic acid is a product of microbial fermenta-
tion processes. As a relatively weak acid, it is suitable for cooking, preserving, and
seasoning. It can also be used to extract ingredients in a natural way. Acetic acid is
secreted out of the bacterial cells that produce it and is easily collected. Its acidity
prevents the excessive growth of microbes in the food, and acetic broth is a suitable
method to preserve different vegetables, for instance. The proper preservation in-
creases shelf life of the food products. Maintaining good qualities and stability is
highly important for the productivity of novel items and food-related services, such
as catering operations and home deliveries (Sauramäki and Hakalehto, 2015).

Another widely used method to preserve vegetables, dairy, fish, or meat prod-
ucts, is lactic acid fermentation. It is potentially performed using mixed natural lac-
tic acid bacterial (LAB) culture, and starter cultures are also often used. It is both a
very motivating hobby and also an interesting industrial action to ripen sour veg-
gies into healthy dishes using this method for such products as the famous “Sauer-
kraut” which could make our diet healthier and more versatile (Beganovič et al.,
2011). Many LAB are extremely beneficial for the specific health and balance in the
intestinal tract. It is no coincidence that most probiotics are LAB. Both acetic and
lactic acids can be used as such as preservatives. Also, many other organic acids,
such as benzoic acid, provide preservative functions. The various traditional fer-
mentation methods are presented in Section 4.9.

Propionic acid or propionate, as a preservative used in meat production and bak-
ing industries, is also produced by microbes. In the EU’s Baltic Sea biorefinery project’s
(ABOWE, 2014) piloting test runs in Poland or Sweden propionic acid was successfully
produced from the potato side stream and the wastes of the poultry industries (chicken
litter), combined with domestic or separately collected organic residues of the restau-
rant waste (den Boer et al., 2016a, b, 2020; Schwede et al., 2017). Pilot runs were also
carried out in Finland using the waste from the forest industries (Hakalehto et al.,
2016a). These activities also served the later development of such efforts as the Hiedan-
ranta biorefinery project in 2018–19 (see above). The biological preservative substances
are often important in maintaining the quality of the distributed food.

Like organic acids, alcohols produced by the microbes can be used for flavours,
preservatives, and as functional ingredients or raw materials. For example, 2,3-
butanediol is produced by the metabolism of groups of bacteria such as Klebsiella/
Enterobacter. They are important in balancing microbiological agents for the human
intestinal tract, too. The secreted 2,3-butanediol compensates the stress caused by the
acid formation on the bacteriological intestinal balance (BIB) (Hakalehto et al., 2008,
2010, 2013; Hakalehto 2012). One of the future challenges of the food industry is to
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understand, how different food ingredients influence the human body system. For ex-
ample, ethanol which is formed as a side product of 2,3-butanediol fermentation,
could cause obesity as it contains lots of chemical energy. In turn, lactic acid has the
smallest density of energy of the organic acids produced by microbes in the human
body. Mannitol is an example of a low-calorie sweetener (Mooradian et al., 2017).

We produced 2,3-butanediol from potato waste in the laboratory of Finnoflag
Oy in 2008 at a world record level (8 g/L/h) (Hakalehto et al., 2013). This platform
chemical has high value as an intermediate product and as a multi-functional
chemical in cosmetic industry, anti-ice agent, synthetic rubber raw material as a
source material for butadiene, and for polymer industries. 2,3-Butanediol is also
called 2,3-butylene glycol. It is a common non-toxic substance found in skin creams,
beauty products, and similar products (Figure 4.5).

Figure 4.5: After easening of the coronavirus precautions, it was possible to travel again to the
Taffel Ab’s potato chip factory’s playground on Åland Island in southwestern Finland. Already in
2008, at Finnoflag Oy’s lab, we achieved a world record productivity of 2,3-butanediol (8 g/L) out of
another potato industry waste stream in Finland (Hakalehto et al., 2013). Similar type of result was
obtained from chips factory waste during Implementing Advanced Concepts for Biological
Utilization of Waste (ABOWE) project trials in Poland (den Boer et al., 2016). Photo: Jukka-Pekka
Hakalehto.
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In the future, it is possible to design, not only the food ingredients, but also the
bacteria integrated with them, based on their health and safety effects (Hakalehto,
2020). The future probiotics and prebiotics could contain positive health effects, as
well as long-term influences, such as anti-tumorigenicity (Khalifa et al., 2019; Vil-
leger et al., 2019; Hakalehto et al., 2018). Moreover, such a concept as the panbiotics
has been introduced by Hakalehto (2021a). This refers to beneficial or probiotic
strains commonly or even universally distributed in the population.

4.6.2 Biological components and microbial balance of the food

In the human digestive system, microbes entering the intestinal tract encounter the
local microbiome that has already established itself in the alimentary tract. The mi-
crobes in the respiratory tract have a high immunological significance also for diges-
tive functions and overall health (Sansonetti, 2019). Those include toxin-producing
species of such bacterial genera as Streptococcus and Staphylococcus (Spaan et al.,
2017). Balanced microbiomes such as the ones under the concept of the BIB help the
body to prevent problems caused by the toxin-producing pathogens (Hakalehto, 2012,
Hakalehto 2021a, b). The right kind of nutrition maintains the balance of the micro-
biome. This balance is often broken because of a bad diet causing different intestinal
inflammation or dysbiosis (Hoarau, 2016). This creates a “malicious balance” of dys-
biotic microbes (Schippa and Conte, 2014). The original, health-beneficial microbial
diversity and functionality should then be restored by dietary means, and versatile
treatments, and probiotics. In the 2013 European Society for Clinical Nutrition and
Metabolism (ESPEN) meeting in Leipzig, Germany, we introduced a method that
could quantitate the advantageous effect of the probiotics in situ, by a simulation of
the activities in the intestinal normal flora. The method was based on the use of por-
table microbe enrichment unit (PMEU) devices with the capability to simulate the mi-
crobial colonies (Hakalehto and Jaakkola, 2013).

4.7 Hiedanranta biorefinery plant, a prodigy
of recycling projects

Future food production will include collecting and recycling waste from households,
industry, and agriculture and using these residues as raw materials (Hakalehto and
Jääskeläinen, 2017; Hakalehto, 2020). This is a process that was successfully studied
in the ABOWE project in the years 2012–14 (see Section 4.11). Results from this Euro-
pean Union biorefinery project were later used on making ground for practical proce-
dures in Wroclaw, Poland, for instance (den Boer and den Boer, 2018). These side
streams do not have to be food-based. For instance, food-additives free from toxic
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effects (lactic acid, mannitol) were produced in Hiedanranta. In Tampere in the project
“Zero waste from zero fiber” funded by the Finnish Ministry of Forestry and Agricul-
ture (Hakalehto, 2018a, Beckinghausen et al., 2019), the aim was to study the conver-
sion of millions of tons of past industrial deposits of the lake sediment, into useful
products (See also Sections 4.3 and 4.4.). The project was a part of the Centre for Eco-
nomic Development, Transport, and the Environment “Sininen Biotalous” (Blue Bio-
based Economy) program. Its main raw material was cellulose-based zero fiber that
had accumulated into the lake sediments for approximately one hundred years.

In the biorefinery pilot runs executed by Finnoflag Oy in Hiedanranta, microbes
and their enzymes were used as biocatalysts. A corresponding UMC (Undefined Mixed
Culture) principle was in use also in both biogas pilot of the University of Tampere and
residual fraction processing by DTS Biosystems Oy. This entire project entity gave us a
holistic view of a type of recycling in which the waste was fully converted into valuable
chemicals and fertilizers and energy (Figure 4.6). The chemicals produced in the biore-
finery could ensure the economic feasibility of the entire system and the simultaneous
ecosystem engineering operation. New methods developed by Finnoflag Oy are also
capable of producing remarkable levels of organic hydrogen (“biohydrogen”) and or-
ganic fertilizers with enhanced nutritional features from different biomass residues.
The latter can be used to restore the fertility of the soil in those areas that suffer from
declined agricultural producibility. Ekosovellus Oy, Ecolan Oy, and the University of

Figure 4.6: The inspection of the old factory premises in Hiedanranta, Tampere, Finland, in 2018.
The biorefinery pilot reactor was jointly designed by Finnoflag Oy and Nordautomation Oy, and it
was transferred to the testing site. This unit reactor was then used in the project “Zero waste from
zero fiber.” The sustainable and economically feasible processing of the cellulosic side streams by
microbes was funded by the Finnish Ministry of Agriculture and Forestry. Photo: Lauri Heitto.
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Helsinki were involved with Finnoflag Oy in these tests during this project. We have
calculated that in theory the Hiedanranta residues, after bioprocessing, could facilitate
the returning of 50 km2 of spoiled agricultural land back into food production.

Besides recycling, it is important for the city of Tampere to eliminate the envi-
ronmental and safety hazards, such as thinner ice cover in winter caused by the
organic emissions from the lake bottom. Also, the displeasing odor from the or-
ganic deposits and unhealthy gas emissions could be avoided. These objectives
belong to the large entity of ecosystem engineering methods, as described above.
At the same time, it can be demonstrated that environmental protection is economi-
cally feasible, as the side streams can be utilized in the chemical industry and food
production units. Consequently, the following chain will remain unbreakable: healthy
soil–ecological food production–safe food distribution–health and sustainability
promoting consumption and living–side streams and waste recycling–nutrients to
soil again.

4.8 Molecular mechanisms that can be used to
improve the safety and hygienic quality of food

4.8.1 Microbiological preservatives

The food we eat turns into chyme in our intestinal tract. From that chyme in the
intestines, different nutrients are taken into our body system after a complicated
process of extracting and processing the food by the enzymes, solvents, tracers, etc.
made by both the body system and the microbiome. Probiotic microbes can be used
to balance the processes (Hakalehto and Jaakkola, 2013). The organic acids men-
tioned elsewhere in this chapter can be useful preservatives with remarkable health
benefits. Additionally, many antioxidants can work as preservatives in different
herbal and medical products, as well as in food production (Immonen et al., 2016).

4.8.2 Therapeutic and prophylactic antibodies – passive
immunization

During the COVID-19 pandemic, new and faster ways to shelter or eradicate various
pathogens were actively investigated. One possibility is the use of IgY-antibodies ob-
tained from the egg yolk of immunized chicken (Hakalehto 2021a, b). Elias Hakalehto
presented this option to prevent pandemics already in the 1990s (Hakalehto and Kur-
onen, 1997, 1998). Some scientists have also suggested adding IgY-antibodies into dif-
ferent foods. Chicken is one of the first domestic animals in the use of humans, and it
offers many options for industrial applications (Figure 4.7) (Hakalehto, 2015a). During
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the last decades, IgY has been used in the prevention of pathogens such as Pseudomo-
nas aeruginosa (Nilsson et al., 2008), Vibrio cholerae (Taheri et al., 2020), influenza
virus (Nguyen et al., 2010), caries initiating Streptococcus mutans (Hatta et al., 1997),
severe acute respiratory syndrome (SARS)-1 virus (Fu et al., 2006), and many other
pathogens.

4.8.3 New generation of antibiotics and antimicrobial substances
in the food

Since producing new antibiotics is expensive to research and requires demanding de-
velopment work, there are often not enough resources allocated for this important ob-
jective. The spreading of new, antibiotic-resistant bacteria often takes place during and
after the pandemics among the population. Finland has long traditions in utilizing the
antimicrobial effects of various foods. For example, the acetification (acetic acid for-
mation by aerobic bacteria) of sour milk was prevented by the old folks in Finland
by placing a frog into a storage container of sour milk in a cold cellar. The amphib-
ian magainin peptides of the frog’s skin effectively prevented the growth of many
bacteria, such as salmonellae or Methicillin-resistant Staphylococcus aureus
(MRSA) (Samgina et al. 2012, 2016). The bacteriological part of the experiment was
carried out using the PMEU device in Finnoflag Oy’s laboratory in Finland.

Figure 4.7: Small henhouses could be important in the future production of eggs with therapeutic
and prophylactic potential. Photo: Helena Arffman.
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Using microbiological knowledge in food production offers huge opportunities
to develop safer, more affordable high-quality products. The international food in-
dustry is in a great position for this development work which also serves the pur-
poses of sustainable development globally by using the potentials of microbial
strains and communities (Hakalehto, 2020, 2021c).

4.9 Fermented traditional foods offer a platform
for product development in food industries

Traditionally, foods were preserved through naturally occurring fermentation pro-
cesses which have been used for thousands of years (Table 4.1). In fact, biological
fermentation was one of the earliest technologies of preserving food prior to the in-
vention of artificial refrigeration in the mid-1750s by Scottish Professor William
Cullen (Wikipedia: Refrigerator, 2021). Presently, fermented foods and beverages are
part of our daily human diet globally. They provide important sources of nutrients,
economic value, and great potential in maintaining health and in preventing dis-
eases. Many different traditional fermented foods and beverages are produced in
households or in industrial plants globally. Fermented milk (yogurt, torba yogurt,
kurut, ayran, kefir, koumiss), cereal-based fermented foods (tarhana), non-alcoholic
beverages (boza), fermented fruits, and vegetables (turşu, şalgam, hardaliye), and fer-
mented meat (sucuk) are delicacies in different parts of the world. Fermented foods are
usually consumed as fresh, boiled, sauces, fried, in stews and soups, or as drinks.
These foods are known for their nutritional, health, and economic values but they are
also still more important because of the tradition and cultural values they create and
maintain for the people.

Despite the universal acceptance, however, there are some differences in the
approach and preparation of traditional foods and beverages between regions
and countries (Kabak and Dobson, 2011). Different types of fermented foods such
as chongkukjang, doenjang, ganjang, gochujang, and kimchi are common in
Japan and parts of Asia. Fermented fruits and vegetables like turşu, şalgam, har-
daliye are delicacies in Turkey and some parts of Middle Eastern countries. Cur-
rently, fermented foods and beverages including “banku,” kenkey, fura, pito,
koko, wagashi, dawadawa, and gari constitute close to 40% of daily diet by Gha-
naian homes (Ansong, 2020). Concerning flavour development of fermented corn
dough used in Ghana, aroma components like lactic acid, acetic, butyric and
propionic acids have been reported (Halm et al., 1993).
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Table 4.1: Overview of traditional fermented foods (Kabak and Dobson, 2011; Guzel-Seydim et al.,
2011; Patra et al., 2016).

Traditional
food

Country/
region

Process/agent Nutritional/health benefit

Cereal products

Braga or
brascha

Eastern
European
countries

Fermentation of millet, cooked
cereal by yeast and LAB

Lactic acid, fat, protein,
carbohydrate, and fiber

Busa, bouza Egypt,
Balkans
Bulgaria

Yeast and LAB fermentation of
cereals and cocoa

Lactic acid, fat, protein,
carbohydrate, and fiber

Kenkey and
koko

Ghana Fermented maize or millet dough
with LAB, obligative
heterofermentative lactobacilli,
yeast

Proteins, vitamins, and fiber
Improves gut health

Tarhana Turkey Fermentation of cereal-based
food

Rich in vitamins and minerals

Togwa Tanzania Sorghum or maize by LAB
fermentation
Consumed fresh

Antimicrobial, improves
intestinal mucosal barrier
function

Uji East Africa Fermented maize, sorghum or
millet by Lactobacillus
plantarum, L. paracasei,
L. fermentum, L. buchneri,
Pediococcus acidilactici,
P. pentosaceus

Proteins, minerals, vitamins,
and fiber
Improves cardiac and gut health

Fermented milk

Torba yogurt,
kurut, ayran,
koumiss

Anatolia,
Turkey,
Middle East

Combined bacterial lactic acid
and yeast ethanol fermentation
of milk lactose by microbial
activity of “kefir” grains

Immune booster, lowering of
cholesterol, antimutagenic and
anticarcinogenic properties,
vitamins, and minerals

Ogi Nigeria,
Benin

Maize, sorghum, or millet
fermentation with
P. pentosaceus, L. fermentum,
L. plantarum, yeast

Vitamins, riboflavin, folic acid,
minerals, and essential amino
acids

Ben-saalga Burkina Faso Fermented millet with
L. fermentum, L. plantarum, and
P. pentosaceus

Rich proteins and mineral
source

Yogurt Global Milk cultured with LAB Protein, immune booster,
vitamins, and minerals
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Table 4.1 (continued)

Traditional
food

Country/
region

Process/agent Nutritional/health benefit

Cheese Global Fermented milk with variety
of bacteria or mold or yeasts

Protein, vitamins, minerals, and
omega- fatty acids

Piimä and viili Finnish
specialty

Mesophilic LAB, e.g., Lactococcus
lactis subsp. cremoris, L. lactis
biovar. diacetylactis

Minerals, proteins, vitamins,
improved taste, and shelf life

Amasi South Africa,
Zimbabwe,
Kenya

LAB milk fermentation for several
days in gourd calabashes or in
stone jars

Probiotic
Reduces bouts with diarrhea

Filmjölk Scandinavia Mesophilic fermentation of milk
with L. lactis and Leuconostoc sp.

Vitamins and improved gut
health

Kefir Originally
from
Caucasus
region

Fermented beverage with Kefir
grains, a mixture of bacteria
and yeasts

Improved digestion and bone
health, anti-inflammatory effect

Kumis Central Asia Carbonated horse milk fermented
with lactobacilli and yeasts

Gut health, healthy
cardiovascular and nervous
systems, immune booster

Fermented tubers

Gari, lafun/
kokonte

West and
parts of East
Africa

Produced from different lactic
acid and yeast fermentation of
cassava

Improve shelf life, nutritional
value, and flavour

Agbelima Ghana Cassava fermented with
Lactobacillus plantarum,
L. brevis, L. fermentum,
Leuconostoc mesenteroides, also
Bacillus spp., Penicillium spp.

Increases availability of
vitamins and minerals

Fermented meat

Sucuk Turkey Semi-dried beef sausage by dry
curing
Spiced, macerated meat
fermented naturally for several
weeks

Rich in protein, minerals, and
flavour

Fermented vegetables

Iru, Ogiri, and
Ugha

Nigeria Fermented seeds with LAB Rich in minerals, vitamins, and
improved eye health
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Table 4.1 (continued)

Traditional
food

Country/
region

Process/agent Nutritional/health benefit

Kimchi Japan Short fermentation of napa
cabbage and other ingredients
with variety of bacteria strains

Antioxidant, anti-obesity,
anticancer, antibacterial,
immune boosting, cholesterol
lowering

Sauerkraut Japan, parts
of Europe,
and the USA

Shredded cabbage fermented by
LAB

Fiber, vitamins, and antioxidants
Promote eye health

Fermented soybean products

Tempe Indonesia Fermented soy product with
Klebsiella pneumoniae
subsp. ozaenae,
and Enterobacter cloacae

Vitamins, minerals, and high
protein
Reduced risk to heart disease.

Natto Japan Staple probiotic from fermented
soybeans

Fiber and vitamin K
Support digestive health and
lower blood pressure

Miso Japan Fermentation of salted soybeans
with koji fungus

Lower risk for breast cancer,
stroke, and blood pressure

Fermented fish

Surströmming Sweden Fermentation of lightly salted
Baltic Sea herring with LAB

Protein, minerals, and vitamins
Stomach health

Fish sauce Indonesia Fermentation with variety of
microbes

Flavour, tasty, and nutritious

Anchovy fish
products

Korean Bacillus cereus, Clostridium
setiens, Pseudomonas
halophillus, and Serratia
marcescens

Vitamins, proteins, and minerals

Fermented drinks and beverages

Sima Finland Non-alcoholic sparkling beverage
from water, sugar or honey,
lemon with yeast fermentation

Rich in healthy probiotics,
vitamins, and minerals

Boza/bassoi Turkey Non-alcoholic Turkish beverage
Yeast and LAB fermentation of
cereals

Lactic acid, fat, protein, and
carbohydrate

Wine and rice
wine

Global Pseudomonas, Achromobacter,
Flavobacterium, orMicrococcus
spp., Leuconostoc mesenteroides

Rich in antioxidants, anticancer,
good heart health
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4.10 Biochemicals produced from fermentation

There are numerous positive aspects related to microbial fermentation for food
preparation. During fermentation, certain compounds are produced depending on the
metabolic pathways of the fermenting agent, as well as on the substrate. Fermented
foods are good sources of organic acids which serve as natural preservatives in the fer-
mentation mass against non-beneficial microbes and increase the shelf life of the resul-
tant product. Preservatives alter the pH, water activity, and titratable acidity level,
thereby controlling the growth of potential pathogen or food spoiling microbes (Rhee
et al., 2011; Immonen et al., 2015, 2016; Wasieleski, 2018). Fermentation undeniably en-
hances the nutritional value of foods and beverages and their health benefits. Some tra-
ditional foods such as Far Eastern soya sauce is recommended to be produced as
“naturally brewed” to achieve health benefits and to avoid disadvantageous side effects.
During the process, certain short-chain fatty acids (SCFAs) are produced having demon-
strated the beneficial impact on health and body energies. SCFAs are small molecular
weight carboxylic acids or fatty acids with carbon chain lengths ranging from two to six
(Wasieleski, 2018; Hakalehto, 2020). They are also relatively volatile organic compounds
due to their small molecular weights (den Boer et al., 2020).

Table 4.1 (continued)

Traditional
food

Country/
region

Process/agent Nutritional/health benefit

Vinegar Global Yeast and Acetobacter ascendens
fermentation of varying
substrates

Reduced cholesterol and
antimicrobial effect

Chongkukjang Japan Short fermentation of boiled
soybean seeds using B. subtilis
and rice straw

Nutrients, immunostimulant,
antimicrobial and anti-
inflammatory, antioxidant
activity

Doenjang Japan Fermentation of boiled soybean
seeds using naturally occurring
bacteria

Anticancer, antimutagenic,
antioxidant, and fibrinolytic
activity

Ganjang Japan Korea
and other
Asian
countries

Sauce from fermented soybeans Anti-colitis, anticancer, and
antihypertensive properties

Gochujang Japan Fermented paste of red chili
powder

Capsaicin reduces body weight,
speed metabolism, burn fat

LAB, lactic acid bacteria.
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Products of fermentation (fermentation-derived ingredients) could be used to en-
hance the shelf life, flavour, and other qualities of non-fermented foods when they
are added to the non-fermented foods (Table 4.2). The fermentation-derived ingre-
dients alter the product’s chemical characteristics (Wasieleski, 2018). Fermentation-
derived ingredients are being used today in multiple food categories including bak-
ery, meats, soups, sauces, and dressings sectors.

Key important microbes for many fermentations are the LAB used in multiple
tasks, and acetic acid bacteria, for example, Acetobacter sp. (Acetobacter aceti,
A. xylinum, and A. ascendens) and yeast for alcohol fermentation. Acetic acid bacte-
ria (AAB) are important in the production of vinegar (acetic acid) (FAO, 1998).

The exhaustion of fossil energy resources, global warming, and growing popu-
lation has called for alternative renewable energy sources to save the global ecosys-
tem. Thanks to microbes, numerous SCFA fermentation products could salvage the
energy crisis and non-renewable sources today. Though it is a work in progress, a
lot has been done in the past about the production of energy compounds using fer-
mentation products as building blocks. Some of these products include fermentative
succinate production from renewable biomass (Li and Xing, 2015), itaconic acid
(Steiger et al., 2013) (Okabe et al., 2009), propionic acid (propionate) (Gonzalez-
Garcia et al., 2017), valeric acid (Goldberg and Rokem, 2009), and pathogen control
with lactic acid (LA) (Wemmenhove et al., 2016).

Table 4.2: SCFAs and their industrial and health role (Saranraj, 2019; Li and Xing, 2015; Ciriminna
et al., 2017; Hefetz and Blum, 1978; Yuille et al., 2018; Song et al., 2019; Saha and Nakamura,
2003).

Sources Active product Major role

LAB LA Preservative, antimicrobial effect

Yeast, Acetobacter aceti,
A. xylinum, and A. ascendens

Acetic acid Antimicrobial effect

Actinobacillus succinogenes,
Escherichia coli, Saccharomyces
cerevisiae, Anaerobiospirillum
succiniciproducens, Corynebacterium
glutamicum,Mannheimia
succiniciproducens, and Basfia
succiniciproducens

Succinic acid (,-
butanedioic acid)

Building block for the synthesis
of high value-added derivatives
and fuel, such as ,-butanediol
(,-BDO), tetrahydrofuran (THF),
γ-butyrolactone (GBL),
succinimide, and biodegradable
polybutylene succinate (PBS)

Aspergillus species,
(A. itaconicus and A. terreus)

Itaconic acid (-
methylidenebutanedioic
acid)

Monomer for resins, plastics,
paints, and synthetic fibers,
rubbers, surfactants, and oil
additives
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4.10.1 Bio-dyes from microbes

Microbial pigments are of great structural and colour diversity (Table 4.3). Pigments
from bacteria like Chromobacterium violaceum, Janthinobacterium lividum, Chromo-
bacterium lividum, and Pseudoalteromonas luteoviolacea have been used for dyeing
textiles with good results. Numerous bacterial and other microbial strains produce
beautiful colors in culture media and could be an excellent means for the produc-
tion of chemical dyeing feedstocks in the textile industries (Figure 4.8). Fabrics of
natural origin are comparatively high nutrient sources and contain moisture which
in turn provide important potentials for fabric degrading and pathogenic microbes.
Natural dyes may have antimicrobial activity that would confer protection of fibers
against pathogenic microbes. Natural dyes therefore may serve as excellent dyeing
agents for gowns meant for hospital usage.

Table 4.2 (continued)

Sources Active product Major role

Cytromices (Penicillium) mold and A.
niger

Citric acid (-hydroxy
-,,-propanetricar-
boxylic acid, CHO)

Acidulant, preservative,
emulsifier, flavouring, food
sequestrant and buffering agent,
beverage, pharmaceutical,
nutraceutical, and cosmetic
products

Propionibacterium acidipropionici,
P. shermanii, and P. freudenreichii

Propionic acid
(propionate)

Antimicrobial, preservative, or
herbicide; cosmetics, plastics,
food, and pharmaceutical
industries

Ants have high concentration of
formic acid in their venom. Formate,
the reduced form of formic acid,
occurs widely in nature.

Formic acid, (methanoic
acid)

Preservative, antibacterial agent
in livestock feed; in Europe, it is
applied on silage control against
etc. E. coli.

Megasphaera massiliensisMRx Valeric acid (pentanoic
acid, CHO)

Perfumes and cosmetics, food
additives, plasticizers,
pharmaceuticals, and probiotics

Klebsiella oxytoca, K. pneumoniae,
and Bacillus sp.

,-Butanediol (,-BD) High-quality aviation fuel octane
can be produced by ,-BD.
Antifreeze and monomer to
synthesize polymer

Lactobacilli such as Lactobacillus
brevis and L. buchneri

Mannitol Many applications in food,
pharmaceuticals, medicine, and
chemistry

LA, lactic acid.
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Until now, most natural renewable dyes are of plant origin, but the current
global ecological challenge makes microbial dyeing a powerful alternative source
for reconsideration. Using microbes for industrial processes and production offers a
more sustainable means of production with minimal investments.

Figure 4.8: Different shades of beautiful colors from strains of LAB on the chromogenic
Chromagar™ plate (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Photo: Frank Adusei-
Mensah, at Finnoflag laboratory, Siilinjärvi Finland, 2021.

Table 4.3: Naturally derived dyes from micro-organisms (Heer and Sharma, 2017;Usman et al.,
2017; Kanelli et al., 2018; Hernández-Velasco et al., 2020).

Micro-organisms Pigments Dye color/
appearance

Achromobacter Zeaxanthin Creamy

Agrobacterium aurantiacum Astaxanthin Pink, red

Bacillus Zeaxanthin Brown

Blakesela trispora Lycopene β-carotene Red, yellow
orange

Bradyrhizobium sp. Canthaxanthin Dark red

Brevibacterium sp. Zeaxanthin Orange yellow

Chromobacterium violaceum Violacein Purple, violet

Corynebacterium michigannise Zeaxanthin Grayish to
cream
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4.10.2 Bio-preservatives by microbes

Concerning the spoilage organisms, harmful bacteria, and fungi (yeast and mold)
are of major concern. Product’s innate and external characteristics including tem-
perature, pH, water activity, titratable acidity, are important factors affecting the
product spoilage (Immonen et al., 2015). In addition, the spoiling agent’s metabolic
pathways such as catabolism, anabolism, and overflow metabolism have been

Table 4.3 (continued)

Micro-organisms Pigments Dye color/
appearance

Corynebacterium insidiosum Indigoidine Blue

Dunaliella salina β-Carotene Cream

Flavobacterium sp.Paracoccus
zeaxanthinifaciens

Zeaxanthin Yellow

Haloferax alexandrinus Canthaxanthin Dark red

Janthinobacterium lividum Violacein Dark violet,
purple

Monascus sp. Monascorubramin,
Rubropunctatin

Yellow,
orange, red

Monascus roseus Canthaxanthin Orange–pink

Paracoccus carotinifaciens Astaxanthin Pink–red

Phaffia rohodozyma, Astaxanthin Red

Pseudomonas aeruginosa Pyocyanin Blue–green,
green

Rhodotorula sp., R. glutinis Torularhodin Orange–red

Rugamonas rubra, Streptoverticilliumrubrireticuli,
Vibrio gaogenes,Alteromonas rubra

Prodigiosin Red

Serratia marcescens Prodigiosin Reddish
orange

Staphylococcus aureus Staphyloxanthin,
Zeaxanthin

Golden yellow

Streptomyces coelicolor Prodiginine,
prodigiosin

Pink to red

Xanthophyllomyces dendrorhous Astaxanthin Pink–red

Xanthomonas oryzae Xanthomonadin Yellow
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reported to influence the ongoing direction of the spoilage reaction and the final
state of the spoiled product (Hakalehto, 2015b).

A preservative is a product that can alter the spoilage factors and provide the
restrictive environment for non-beneficial spoiling microbes thereby suppressing
their growth and prolonging the shelf life of the product (food, pharmaceutical, cos-
metic, etc.). Different fermentation products serve as important preservatives for di-
verse product lines across different industries. Food and product spoilage is undesirable
since it leads to unwanted consequences including the destroyal of quality and eco-
nomic loss for producers. It also causes potential serious health risks and leads to food-
borne outbreaks (Hell et al., 2015). The use of beneficial microorganisms to preserve
food, drugs, cosmetics, and other products prevents other spoilage organisms from ruin-
ing the economic value, taste, and other qualities of the product (Hakalehto et al., 2011).
Fungi can produce mycotoxins that can induce serious undesirable health conditions
such as foodborne outbreaks (Vanhoutte et al., 2016). During the current pandemics by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the Mucor sp. molds
have caused severe fungal epidemics in India in the aftermath of the virus variants (Sen
et al., 2021). Therefore, it is important to attenuate the excessive growth of fungi in the
products. On the other hand, it is possible to exploit fungi to produce new materials
(Cerimi et al., 2019).

Previously, preservatives in food, pharmaceutical, and other consumer products
have been mostly based on the use of synthetic compounds or plant extracts, antimi-
crobial substances, and other compounds with their associated strengths and short-
falls. The rising trend of antibiotic resistance, shortage of land for commercial crop
cultivation, global warming, and side effects of synthetic compounds has called for
continuous search for alternative renewable preservatives and other additives, for ex-
ample, for the food composition or outlook. Microbes may provide the solution for
many issues and reduce the dependency on plants for renewable preservative spices
and dye production. Focusing on microbes in this additive area over plants presents a
lot of benefits for industries and for the environment. Firstly, small land space is
needed for microbial production of preservatives spices and dyes compared to plants.
This land is often needed for food production more urgently. Again, microbial fermen-
tations may take only a few hours to days to mature (Figure 4.9), whereas plant culti-
vation may take from months to many years. Furthermore, depending on microbes,
which are naturally in abundance, they will spare land and the plants for Nitrogen
fixation, food production, and ultimately reduce the global warming the world is cur-
rently facing. For example, in the research by Finnoflag Oy, the autonomous Nitrogen
binding by micro-organisms turned out to be highly effective and increased the yields
of Chinese cabbage. Then a 50% of growth increase was achieved in 2 months (Haka-
lehto 2016) (See also Fig. 4.1.). The growing trend of antibiotic resistance strains in
food is also another area of concern (Hakalehto, 2015c; Adusei-Mensah et al., 2021).
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For example, lactic acid from LAB has been used to prolong shelf life of milk,
cheese, yogurt, wine, beer, bread, sauerkraut, soy sauce, vegetables, fish, and fer-
mented meats (Ross et al., 2002). Acetic acid from Acetobacter aceti, A. xylinum,
and A. ascendens has been used similarly for vinegar production by suppressing
the growth of undesired organisms with the added distinctive taste and flavour.
Several preservatives can be produced by micro-organisms (Immonen et al., 2016).
These compounds could also be beneficial for health, as like quercetin and other
flavonoids.

4.11 ABOWE biorefinery project as an example
of circular economy opportunities for recycling
food waste and side streams

To gain the full benefit of the reuse of food residues or to get material and product
loss in storage compensated, microbiological biorefinery approach offers a safe and
proven solution (Hakalehto and Jääskeläinen, 2017).

For example, an average European-wide yearly recycled biowaste collection
rate of 150 kg per citizen has been anticipated to form an additional streamof 30mil-
lion tons of surplus raw material annually (den Boer et al., 2020). One important
option for the utilization of this vast asset would be its partial usage as complement-
ing food or feed production. This could take place hygienically by microbial and en-
zymatic processes as tested, for example, in Poland, Finland, and Sweden during

Figure 4.9: Phase contrast microscopy of a week-old LAB colony (1,000× enlarged). After a few
days, millions of LAB cells were ready to initiate the fermentation process as an inoculum. Photo:
Frank Adusei-Mensah, Finnoflag laboratory, Siilinjärvi Finland, 2021.
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the ABOWE pilot study (den Boer et al., 2016a, b; Hakalehto et al., 2016a, b, c,
Schwede et al., 2017)

An experimental biorefinery project was carried out by six European Union Baltic
Sea region countries: Germany, Poland, Lithuania, Estonia, Sweden, and Finland. In
ABOWE December 2012—December 2014, two microbial technologies were piloted
and tested in semi-industrial mobile pilot plants (Figure 4.10). One technology was
Pilot A Novel Biorefinery, designed, engineered, and constructed within ABOWE proj-
ect. This biorefinery concept of bioengineering with mixed microbial strains for the
simultaneous production of energy and chemicals is developed by Adj. Prof. Elias Ha-
kalehto, Finland. This semi-industrial biorefining unit was constructed by the Savo-
nia University of Applied Sciences together with tens of subcontractors and the key
technology provider, Finnoflag Oy. Another technology was Pilot B based on a Ger-
man dry fermentation process.

ABOWE testing periods with Pilot A gave a proof of concept with different biomass
waste materials in Finland, Poland, and Sweden that the biorefinery pilot plant was
capable of functioning as an upstream biorefinery for all kinds of organic wastes.
The products are biofuels (such as ethanol, butanol, hydrogen), bioenergy, organic
platform chemicals, and organic fertilizers. These can be fabricated with the help of
micro-organisms in an economically viable way (Hakalehto 2015e, Hakalehto et al.,

Figure 4.10: ABOWE Pilot A: Novel Biorefinery. The mobile unit is a pocket-sized factory in a 12 m
sea freight container (on the right). Photograph was taken during the presentation of the
biorefinery pilot at the Finnish Science Centre Heureka, Vantaa, April 2014, prior to the
transportation of this satellite connected experimental station to Poland for the tests with potato
waste. See the text. Photo: Ari Jääskeläinen.
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2016b). In Finland, dewatered wastewater treatment sludge from a carton board fac-
tory was used as substrate (Hakalehto et al., 2016a). In Poland, the products were
short- and medium-chain volatile fatty acids (VFAs) and as a substrate there was
used kitchen biowaste from the restaurants, as well as potato peels coming from
a potato chip factory (den Boer et al., 2016a,b and 2020). In Figure 4.11, the pre-
sented formation of gaseous products in ABOWE Polish test run 10 indicates the
high yield of biohydrogen. The yields and productivities of the Polish tests corre-
spond to industrially feasible production levels of the liquids, such as butyric and
propionic acids, valeric acid, and 2,3-butanediol. Interestingly, biohydrogen pro-
duction in association with this process is a lucrative additional option. The highest
glucose conversion level reached 0.81 mol/mol of glucose. Wroclaw University of
Technology group, under the leadership of Assistant Professor Emilia den Boer, and
involving several experts as well as over 20 students, designed the experiment with
Dr. Elias Hakalehto and used the ABOWE pilot plant together with Finnoflag Oy
staff. It was an interesting experiment to see how professionals and students from
different countries could cooperate in using the novel bioreaction system packed
with various technological solutions.

Figure 4.11: Production of Hydrogen (H2) and carbon dioxide (CO2) during the ABOWE experiment in
Poland. The maximal measurable level of H2 detection with the available sensor was 10,000 ppm.
The first phase of Hydrogen production was initiated after short lag phase in about 5 h. There was a
break in the process control between the time points of 11 and 23 h. It is noteworthy that these
levels of gas production were measured from the insert carrier gas flow. The current result
illustrates the potential for collecting “biohydrogen” as a side product from the biorefinery
processes (modified from den Boer et al. (2016b)). Similar, relatively high production rate for
Hydrogen, has been detected as a side activity in Finnoflag Oy’s industrial projects as well as in the
ABOWE pilot runs also in Finland and Sweden and the pilot tests in Hiedanranta, Tampere (see the
text). Since this type of hydrogen collection is not requiring much energy input, we call the
resulting energy gas “Biohydrogen” instead of somewhat misleading “Green Hydrogen” concept.
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In Sweden, the tests were carried out by Mälardalen University, Finnoflag Oy, and
Savonia University of Applied Sciences, from Kuopio, Finland. As the raw materials or
substrates, the combined wastes from ecological chicken farm Hagby’s Gardsfagel AB
and their slaughterhouse were used for the process. During this experimentation, it
turned out that it was possible to produce gases and chemical goods from the carboxy-
lates as well as from the more challenging protein and lipid-containing wastes. More-
over, these promising results were obtained from a substrate mix of abattoir wastes
with manure and wood chips (Hakalehto et al., 2016b, Schwede et al., 2017).

Biogas production test runs with Pilot B, in turn, were providing a proof of con-
cept in Lithuania (using manure from a small farm), Estonia (using manure from a
large farm), and Sweden (using sorted municipal solid waste at a waste manage-
ment center). Professor Thorsten Ahrens from Ostfalia University of Applied Scien-
ces, Germany, led these experiments in collaboration with the project partners in
each EU Baltic Sea country (Freidank et al., 2014). It is highly important that in the
context of sustainable food production, to process all the residual fractions into
side products.

These kinds of holistic technology developments promote circular economy ac-
tivities in agriculture, waste treatment sites, and industry (Figure 4.12). In the biore-
finery field, the various processes and the corresponding material flows could form
a network. This reflects the nature’s way of operation, as there are no landfills, but
all the materials are recycled, and energy is incessantly flowing. Residues from any
process could be linked with other streams for new solutions. Furthermore, the left-
overs from this network could be used in agriculture as organic fertilizers and hence
directed back to circulation. Also, the gaseous flows could be redirected to the pro-
cess, most importantly with the assimilation and reuse of organic carbon. This
could mitigate the climate effects by replacing the incineration, or by combining the
waste combustion with waste recycling and other processes (Hakalehto and Jääske-
läinen, 2017). Such an overall concept could be effectively used for an educational
strategy in implementing sustainable biorefineries in higher education (Jääskeläi-
nen and Hakalehto, 2018).

In each region, business models were tentatively formed, and introductory semi-
nars were held for possible stakeholders, based on the results from testing periods.
Moreover, for example, the feedstock potentials and climatic impacts of the new pro-
cesses from the point of view of each region and country were analyzed with a regional
model developed at the University of Eastern Finland (Huopana et al., 2014). The pro-
cess control and adjustment were described by Jääskeläinen et al. (2016).

ABOWE testing periods expressed the potential of holistic planning in biotech-
nological waste utilization and bioprocess design. For instance, the Swedish test
run results confirmed that the Pilot A type of biorefinery’s process broth could be
efficiently used as raw material in the Pilot B type of dry digestion biogas produc-
tion. When chicken manure that had been biorefined in Pilot A was further used as
raw material for Pilot B, biogas production increased tenfold (Schwede et al., 2017).
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This occurred in a remarkably shorter time than the chicken manure dry digestion
in Pilot B took place without Pilot A biorefining first (Dahlquist, 2016, Hakalehto
et al., 2016c). Taking into account the types of fractions, solid fractions could be uti-
lized as organic fertilizer, or composted or combusted (if no other means available).
At least part of the gaseous emissions could be redirected into the biorefinery, en-
abling the utilization of their energies. As an example, the carbon oxides and some
volatile nitrogen compounds could hence be bound into the products in the Pilot A
type of biorefinery (Hakalehto et al., 2016b).

In the meat industry, it is always of high priority to monitor and confine the
zoonotic and other hazardous micro-organisms, thus preventing their risky distribu-
tion or emission. Organized exploitation of the side streams or slaughterhouse
wastes helps in the hygienization of the biomasses, processes, and the entire field
of industry (Hakalehto et al., 2016b, c). Later on, after the conclusions and teachings
of the ABOWE, the combination of sucrose industry with abattoir wastes was used for
the production of mannitol (Hakalehto et al., 2016d). The usability of mannitol is a
promising and versatile issue, as this sugar-alcohol could be used as low-caloric
sweetener in the food industry, in the production of sweets and caramels, as well as
an excipient for the pharmaceuticals (Ohrem et al., 2014).

Based on samples from the test runs from three countries, Ostfalia University of
Applied Sciences designed downstream processing for non-gaseous products (Frei-
dank and Ahrens, 2014), especially for 2,3-butanediol, which as a platform chemical

Figure 4.12: Elias Hakalehto, Adj. Prof., PhD, inside the ABOWE movable pilot plant in 2014. This
biorefinery unit contained four tanks: 1. homogenizer, 2. hydrolyzer, 3. bioreactor (patented), and
4. product collection tank, as well as the computer (or satellite) control unit and a small laboratory.
Photo: Ari Jääskeläinen. “Future biorefineries are industrial fields, where side streams from
industries and municipalities are treated into useful products in successive process solutions. All
waste is then integrated as a raw material into them” (statement by Elias Hakalehto, 2014).
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was one of the target products in the Pilot A tests. This four-carbon substance, 2,3-
butanediol is a non-toxic chemical commodity, which is widely used as an addi-
tive in many products. It was effectively produced from potato waste by microbes
(Hakalehto et. al., 2013).

Potential other raw materials for the Pilot A type of biorefinery are the waste
biomasses from agriculture and forestry. The major novelties of the Finnoflag biore-
finery process are the enhanced productivity and wide product repertoire, both
achieved by special innovations. As higher product levels can be attained faster
(within, e.g., a couple of days only, instead of many weeks as in standard biogas
processes), the plant size can be smaller, enabling lower investment. This faster
throughput reactor and process solution could be used both in batch or fed-batch
types, as well as in continuous bioprocesses. Moreover, the downstream processing of
the products (separation, purification, etc.) can be done with lower costs, as end prod-
uct concentrations can be increased, and the process throughput time shortened.

4.11.1 Some biochemicals as products for food-related uses
from the microbiologically processed side streams

Several micro-organisms are very beneficial for the industries, also for food-derived,
food-related products. Some examples of potential chemical products are presented
here. Their manufacturing has been tested in the above-mentioned pilot runs. It is
noteworthy, that the experiments were semi-industrial pilot trials, but they also
could be extended to industrial production scale as numerous parameters and pro-
cess principles were provisionally tested. Some ideas of applications are listed
below. Several important short-chain fatty acids (SCFAs) are considered here as ex-
amples, since they form the potential for recycled compounds, for example, for food
industries (den Boer et al., 2020). They are often produced in anoxic conditions.
Acetic acid can be manufactured both in aerobic and anaerobic processes. Valeric
acid could be condensed from acetic and propionic acids. Fermentation is a viable
process alternative in all cases. For citric acid production, anaerobic process by bac-
teria or molds is often more feasible than chemical synthesis.

4.11.1.1 Acetic acid and propionic acid

Acetic and propionic acids are carboxylic acids that are found naturally in various
organic sources. In winemaking, vinegar is formed, in which product acetic acid is
the primary ingredient. In industry, acetic acid is a significant organic chemical. The
estimated global demand for acetic acid is over 6.5 million tons, and it is projected to
grow 3–4% annually (Xu et al., 2019). The global acetic acid market size was valued
at USD 8.92 billion in 2019 (Grand View Research, 2020). Currently, the dominant
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technology for the industrial production of acetic acid is a chemical synthetic method
from oil. Methanol carbonylation is the most common process, accounting for over
65% of the global production capacity (Xu et al., 2019). However, microbial fermenta-
tion is also a remarkable source. It represents a more sustainable process thinking,
which also offers increasingly climate-friendly technological solutions.

The industrial production of propionic acid takes place almost completely from pe-
trochemical sources. From the 20th century onward, numerous pilot production plants
have been engineered and fabricated for propionic acid production via fermentation.
However, these endeavors have not led to industrialization, mainly due to the too
costly acid separation from the fermentation broth. The acid’s concentration in the
fermentation broth is rather low, and between the acid and the water there is only a
marginal volatility gap. The biorefinery strategy, that is, involving renewable sub-
strate sources for producing bulk products, has been exercised in the biofuels supply,
for example, in the production of biodiesel or fuel ethanol. Moreover, bio-based
chemicals have been produced (e.g., citric acid and glutamate). The same trend is also
anticipated for producing acetic and propionic acids (Deppenmeier et al., 2002). The
use of biological processes makes the chemical industries increasingly sustainable.

Acetic acid is an important chemical reagent and industrial chemical, which is
used for several purposes (Deppenmeier et al., 2002):
– the production of polyethylene terephthalate for soft drink bottles,
– cellulose acetate for photographic film,
– polyvinyl acetate for wood glue,
– synthetic fibers and fabrics,
– households as diluted acetic acid in descaling agents,
– food industry as a food additive (code E260).

Prominent players in the acetate market include with the headquarter country men-
tioned (Grand View Research 2020):
– Eastman Chemical Company (USA),
– British Petroleum (UK),
– LyondellBasell (the Netherlands),
– Celanese Corporation (USA),
– Gujarat Narmada Valley Fertilizers & Chemicals (India),
– Helm AG (Germany),
– Pentoky Organy (India),
– Dow Chemical (USA),
– Indian Oil Corporation (India).

The preservative use of ammonium, potassium, sodium, and calcium salts of propi-
onate is an important application in the production of food and animal feed. Pro-
pionic acid as a chemical intermediate is a significant factor in the synthesis of
cellulose fibers, pharmaceuticals, perfumes, and herbicides (Xu et al. 2019).
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Currently, propionic acid uses are segmented into various fields, according to
(Xu et al., 2019):
– about 45% animal feed and grain preservatives,
– 21% food preservatives,
– 19% herbicides,
– 11% cellulose acetate propionate (CAP), and
– 4% miscellaneous uses.

Moreover, propionic acid and its derivatives are also used for several other purposes
(Xu et al., 2019):
– pharmaceuticals production,
– artificial fruit flavours (e.g., geranyl propionate and citronellyl),
– plasticizers (e.g., phenyl propionate and glycerol tripropionate).

Global propionic acid market demand was almost 400,000 tons in 2013 and was
then expected to exceed 470,000 tons in 2020 (Grand View Research, 2015). The
global propionic acid market is expected to grow at a Compound Annual Growth
Rate (CAGR) of over 5% during 2019–26 (Mordor Intelligence, 2020). It is projected
to reach the revenue of USD 2 billion by 2024 (Market Research Future, 2021). The
propionic acid market is highly consolidated in nature. Some of the largest pro-
ducers of propionic acid are (Mordor Intelligence, 2020):
– BASF SE (Germany),
– Eastman Chemical Company (USA),
– Dow Chemical (USA),
– Perstorp (Sweden),
– DAICEL CORPORATION (Japan).

Previously acetic acid was often obtained from natural carbohydrates via ethyl alco-
hol’s biochemical oxidation and wood’s destructive distillation. Vinegar can also be
produced from a large spectrum of raw materials using micro-organisms. Some ex-
amples are: grapes, apples, peaches, oranges, pineapples, pears, and other fruits.
Moreover, vinegar could be obtained from sugar-based feedstock molasses as well
as from grains such as malt and whey. “Vinegar” refers to the product of the acetic
fermentation of ethanol from one of the substrates listed above. Nowadays, the bio-
logical route covers only approximately one-tenth of the global production but is
still significant for producing vinegar. The reason is that laws require that vinegar
used in foods must be of biological (natural) origin (Xu et al., 2019). However, by
process improvement and by such novel technologies as the Finnoflag biorefining,
it is possible to reach unprecedented productivities, which could make the biologi-
cal route to acetate, and to many other products of microbial metabolism more eco-
nomically lucrative, and eventually the first choice for the large-scale sustainable
industries.
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Acetic acid can be produced by both aerobic and anaerobic bioproduction as-
says (AAB) (Xu et al., 2019). AAB are used to oxidize ethanol to produce acetic acid
in aerobic conditions. AAB are currently classified into 10 genera and 44 species:
– Acetobacter (16 species),
– Gluconobacter (5 species),
– Acidomonas (1 species),
– Gluconacetobacter (15 species),
– Asaia (3 species),
– Kozakia (1 species),
– Saccharibacter (1 species),
– Swaminathania (1 species),
– Neosaia (1 species), and
– Granulibacter (1 species), in the family Acetobacteraceae as a branch of the aci-

dophilic bacteria in the alpha-subdivision of the Proteobacteria (Xu et al., 2019).

If the UMC approach by Finnoflag Oy could be further developed, the use of micro-
bial communities could consequently increase for acetic acid production.

In acetic acid’s anaerobic production process, in turn, Clostridium thermoaceti-
cum (in 1994, renamed asMoorella thermoacetica) has been used to elucidate the ace-
tic acid’s homofermentation. This reaction converts 1 mol of glucose into 3 mol of
acetic acid. Among all the homoacetogens known so far, only M. thermoacetica has
been previously considered to have potential for industrial application. Therefore, it
is the single one that has been comprehensively researched for the anaerobic fermen-
tation of acetic acid so far. As the substrate, glucose, fructose, CO, xylose, lactate,
and milk permeate have been used (Xu et al., 2019).

Conventional aerobic vinegar fermentation has the drawback of low product
yield and too high energy consumption. On the contrary, in anaerobic fermentation,
the substrate carbon can be almost totally recovered in acetic acid. Hence, it might
be regarded as the optimal microbial process for the industrial production of acetic
acid. However, the commercialization of the process has not realized till now. The
two main issues to be solved are (Xu et al., 2019):
– when the concentration of acetate is high, this inhibits acetogens, and
– acidic conditions are not suitable for the growth of acetogens.

Another hindrance in the industrialization of acetogenesis is the fact that sugar poly-
mers (e.g., cellulose) can be degraded by just a few acetogens. Co-cultures of cellulo-
lytic Clostridium thermocellum and the thermophilic acetogen Thermoanaerobacter
kivui are capable of producing acetate from cellulose, with almost total cellulose-
derived carbon recovery (Svetlitchnyi, et al., 2013). Also, corresponding results have
been received with co-culturing cellulolytic strain of Ruminococcus albus and the un-
classified coccobacillus (Miller and Wolin, 1995).
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Propionibacterium species are the ones that have been the most comprehen-
sively studied ones for producing propionic acid. Hence, the United States Food and
Drug Administration (FDA) has granted them the Generally Recognized as Safe
(GRAS) classification (Xu et al., 2019). Also, several other anaerobic bacterial gen-
era, for example, Selenomonas, Veillonella, and Clostridium, and especially the spe-
cies Clostridium propionicum, form propionic acid as the primary fermentation
product. Many strains utilize multiple sugars as substrates. Veillonella parvula can
use pyruvate, lactate, and succinate, for example (Balamurugan et al., 1999).

Acetic acid and propionic acid separation from water has been an extensive tar-
get for research, and the following technologies have been developed for this pur-
pose (Xu et al., 2019):
– solvent extraction,
– fractional distillation,
– azeotropic dehydration distillation,
– combination of the above methods,
– extractive distillation, and
– carbon adsorption.

Nowadays, major bulk producers of acetic or propionic acid are not exploiting fer-
mentations for production, so the markets are primarily supplied petrochemically.
Depending on the product standards, either an aerobic or anaerobic process is used
for the fermentative production of acetic acid. The aerobic process, for example, is the
primary one for vinegar production. In acetic acid production, in case the acid concen-
tration in the broth being more than 5%, the energy need is lower in anaerobic acido-
genesis (Xu et al., 2019). This opens room for approaches like the Finnoflag method for
using microbial communities in the biorefineries.

Acetic acid acts as an inhibitor for the rate of acid production in both processes.
Therefore, simultaneously removing acid from the process would enhance the sub-
strate conversion to acids. This can be done by including a subsystem outside
the fermentor, such as a membrane separator or a solvent extractor (Xu et al., 2019).

Anaerobic fermentation with Propionibacterium sp. and related strains mainly
form propionic and acetic acids. The propionic acid production, however, is low be-
cause byproduct and propionic acid formation strongly inhibit cell growth and the
fermentation itself. Propionic acid is highly needed for the natural preservation of
foods and grains. This has triggered the development of novel fermentation pro-
cesses. The goal is to accomplish the improved production of propionic acid from
cheap biomass and food processing wastes. New viewpoints to process engineering,
metabolic engineering, and genetic engineering levels have been studied for en-
hanced propionic acid production by P. acidipropionici. Revealing the mechanism for
controlling the fermentation of propionic acid, and the mutants formed during re-
search presumably enables the development of a viable bioprocess for producing pro-
pionic acid from various renewable substrates (Xu et al., 2019). In the slaughterhouse
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experiment by Finnoflag Oy, it was evidenced that in mixed cultures on abattoir
wastes, the lactic acid is eventually converted into other SCFA’s, such as propionic,
acetic, and butyric acids (Hakalehto, 2015d).

4.11.1.2 Valeric acid

Valeric acid (valerate, pentanoic acid) is a low-molecular-weight colorless and oily
carboxylic acid compound with an unpleasant odour. However, it can be refined
into fine fragrances. It is primarily used for (Allied Market Research, 2021; Expert
Market Research, 2021a):
– the synthesis of its esters,
– agricultural chemicals such as pesticides,
– perfumes,
– cosmetics products,
– active pharmaceuticals ingredient intermediates,
– laboratory, research, and development work.

Valeric acid has several additional applications, including
– plasticizers,
– ester-type lubricants, and
– vinyl stabilizers.

Some esters of valeric acid such as pentyl valerate and ethyl valerate have been
used as food additives, such as flavours (Allied Market Research, 2021).

Valeric acid could also be used as a platform chemical from waste utilization
bioreactions. For example, 2,3-butanediol could also be used as a substrate for 1,3-
butadiene (leading to synthetic rubber and plastic monomers). Valeric acid value
could be as high as up to 5,000–7,000 € per metric ton (Hakalehto et al., 2016b).

The global valeric acid market is projected to grow at a CAGR of 5.3% during
2021–26 (Expert Market Research, 2021a).

The key producers in the global valeric acid market are, for example (Allied
Market Research, 2021; Expert Market Research, 2021a):
– Dow Chemical (USA),
– Perstorp (Sweden),
– Sisco Research Laboratories (India),
– Sigma Aldrich (USA),
– Central Drug House (India),
– Otto Chemie Pvt. Ltd. (India),
– Yufeng International Co., Ltd. (China).
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Valeric acid is now being manufactured from bio-based sources (Allied Market Re-
search, 2021). Valeric acid is microbiologically formed as a condensate of acetate
and propionate (Hakalehto et al., 2016b). However, the major restraint for the global
valeric acid market is its unpleasant odour and availability of other alternatives
present in the market such as butyric acid (Allied Market Research, 2021). How-
ever, valeric acid was produced from mixed wastes during a pilot experiment, and
it could also be converted into more pleasantly smelling fragrance compounds
(Schwede et al., 2017).

4.11.1.3 Butyric acid

Butyric acid, also known as butanoic acid, refers to a fatty acid that occurs in the
form of esters in plant oils and animal fats (Global Market Insights, 2021). It is also a
common product of many anaerobic bacterial fermentations. Butyric acid is a car-
boxylic acid, and its salts and esters are called as butyrate. It has an unpleasant
smell and acrid taste, with a sweetish aftertaste. The acid is an oily colourless liquid
that is soluble in water, ethanol, and ether and can be separated from an aqueous
phase by saturation with salts such as calcium chloride (Xu and Jiang, 2019).

Butyric acid market size exceeded USD 175 million in 2020 and is estimated to
grow at over 13.2% CAGR between 2021 and 2027. By 2027, it is projected to grow up
to USD 405 million (Global Market Insights, 2021).

Butyric acid application areas are (Global Market Insights, 2021):
– pharmaceuticals,
– biofuel,
– food additive and flavouring,
– animal feed,
– cosmetic,
– plasticizer,
– leather tanning,
– and so on.

Butyric acid has many important applications in food production, pharmaceutical
industries, cosmetics, and chemical industries (Playne, 1985).

In food industry, butyric acid has an increasing usage as a food additive and
for flavouring purposes. Renewable butyric acid is a preferable choice in food and
beverage industry for these uses (Global Market Insights, 2021). Butyric acid is used
for providing butter-like taste for food flavours, and its esters are popular as addi-
tives to increase fruit fragrance.

Butyric acid is one of the main energy sources for human body, as it is one of
the SCFAs generated by bacterial fermentation of dietary fibers in the colon. Butyric
acid is also marked as a suppressor of colon cancer (Playne, 1985). Its production by
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butyric acid clostridia is enhanced by carbon dioxide emission of intestinal lactic
acid bacteria (Hakalehto and Hänninen, 2012).

Butyric acid’s biological effects have been intensively researched, including
therapeutic effect for hemoglobinopathies, cancer, and gastrointestinal diseases.
Butyric acid derivatives have also been developed for producing antithyroid and va-
soconstrictor drugs, and it can be used in anesthetics (Playne, 1985).

Butyric acid has vast demand in the pharmaceutical industry as an intermediate.
In addition, health issues like obesity, diabetes, anxiety, and other chronic symptoms
or diseases, as well as emerging new healthcare regulations, are both promoting its
market growth (Global Market Insights, 2021).

In North America, the consumption of butyric acid in the pharmaceutical industry
is expanding due to its use for reducing body weight. Butyric acid controls the balance
between breaking down the fats on one hand, and the fatty acid synthesis on the other.
Consumers are paying effort on maintaining fitness and controlling their weight, as an
outcome from changes in lifestyles and ways of eating. This has led to various health
problems, for example, gastric and digestive, and irritable bowel syndrome (Hakalehto,
2020). Butyric acid helps to keep the gut lining healthy and sealed, hence enhancing
the health of the gut (Global Market Insights, 2021).

The cosmetic application of butyric acid is increasing as methyl butyrate is used
in the perfume additives. The rise of people’s living standards has expanded the de-
mand for luxurious goods such as cosmetics. Moreover, major producers are putting
effort in the research and development activities to bring to market, for example,
soaps, shower gels and others. Consumer preferences have changed, and millennials
are willing to try new, more exotic, and innovative products such as perfumes or
other cosmetic products. They are willing to pay premium prices more readily (Global
Market Insights, 2021).

Within the chemical industry, butyric acid is used for producing thermoplastics
cellulose acetate. In addition, glycerol tributyrate and other esters also have a sig-
nificant share in the plastic materials (Playne, 1985).

Butyric acid is a precursor for biofuels. Alternative fuel sources have been in
the focus for research and development, because of the increasing price of petro-
leum and expanding demand for the sources of clean energy. Biofuels bring along
environmental benefits, such as reduction of greenhouse emission and an option to
replace gasoline. Biobutanol provides clear benefits in comparison with ethanol re-
garding the fuels for traffic (Xue et al., 2017). Moreover, bio-butanol is used as in-
dustrial solvents, too (Global Market Insights, 2021).

“Another encouraging example was the invention in the early days of biotech-
nological microbiology. During the years 1911–15, Sir Winston Churchill was the
First Lord of Admiralty in Great Britain. He invited into his office a young scientist
from East Europe, Dr. Chaim Weizmann, who later became the first president of Is-
rael. Weizmann described in his autobiography his work during those times which
had produced the finding of Weizmann’s bacterium or Clostridium acetobutylicum
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and the so-called ABE fermentation (acetone, butanol, ethanol). Facilities for this
work lacked at the university, where biochemistry did not form part of the curricu-
lum at that time, while the study of bacteriology was confined to medical school. I
began to pay frequent visits to Pasteur Institute in Paris, where I worked in the
bacteriological and microbiological departments” (Weizmann, 1949). The anaerobic
bacterial strains of several Clostridium sp. strains have been used in the recent bio-
refinery projects of Finnoflag Oy, such as in the European Union Baltic Sea biorefi-
nery project ABOWE in 2012–14, which consisted of researchers from Poland,
Germany, Sweden, Finland, Estonia, and Lithuania. The concept of non-aseptic cul-
tures was introduced to produce valuable chemicals from the side streams. Later,
this concept of “Finnoflag biorefining” has been piloted in several industrial set-
tings including the “Zero waste from zero fibre” project in Tampere, Finland, where
the lake bottom sediments of pulp and paper industries were exploited as raw mate-
rials for microbially produced biochemicals by the pilot studies conducted in
2018–19. The project consortium could turn all the side streams into useful prod-
ucts, including the mentioned chemicals, energy gases such as methane and hydro-
gen and organic fertilizers. These tests predicted the bright future with times when
wastes will be most valuable and wanted raw materials. The bacterium, Clostrid-
ium autobutylicum, was effectively boosted by carbon dioxide in Finnoflag Oy’s
testing (Hakalehto, 2015e).

A century earlier, Sir Winston Churchill made a question to Chaim Weizmann:
“Well, Dr Weizmann, we need thirty thousand tons of acetone. Can you make it?”
Weizmann replied: “I do my work in the laboratory. I am not a technician; I am
only a research chemist. But, if I were somehow able to produce a ton of acetone, I
would multiply that by any factor you chose. Once the bacteriology of the process
is established, it is only a question of brewing. I must get hold of a brewing engi-
neer of one of the big distilleries, and we will set out the preliminary task. I shall
naturally need my government’s support to obtain the people, the equipment, the
emplacements, and the rest of it. I myself cannot even determine what will be re-
quired.” – This conversation led to an establishment of an entire field of industries
which also helped in setting up the production of antibiotics some decades later
when the time was right (Hakalehto, 2021c).

Concerning animal feed application, animals’ infectious diseases are increas-
ing. Butyric acid–based feed additive aids in protecting broiler chicken from Salmo-
nella enterica serovar Enteritidis infection (Van Immerseel et al., 2005). Moreover,
butyric acid helps in improving intestinal health and performance in swine and
poultry. Increasing per capita income in India and China as well as improving life-
style have led to a higher demand for top quality meat, resulting in growth in the
livestock industry and thus further increase in demand for butyric acid (Global Mar-
ket Insights, 2021).

Worldwide butyric acid business is fragmented, and major companies are, for
example (Global Market Insights, 2021):
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– OXEA GmbH (Germany),
– Beijing Huamaoyuan Fragrance Flavor Co., Ltd. (China),
– Perstorp Holding AB (Sweden),
– Dmitrievsky Chemical Plant (Russia),
– Eastman Chemical Company (USA),
– Tokyo Chemical Industry Co., Ltd. (Japan),
– Blue Marble Biomaterials (USA),
– Snowco Industrial Co., Ltd. (China),
– Alfa Aesar (USA).

Moreover, there are other manufacturers that are highly interested in the market
(Global Market Insights, 2021).

Butyrate is nowadays produced industrially mainly via petrochemical routes
through the oxidation of butyraldehyde that is obtained from propylene (Xu and
Jiang, 2019).

Biotechnological production of butyric acid has a relatively low productivity
and butyrate concentration in the fermentation broth. Hence, this bioprocess is not
commercially viable, so far. However, as food and pharmaceutical manufacturers
prefer biologically produced food additives or pharmaceutical products, improve-
ments in the economics and efficiency of butyrate fermentation process are neces-
sary. The substrate cost is commonly a substantial part of the total production
costs. Hence, there is a strong need for low-grade biomass as the feedstock. This
would lead to industrially economic production of butyric acid via the fermentation
route (Xu and Jiang, 2019). Also, such approaches as the Finnoflag biorefinery tech-
nology could increase the productivity of this compound.

Renewable butyric acid is manufactured from natural sources such as sugar, corn
husk, and other natural products (Global Market Insights, 2021). It is possible to ex-
tract butyric acid from butter, but this method is too costly. As carbon sources glu-
cose, lactose from whey, sucrose from molasses, starch, potato wastes, corn meal,
wheat flour, hydrolysate of corn fiber, cellulose, and xylose have been used. Butyric
acid is the product of the butyrate metabolic pathway of the bacterial genera Clostrid-
ium, Butyrivibrio, Butyribacterium, Sarcina, and others.

The preferred strains belong to the genus Clostridium, which use two parallel
metabolic pathways. Products of the first pathway, called acidogenesis, are acids,
namely butyrate and acetate. Products of the second pathway, called solventogen-
esis, are solvents, namely butanol and acetone. A remarkable hindrance in buty-
rate’s biotechnological production is the end-product inhibition. Butyric acid has
a negative effect on the transmembrane pH gradient, whereas butanol affects
membrane fluidity. This problem cannot be solved by existing fermentation tech-
niques. Inhibition effects could be ceased or attenuated by online or in situ prod-
uct removal (Xu and Jiang, 2019).
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Extraction and pertraction are the most suitable methods for the butyric acid on-
line recovery and in situ removal with collection from the process broth. Pertrac-
tion with a liquid membrane is more efficient than simple extraction. Fermentation
processes combined with pertraction are performed in three liquid phases. The first is
the fermentation broth, the second is the organic phase, and the third is the aqueous
stripping solution. Liquid membrane (the organic phase) is simultaneously regener-
ated with aqueous stripping solution, in which the product can be concentrated. Add-
ing a reactant or a carrier to the organic phase improves the distribution coefficient.
These combined processes can be efficiently applied to a large group of biological
products, including butyric acid (Xu and Jiang, 2019).

4.11.1.4 Citric acid

Citric acid, 2-hydroxypropane-1,2,3-tricarboxylic acid by its systematic name, is a natu-
ral and weak organic acid (Kirimura and Yoshioka, 2019; Expert Market Research,
2021b). Citric acid belongs to the most important bioproducts, thinking of production
volume, availability, and usage opportunities (Kirimura and Yoshioka, 2019). It is com-
monly found in citrus fruits, such as lemons, limes, oranges, grapefruits, etc. (Expert
Market Research, 2021b). Citric acid, an intermediate in aerobic metabolism through
the tricarboxylic acid (TCA) cycle, is found everywhere in Nature. In TCA cycle, carbo-
hydrates are oxidized to carbon dioxide for the cell metabolism (Kirimura and Yosh-
ioka, 2019).

Citric acid and citrate, its salt form, are chemical products that have many uses
in various industrial fields (Kirimura and Yoshioka, 2019). The main end-uses of cit-
ric acid are in food and beverages, household detergents and cleaners, as well as
pharmaceuticals. In 2020, food and beverages accounted for most of the end-use
(Expert Market Research, 2021b).

Citric acid is a popular food additive, and safe and non-toxic preservative, help-
ing to stabilize and preserve food products. Citric acid is commonly used in bever-
ages (Expert Market Research, 2021b):
– as an organic acidulant,
– for controlling the growth of organism,
– adjusting pH and enhancing flavours.

Besides acidulant use, citric acid has long been used in the setting of jams and in
other ways in the confectionery industry due to its safety, pleasant acidic taste,
and high water solubility (Kirimura and Yoshioka, 2019).

Citric acid is also used in bathroom cleaners and detergents due to its chelating
effect with metals in hard water. It produces foam which helps in removing stain,
without the softening need of water (Expert Market Research, 2021b) Moreover,
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citric acid has been used as a monomer for biodegradable polymers (Kirimura and
Yoshioka, 2019).

Because of citric acid’s safe and non-toxic nature, pleasant acidic taste, high
water solubility, and chelating and buffering properties, it is also used in pharma-
ceuticals, including cosmetics (Expert Market Research, 2021b).

In the food and the pharmaceutical sectors, there is increasing demand for or-
ganic additives. Moreover, consumers prefer convenient and safe food products,
such as citrate. The Joint FAO/WHO Expert Committee on Food Additives has
granted citric acid as GRAS (Kirimura and Yoshioka, 2019).

These two driving forces are expanding the citric acid market. In addition, as
the use of phosphates is restricted or prohibited by environmental regulatory au-
thorities, its replacement by citric acid has also increased the demand (Expert Mar-
ket Research, 2021b).

There is a steady increase in the annual worldwide production of citric acid:
0.9 million tons in 2000, 1.7 million tons in 2010, and 2.1 million tons in 2016 (Kiri-
mura and Yoshioka, 2019). It reached 2.4 million tons in 2020 and is estimated to
grow to 2.9 million tons by 2026. China’s share of the total global production in
2020 was over 50%. The USA and Europe were the next largest production areas
(Expert Market Research, 2021b).

The global citric acid market is fragmented, so there are several producers sur-
rounding the market. The top producers are (Expert Market Research, 2021b):
– Weifang Ying Xuan (China),
– COFCO Biochemical (China),
– Lemon Bio-chemical (China),
– Jungbunzlauer (Switzerland),
– Tate and Lyle (UK),
– Cargill (USA).

Nowadays, citric acid is commercially fabricated via fermentation. Many microorgan-
isms such as filamentous fungi, bacteria, and yeasts have been known to form citric
acid and have been researched for this use. Among them, the filamentous fungi Asper-
gillus niger has been found to be the most efficient producer and is exclusively used as
it has high citric acid productivity at low pH, and it does not secrete toxic byproducts,
making it easy to handle (Kirimura and Yoshioka, 2019; Röhr, 1998; Röhr et al., 1996).
As substrates, molasses and starch (hydrolysate or residue) are commonly used (Kiri-
mura and Yoshioka, 2019).

Kirimura et al. (2011) have described that for citric acid manufacturing, there is
an immediate need for developing a novel bioprocess, which should represent eco-
nomically feasible and environmentally sustainable production technologies (Kiri-
mura and Yoshioka, 2019).
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Many studies regarding citric acid production by A. niger have brought about
new facts. Moreover, there are still plenty of opportunities to improve the commer-
cial production process specifically in the fermentation process and the product re-
covery (Kirimura and Yoshioka, 2019).

Generally, there are three methods for recovering citric acid from the broth or
crude fermentation fluid:
– precipitation,
– solvent extraction, and
– separation by ion-exchange chromatography.

The two first ones are used industrially (Röhr et al., 1996; Röhr, 1998). These both re-
quire preprocessing, either by filtration or centrifugation, to remove mycelial debris
and insoluble residues from the fluid. Precipitation is the classical method and mostly
used, and applicable to all fermentation process types. It is done by adding calcium
oxide hydrate (lime). The third method on the list above has also been experimented,
and its commercial application is being tested (Kirimura and Yoshioka, 2019).

Moreover, citric acid is an intermediate in the TCA cycle, which is typically
overproduced, and it remains still unclear why that is the case. Hence, there are
many technical problems to be solved but also promises to be seen (Röhr et al.,
1996; Röhr, 1998; Ruijter et al., 2002; Karaffa and Kubicek, 2003; Berovic and Legisa,
2004; Papagianni, 2007; Kirimura et al., 2011). Kirimura and Yoshioka (2019) consider
bioimaging analysis and metabolic engineering by genome editing as very help-
ful techniques for fundamentally researching the metabolism of citric acid pro-
duction. With the help of increasing basic understanding, the biochemical
networks, as well as the regulatory mechanisms related to citric acid biotransfer
and bioengineering solutions could be found. These could then offer a possibil-
ity for improving extant industrial strains and the production process of citric
acid (Kirimura and Yoshioka, 2019). The different biochemicals and food compo-
nents can be obtained from numerous plant materials and agricultural feed-
stocks (Hellstrand and Dahlquist, 2017). The versatility of biotechnical means is
an important asset in the global change toward the sustainability in future. For
example, it is also possible to use the same production units for different pro-
cesses and goals, depending on the demand and need, as well as the availability
of the raw materials.

4.12 Conclusions

Since we have learnt to think about microbes as dangerous pathogens, constituents
of dirt, or as process contaminants, it is high time to see their potentials in food pro-
duction, health maintenance, industrial usage, circular economy, as well as in the
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ecosystem engineering and other environmental uses. It has been well-known for
many decades that natural microbes have a remarkable potential for producing
chemical goods. Lately, metabolic engineering research has shown some promising
results for process improvement. In the trials conducted and supervised by Finnoflag
Oy, the applications of mixed communities, for example, the Undefined Mixed Cultures
(UMC) have been successfully used for intensifying the process, and for increasing pro-
ductivity and yield. Therefore, the organic side streams offer new materials which
could be microbiologically converted in a sustainable, feasible, and socially accept-
able way into such products as valuable chemicals, food substituents, energy gases,
and organic fertilizers.
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5 Upcycling of surplus bread using tailored
biotransformation

Abstract: Edible surplus bread from the baking industry is mostly downgraded for
bioethanol production or animal feed. However, novel biotransformation processes
provide opportunities for safe and efficient upcycling of the surplus bread within
bakery production. Tailored fermentation (sourdough technology) and enzymatic
treatments can transform the technological and nutritional features of the surplus
bread to better fit for recycling as a new dough ingredient. Lactic acid bacteria can
be used to acidify the surplus bread matrix and to produce texture-enhancing exo-
polysaccharides or antifungal peptides. Furthermore, bakery enzymes can be used
to degrade gelatinized starch or denatured gluten in the surplus bread to obtain
higher amounts of fermentable sugars or free amino nitrogen. In this chapter, the
recent progress and perspectives of surplus bread biotransformation are being re-
viewed, aiming at complete utilization of the material.

5.1 Generation of surplus bread and challenges
of its recycling

Enhanced resource efficiency is one of the key approaches toward more sustainable
food systems that are being demanded by increasing population and environmental
challenges. Side streams and excess food can no longer be wasted, but should be uti-
lized for human consumption when they retain food-grade quality (Otles et al., 2015).
Cereal grains compose more than half of all wasted food calories (Gustavsson et al.,
2011). Nutritious outer grain layers are often discarded in flour milling, but a huge
amount of surplus bakery products are generated or spoiled in bakeries, retail, and
households. It has been estimated that in Finnish bakeries 5–10% of the total bakery
production volume ends up wasted. This mostly edible surplus material is currently
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used for bioethanol production, animal feed, or composting, none of which are eco-
nomically nor environmentally satisfactory means. Surplus bread is the single largest
edible and under-utilized bakery side stream. Upcycling the surplus bread as a new
baking ingredient would be an optimal utilization, however, challenges related to
safety, feasibility, and technological aspects of the process have to be resolved.

Recycling bread as such has already proven to be detrimental to the volume and
texture of bread (Immonen et al., 2020; Goshima et al., 2019). It has been proposed
that the gelatinized starch in surplus bread hinders gluten network formation by
withdrawing available water, thus preventing optimal gluten hydration and by dis-
rupting the gluten continuous phase. Other factors such as dilution of vital gluten
and native starch might also negatively alter the dough development and subsequent
bread quality. In addition, activation of Bacillus spp. spores that are occasionally
present in baking ingredients and might survive baking conditions (De Bellis et al.,
2015) must be prevented during the recycling. Toxin-producing B. cereus and rope-
forming B. subtilis, for instance, raise a direct hygienic concern (De Bellis et al., 2015;
Katina et al., 2002). High water activity, temperature above 25 °C and pH above 5 are
considered as favorable conditions for spore activation (Valerio et al., 2012) and,
therefore, need to be controlled in order to maintain a safe process.

5.2 Upcycling through biotransformation

Wheat flour is by far the most common bread raw material worldwide, mostly due
to the wheat dough viscoelastic gluten matrix capable of entrapping gas and pro-
ducing light, fluffy, and soft breadcrumb favored by consumers. Wheat is superior
from the technological perspective of bread production, as other grains fail to pro-
duce a viscoelastic dough matrix. Cereal products containing upcycled ingredients
tend to be preferred by modern consumers indicating that resource efficiency is
increasingly being valued on the market (Grasso and Asioli, 2020). Another present
consumer trend is toward “Clean-label” food, which generally describes products
with natural ingredients and no E-coded food additives. Production of such clean-
label foods with high-quality texture and flavor as well as good preservation,
among other measures, can be obtained with the efficient use of ingredients and
processing instead of food additives. A biotransformation approach, using microbes
and enzymes, provides a spectrum of alternative processing means to enhance
healthiness, technological quality, and even consumer acceptance of foods, en-
abling the upcycling of products such as surplus bread as presented in Figure 5.1.
The benefits of biotransformation are still largely unexplored.

Microbial fermentation including lactic acid bacteria (LAB) and yeasts, for ex-
ample, is one of the key approaches to grain-based matrices biotransformation. In-
deed, sourdough technology is the oldest and the most complete way of leavening
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bread or bread-like foods (Arora et al., 2021). In the nineteenth century, baker’s
yeast started to replace sourdough baking, providing fast and repeatable leavening,
simplifying also industrial scale baking. According to present knowledge, however,
sourdough containing a naturally varying population of LAB and yeast has been
proven superior compared to baker’s yeast and chemical leavening (Poutanen et al.,
2009; Gobbetti et al., 2014). The most well-known functional and health aspects of
consuming sourdough products have been extensively reviewed (Arora et al., 2021),
including, improved sensory properties, lowered glycemic index of bread, improved
bread digestibility, improved mineral bioavailability, and increased vitamin con-
tent. The enhancement of bread flavor during sourdough fermentation is mostly
due to the production of organic acids, activation of endogenous flour enzymes due
to pH decrease and formation of various volatile aroma compounds (Arora et al.,
2021). In addition to health and flavor, using selected LAB strains, it is possible to
prolong bread shelf life, reduce salt content, and improve technological attributes
of bread such as volume and softness (Katina et al., 2006; Rizzello et al., 2014;
Arora et al., 2021). Therefore, sourdough is currently and increasingly making a
large-scale comeback in domestic bread making as well as in industrial bakeries.

Surplus bread as a processing matrix is somewhat different to flour itself. Dur-
ing baking, the proteins are denatured and starch gelatinized, losing their original
functionalities. Furthermore, enzymes present in the flour are inactivated and ac-
tive microbes killed due to thorough heating of the product. These significant al-
terations of the matrix provide an interesting platform for biotransformation
performed using selected enzymes and microbial starters. Gelatinized starch is now
directly available for amylolytic enzymes. Surplus bread fermentation for new dough
production was originally studied in the late 1990s (Gélinas et al., 1999). Since then,

Figure 5.1: Schematic presentation of surplus bread upcycling process by biotransformation.
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scientific research exploring bread recycling as a new bread ingredient has been non-
existent until recent years. Surplus bread has been proven as a practical microbial cul-
tivation substrate (Verni et al., 2020). A recent study revealed that the buffering
capacity of surplus wheat bread matrix is very low compared to flour, which enables a
fast pH drop (to pH 4) combined with low titratable acid content (Immonen et al.,
2020). These findings encourage the use of lactic acid fermentation (low pH) as a hy-
gienic control without a major risk of impaired sensory perception caused by intense
acidification.

Specific selection of LAB for surplus bread fermentation can further upgrade
the functional features of the material, therefore, enabling upcycling. Exopolysac-
charides (EPS) produced by LAB are natural hydrocolloids that can be beneficial for
bread texture. Especially linear, high-molecular-weight dextran-type EPSs have
proven effective in retarding staling and increasing loaf volume in various bread ap-
plications, when produced in situ by fermentation (Katina et al., 2009; Wang et al.,
2019). The same quality-improving effect was recently observed when surplus bread
was fermented with dextran-producing Weissella confusa A16 strain (Immonen
et al., 2020). In the experiment, 12.5% surplus bread was used to replace flour in the
bread dough. Fermenting the bread with W. confusa together with sucrose (sub-
strate for dextran synthesis) allowed a bread volume increase of over 10% and a
crumb hardness decrease of almost 40% compared to non-fermented breads. Dex-
tran production is often accompanied with isomalto-oligosaccharide synthesis due
to presence of acceptor molecules such as maltose (Leemhuis et al., 2013). These
isomalto-oligosaccharides have prebiotic properties, which brings another health
aspect to fermenting with dextran-producing strains, in addition to technological
improvements. Considering the wide range of structurally versatile EPS produced
by LAB (Galle and Arendt, 2014), many bakery applications beyond dextrans are to
be expected when research in the field progresses.

Another important functional feature of using select LAB for sourdough fermenta-
tion, is the production of antifungal ingredients which provides a clean-label extension
of bread mold-free time (Arora et al., 2021). A wide range of carboxylic acids and anti-
fungal peptides produced by LAB provide a possibility to tailor fermentations for prod-
uct preservation needs. An example of producing antifungal bread ingredients by
fermentation of surplus bread was successfully performed by Nionelli et al. (2020). The
significant antifungal effect of Levilactobacillus brevis AM7 (formerly Lactobacillus bre-
vis) was observed in a pilot bakery environment, where breads containing fermented
surplus bread hydrolysate became moldy several days after the respective control
breads. The antifungal activity was due to the result of synergistic effect of bioactive
peptides produced by L. brevis AM7 using hydrolyzed bread proteins as substrates.

Enzymes are a solid part of the modern baking industry. When considering feasi-
ble upcycling methods for surplus bread through biotransformation processes, the
use of common bakery enzymes may be beneficial. Especially bread starch hydrolysis
by amylolytic enzymes is of interest for two reasons. First, as discussed above,
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gelatinized starch in surplus bread is in its original state harmful for new bread
dough development, volume, and texture. Breaking down large starch molecules
reduces starch water absorption and potential hindering of the gluten network, there-
fore, allowing better hydration of other dough components (Goesaert et al., 2008) and
development of continuous gluten, necessary for good-quality bread. Second, starch
hydrolysis can be tailored to result in end products of interest, such as malto-
oligosaccharides, maltose, or glucose, that can further be useful for baking purposes.
Malto-oligosaccharides may act as anti-staling compounds (Miyazaki et al., 2004) and
glucose can be used to replace sucrose that is often added to accelerate leavening,
hence cleverly improving the feasibility of the process. In the recent study, hydrolysis
of bread gelatinized starch improved the dough development, bread volume and tex-
ture (Immonen et al., 2021). Starch hydrolysis into malto-oligosaccharides and malt-
ose retarded bread staling, however, the dilution of native gluten proteins prevented
from reaching the specific volume of the control wheat bread. Production of syrups
from surplus bread does not, of course, limit the upcycled material for bakery usage,
but the most suitable food application should be sought. Furthermore, in some cases,
it may be reasonable to combine the enzymatic treatment with fermentation. Some
microbes of interest may require a substrate composition, for example, rich in fer-
mentable sugars or free amino nitrogen, that are not present in surplus bread unless
additional enzymes are involved.

5.3 Conclusions

Tailored biotransformation with selected LAB and enzymes can improve the function-
ality of surplus bread, therefore, enabling upcycling within bakery products. The de-
signed processes should aim at ensuring the safety, technological quality, and
complete utilization of surplus material. Upcycling of food-grade side streams is nec-
essary for increasing resource efficiency and prevention of food waste, which both are
key actions for feeding the growing population and reducing the climate impact of the
food system included in the United Nations Agenda for Sustainable Development.
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6 Different strategies for viral and bacterial
prevention and eradication from foods

Abstract: Essential features of healthy, safe, and nutritive foods are freshness and
cleanliness. These characteristics need to be evaluated both microbiologically and
chemically. An important prerequisite is the high quality of the raw materials as
well as the production process.

When the food enters our digestive system, it brings along the outside micro-
flora. Many fermented foods have been produced with special seed cultures, in spe-
cific conditions. All the external microorganisms meet our body defenses, such as
low stomach pH, bile secretions, immune system, slime, and defensive peptides.

Moreover, the incoming bacteria, viruses, and other microorganisms encounter
the human normal flora or microbiome.

Hygiene monitoring means the keeping up of food or drinks, which are free
from pathogens or otherwise harmful organisms or chemicals, toxins, infective pro-
teins (prions), allergenic molecules, and unhealthy components. The two last fac-
tors are more or less subjective. Harmful microbes include antibiotic-resistant
strains or strains that otherwise disturb the balance of the alimentary microbiome.

In order to monitor these important criteria of healthy foods, many laws and regula-
tions have been established. The awareness and knowledge of the customers about food
security need to be increased. Several microbiological technologies and approaches are
helping food professionals in evaluating and estimating the quality of foods.

6.1 Introduction

Hazards of pandemic dissemination are not just separated threats or unpleasant
scenarios for the society or its individuals. They bring about an increase in adverse
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health effects on the human community, in general. On the individual level, an in-
fection is ruining or compromising our health in many ways. In the long term, the
remission may be followed by many repercussions and sensitivities, which have
also been called the “long Covid.”

Correspondingly, society is paralyzed concerning many of its essential func-
tions. We could well say that the microbiological imbalance or the hygiene im-
pairment or the loss of functions is a disaster for the society at all levels. It is like a
knife cutting through all the layers of a cake. Such effects cannot be measured by
counting the economic losses only. And we should be prepared for the dire conse-
quences in the future, at the same time as we are getting ready to encounter possi-
ble future pandemics. Therefore, the right timing of preventive measures is of
crucial importance.

Unpreparedness in facing the outside threats is directly proportional with
the time required for the recovery of society to get out of the pandemic situation,
or at least to return to a level where an upper hand has been reached over the
contagious agents and their aftermath. One has to get alerted with and prepared
for the shortages and cuts in the resources and storage, or deficiencies in the
safety of the distribution chains. This book is intended for making a platform
for discussion that could make a difference in ordinary people’s lives, that is,
us. The correct layout of the food production, storage and transportation systems
is precious.

Plentiful options are available, but the information, knowledge, and experience
must be at hand when needed. The level of the infection, its infectiveness, and the
current epidemics situation are important to be acknowledged. Also, the variants
and complications or aftermath of the actual disease need to be taken into account
early enough. For instance, as Professor Jeremy K. Nicholson stated in his lecture at
Virtual Metabolomics Symposium on June 22, 2021, patients with post-acute COVID-
19 had a 2–10 times elevated risk for getting myocardial infections. The title of his
lecture was “Evaluation of Post-Acute COVID-19 Syndrome using NMR Spectroscopy
and Mass Spectrometry” (Holmes et al., 2021).

We want to support the crucial discussion among those who take care of the
vital services in society. Safe food distribution is at stake. Consequently, there is a
need to remain in good health and shape. One fast preventive procedure against
emerging new pandemics could be the passive immunization with chicken egg
yolk antibody (Hakalehto, 2021a). To develop the details and see the big picture
warrants in infection protection, exchange of ideas and teamwork. It is in the
hands of those professionals who investigate the microbes, but also with those
who take care of the cold chain, shelf life, distribution, client surface (encounter
with the customers), and so on. We also need to establish a constant search for
novel raw materials, methods, techniques, and recipes, which means, in a way re-
inventing food.
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6.1.1 History of food spoilage

The different critical points where the food materials could get contaminated
should be carefully investigated and identified. This is equally true with the acqui-
sition, formulation, transport, and storage of the raw materials, as it is for the ac-
tual production process and the products themselves.

Different food materials get spoiled in different ways and by partially distinct
microorganisms. In his book Modern Food Microbiology (1986), James M. Jay, PhD,
is making a fundamental survey on the issue of the microbes in food. He is the for-
mer chairman of the Food Microbiology Division of the American Society of Microbi-
ology. Since the publication of his book, the microbiological monitoring of foods
has somewhat changed as genetic techniques and other new methods, have devel-
oped. They have been implemented into industrial hygiene control. However, culti-
vation techniques still form the baseline in food microbiology. It is noteworthy,
though, that food spoilage or the contagion via food has to be seen in a wider con-
text than only as an intrusion of a contaminant or a pathogen into the food or its
components or compartments of the food in the body system. This requires a reori-
entation of the microbiome balances and the balances with the host. It is always an
encounter or challenge by the outer environment microbes, microbes of the existing
microbiome of the food, or in the body system.Moreover, it is amatter of unit micro-
bial communities often forming a network or microbiological exchange of signals.

This exchange of microflora takes place in the families, where adults, children,
and domestic animals or plants share many microbial strains. In fact, the “intruder”
strain may often be a member of the so-called normal flora becoming active or
harmful due to some change in the conditions.

Dr. Jay presents in his excellent book on more than four pages the activities, or
milestones, in combatting microbial contaminations in foods. This includes 106 in-
dividual events throughout three and a half-century. Here, we list a few most impor-
tant ones according to the scope of the current book:

 Kirchner demonstrated bacteria in milk.
 Canning of vinegar was introduced in Sweden.
 US patent for preserving food in tin cans (T. Kensett and E. Daggett).
 A patent was granted to Newton in England for making condensed milk.
 Pasteur showed that the souring of milk was caused by microbial growth.
 Artificial freezing of fish started commercially in the United States
 Lister isolated Streptococcus lactis in pure culture.
 Sea transportation of iced meat at sea had begun.
 Tyndall observed the bacterial decomposition to be always traceable by chemical

substances to air or the containers.
 First successful cargo of frozen meat from Australia to England.
 Cienkowski isolated Leuconostoc mesenteroides from sugar slimes.
 The pasteurization of milk began in Germany.
 Gaertner first isolated Salmonella enteritidis as a causative agent of food poisoning.
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 The artificial freezing of eggs.
 Van Ermengen discovered Clostridium botulinum.
 The term psychrophilic was invented by Schmidt-Nielsen for microorganisms that grow at

 °C.
 E. Metchnikoff and co-workers isolated Lactobacillus bulgaricus from yoghurt.
 Sodium benzoate permitted as a preservative in certain foods in the United States
 Bacillus coagulans isolated from coagulated milk by B. W. Hammer.
 Bacillus stearothermophilus isolated from cream-style corn by P. J. Donk.
 A patent in France was issued for the use of high-energy radiation for the food processing.
 Outbreaks of Campylobacter enteritis traced to milk in Illinois, USA.
 Food poisoning by Clostridium perfringens (welchii) first diagnosed by McClung.
 Similarities between cholera and Escherichia coli gastroenteritis in infants first

demonstrated by S. Thompson.
 The salmonellae surveillance program in the United States.
 First US food-borne outbreak of Vibrio parahaemolyticus gastroenteritis occurred in

Maryland.
 Salmonella enterotoxin demonstrated by L. R. Koupal and R. H. Deibel.
 Food-borne gastroenteritis caused by the Norwalk virus documented in Australia.
 Food-borne gastroenteritis caused by non- Vibrio cholerae occurred in Florida (Earlier

outbreaks in Czechoslovakia, Europe, , and Australia, )
 Campylobacter jejuni enterotoxin described by Ruiz-Palacios et al. ().

6.2 Systematic avoidance of contamination

Spoilage is not the only way food gets contaminated. Hazardous germs may just be
transferred into food, or they could use food as a vector for reaching new niches or
opportunities. If these agents are cellular microbes, viruses, or prions, they may oc-
cupy the food, harbor it or cover the surfaces, or hide inside it. Therefore, all the
various means for the physical contact of the pathogen need to be evaluated and
taken into account. The initiation of a biofilm structure out of the swarmer cells is a
process that have been studied and illustrated by micrographs (Hakalehto, 2015a).

The hygiene surveillance also requires the closing out of the initial infection or
spoilage of the materials. In these precautionary measures, cold chains play a cen-
tral role. This also includes distributing foods or meals to the households or other
clients, such as day care, schools, and elderly homes. For example, fresh fish is eas-
ily spoiled, and it can also cause risky infections. Any salads and mayonnaise-
containing foods or meals also require extra caution.

International standardsandnorms,andpractices in foodhandling, suchasHazard
Analysis and Critical Control Points (HACCP) could give a baseline for hygiene main-
tenance (Lucia Rocha Carvalho et al., 2000; Friedhoff et al., 2005). However, the
epidemic situation is causing additional risks. The HACCP is originally developed
besides space trips for the practices in the Texas meat industries (Carr et al., 1998).
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It is nowadays a widely applicable strategies platform for dealing with pandemic
hazards in food industries and healthcare.

Besides the checking points related to the cold chain or to the manufacturing
process, we have to consider the encounter of the food taxis and other delivery per-
sonnel with the end-point customer. There the responsibility regarding the food
quality is transferred to the client (or the next person in the delivery chain). Conse-
quently, the entire food delivery succession has to be a secured one. For example,
the food portions have to be directly handed over to the person who is the next to
be responsible for them. Alternatively, the food can be placed into refrigerators or
cold rooms, or in case of the hot chain, into kitchen with adequate facilities to keep
the temperature. But in these various food arrival issues, the responsibility always
has to follow the delivery. The food or meals should not be neglected, or left out
of control.

Any education for the field personnel in the food distribution chain or working
with the catering services should consist of the following:
1. keeping the food portions free from any outside contamination
2. observing the microbiological and chemical quality of food during transporta-

tion and storage
3. maintaining the cold chain (or hot chain) during deliveries
4. safeguarding the health of the personnel, protecting them from any contagious

diseases
5. securing the encounter with the end-point client
6. accepting the responsibility of the transportation and the courier services, and

transferring this responsibility to the next person in chain

The microbiological education should include teachings about the potential con-
taminants of various food varieties, ingredients, or raw materials (Hakalehto,
2015b). Microbiological testing and research are important in accumulating experi-
ence and in signposting the sequence of preemptive measures in contamination
control. The concepts of indicator bacteria, as well as the basic thinking about the
routes of contamination should be taught to the food-chain professionals during
their education and training. During the pandemic era, it is essential to give infor-
mation about the current epidemic situation, rules set by the authorities, as well as
hints or methods about the protection of the customer as well as the personnel. In
case of the distribution of pathogens, the environmental routes of contamination
need to be evaluated (Hakalehto, 2015c).

The overall hygienic preparations warrant right attitude, correct information
and recommendations, rules and orders. In practice, the alertness could also
spring out from an inventivemindset of the personnel –most importantly, innova-
tions regarding the detecting or blocking of contaminations or dissemination of infec-
tions. The preparedness needs to include an early warning system of the potential
emergence of various risks. In Finland, the National Institute of Health and Welfare
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developed a system and techniques for monitoring viruses (SARS-CoV-2) from the
wastewater (Hokajärvi et al., 2021). This approach could give real-time info about the
epidemic situation in any particular community, city, or area. One example of a map
from the “situation room” is shown in Figure 6.1.

6.3 Special traits of viruses

Viruses are widely present in the ambient air. Some 100 million virus particles land
on a square meter daily. These particles belong to all kinds of viruses, specific to
various multicellular organisms, such as plants, animals, and humans. Also, bacte-
rial viruses (bacteriophages) are present practically everywhere. In a laboratory,
search for bacteriophages specific to any bacterial strain or species, sewage water is
often used to source viral particles. Although bacterial or other microbial cells could
get inactivated in the atmosphere due to dehydration or exposure to UV light or
other disinfecting factors, viruses may get liberated after the lysis of bacterial or
other cells. Furthermore, they may remain infective in the air because of the protec-
tion offered by the aerosol or dust particles. Viruses may stay alive within the host
cells or in the microscopic particles, but they are sensitive and subject to the same

Figure 6.1: Road traffic control room in Traffic Management Center, Tampere, Finland. This kind of
“situation room” could be used also for the monitoring of the pandemic or epidemic prevalence of
infection agents or cases. Correspondingly, for example, the microbiological cleanliness in the
different parts of the distribution network could be surveilled in real time. Photo: Eero Sauramäki.
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denaturing conditions as bacterial cells. In fact, the viral nucleic acids are usually
in a still more vulnerable position than the DNA in the much larger bacterial or eu-
karyotic cells.

A thumb rule for the survival or perseverance of the microbes in the microscopic
airborne particles in the atmosphere: any particle which is less than 10 µm in diame-
ter may get transported in the air relatively freely and independently of the gravita-
tion. This makes microbes, or the particles or droplets containing them, a kind of
“transferable cosmopolitans.” Thus, dust from the Saharan desert sandstorm has
been crossing the Atlantic Ocean in a storm that also contained many soil microbes.
This dust eventually landed in the Americas (Geggel, 2020).

Correspondingly at the height of 1 km, as we sampled the atmospheric layers by
a jet plane, there were at least as many mold spores as found on the meter above
the soil surface (Alder-Rangel et al., 2018). And these atmospheric fungal spores are
rather resistant to UV light or dehydration, or extreme temperatures.

In the big picture, this movability of various microbes often means their poten-
tial presence in surprising places or locations. Thus, the spread of viruses could
occur in conditions or situations which are not easily predictable by the laboratory
experiments only. As the pandemic situation has forced everyone to think more
deeply about the microbial distribution, routes of contamination, microbial sur-
vival, surveillance, contagion, sedimentation, attachment, and other essential traits
and characteristics of the contagious agents, we have also learned that it is not a
simple issue to make predictions or calculate patterns for the microbial behavior in
variable conditions. It is also noteworthy that the microbes’ microscopic scale
makes it difficult for us to comprehend their ways. For example, in a spoonful of
yoghurt, there are as many bacterial cells as human beings on the Earth.

With this enormous space in the microcosm that is filled with microbial com-
munities, their activities make it really hard to present assumptions on the behavior of
free-moving air-borne microbes. It is the metabolic understanding, which often
could explain the best microbial activities or their occurrence. However, viruses are
not actively metabolizing. For example, microbial entities often occur in groups of
cells or virus particles or as agglutinated cell populations or pellets of mycelia. In
any such concentrated population or metabolizing cell group, there also exists a po-
tential source of the distribution of viruses (Quammen, 2014). Thus, these densely
packed biomes also offer potential sites for recombination, and in suitable physico-
chemical conditions, an elevated likelihood of mutations in the very biological ma-
terial in question. For example, Brazilian free-tailed bats in a cave in Carlsbad
Caverns National Park in California sleep as groups of 300 individuals hanging on a
wall square meter. The total number of bats in this cave could exceed a million dur-
ing migration times (Hristov et al., 2010). This may further explain the generation of
virus variants of SARS-CoV-2 in some of these “densely packed” populations. The
wide distribution of viruses creates options for new virus variants to appear. When
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the COVID-19 or any other pandemics has spread globally, the risks of the new
emerging variants and pathogens are imminent.

6.4 Some historical and current aspects
of the coronavirus pandemics

The coronaviruses were discovered for the first time more than a century ago (Wil-
liams, 2020). They were found in various animal species. However, the first human
infections caused by the coronaviruses occurred in the 1960s, and they were mild
viral infections only. The first more hazardous coronavirus disease was the SARS-1,
which nearly developed into pandemics in 2002–2003 (Petrosillo et al., 2020).

Similarly, the Middle East respiratory syndrome (MERS) epidemic occurred
mostly in the Middle East in 2012 with a concrete threat of the viral disease of devel-
oping into global pandemics (de Wit et al., 2016). The global death percentages of
SARS-1 and MERS were 10% and 34%, respectively (Wong et al., 2021).

The origin of various pandemics is an interesting scientific and pragmatic
healthcare issue. The influenza epidemic (“Spanish flu”), which started in the year
1918, left several unanswered questions behind (Oxford and Gill, 2018). For exam-
ple, this pandemic in 1919 was the first time when the Australian state of Queens-
land closed its borders, and the second time was during the COVID-19 pandemics.
The pandemic episode which occurred roughly a century ago was also the first rela-
tively well-recorded pandemic episode worldwide. According to the official statis-
tics, it killed about 50 million people globally, but some experts suspect that the
real death toll could have been twice as high. The horrible corollaries of the pan-
demics were worsened by much medical personnel being preoccupied with the on-
going World War I. One major reason for the spread of these past pandemics among
young adults could have been the fierce “cytokine storm,” which was shown to
occur in the lungs of the deceased.

In fact, it is the case also with the current pandemics that the reaction of the
human immune system with the pathogen largely determines the nature of the disease
in individual patient cases. Although there had been numerous experiences on previ-
ous pandemic episodes globally, it seemed difficult for the governments or the global
organizations to make fast enough decisions on such measures as lockdown, preven-
tion strategies or other issues (Dasgupta and Crunkhorn, 2020). One reason is the sud-
den outcome of a global disease actually spreading or beginning to spread inevitably.
As stated by Dasgupta and Crunkhorn (2020): “Throughout history, pandemics are in-
tegral parts of human civilization regardless of how much we progress to beat them.”

Nevertheless, it is crucial to immediately start the correct precautionary prepa-
rations after recognizing the threat during the onset of the pandemic waves. More-
over, we need to understand the ways our human system reacts with the pathogens
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in question. Dr. Natalia Gavrilova, who designs research on the post-COVID symp-
toms in St. Petersburg, Russia, lectured in the Sheba Medical Center webinar
on May 28, 2021. The webinar was arranged and organized by the Israeli Academi-
cian Professor Yehuda Shoenfeld in Shoenfeld’s Mosaic of Autoimmunity series. In
her presentation, Dr. Gavrilova listed the different symptoms associated with the
post-infectious autoimmune syndrome as follows:
– Guillain–Barré syndrome (GBS) (the body system attacks its own peripheral

nerves)
– Encephalomyelitis (inflammation of brain and spinal cord)
– Brainstem encephalitis
– Necrotizing autonomous syndrome

Actually, the severity of the above-mentioned post-COVID symptoms indicates the
seriousness of the disease. It is of high urgency to redirect the resources toward the
management of these autoimmune consequences of infections. Such health prob-
lems may occur after the initial remission in many tissues: blood circulation, kid-
neys, lungs, reproductive organs, liver, and digestion. The core of the enterohepatic
circulation of bile substances is the meeting point of the blood circulation with the
ducts of the liver leading the fluids to the bile bladder, and further to the duodenum
(via the papilla vateri opening) (Figure 6.2). See also Hakalehto (2021b,c) and Haka-
lehto et al. (2019a, 2019b, 2021).

To understand the pandemics, we have to gain knowledge and information on the
causative agent, which is a virus. The reservoir of the SARS-CoV-2 virus is in the bats,
according to a Wuhan–Italy research group (Platto et al., 2020). There have also
risen suspects that this agent could be a reflection of the human social life (de Cha-
darevian and Raffaetà, 2021). There is a rather broad consensus that the current pan-
demic has changed future medical and basic scientific research (Mukherjee, 2020).

Figure 6.2: Thin-section micrograph of calf liver (enlargement 1,000× with Nikon Eclipse E3
Microscope). This is the key area for the important enterohepatic circulation also in the human
body. Here the recycled bile substances collected from the intestines are returned back to the
digestive system. Photo: Elias Hakalehto in the Finnoflag Oy’s laboratory.
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6.5 Case Pectinatus – an example of strictly
anaerobic contaminant bacteria

One example of a random, but after all, most logical conditions for the contamina-
tion of food and beverages was offered in the year 1995 when we studied the occur-
rence of a relatively newly discovered beer-contaminating bacterial genus Pectinatus in
real-life circumstances (Hakalehto, 2000). This bacterium was first described by Lee
et al. (1978), but it was soon isolated also from many other countries such as Germany
(Schleifer et al., 1990) and Finland (Haikara et al., 1981).

The distribution of Pectinatus contamination in breweries is somewhat parallel
to the spread of the coronaviruses in the air. This case description given below also
provides us an idea about the spread of viral, bacterial, or other microbial contami-
nants during the industrial food or drink manufacturing processes.

The Latin name Pectinatus means “comb-like”, which refers to the flagellation of
these bacterial cells on only one side of the cells (Lee et al., 1981). These organs for
the cellular movement occurring only on the other side of the cell in this bacterium
make it look comb-like (the flagellae, of course, are long and curvy organelles, but
nevertheless, they protrude out of the cells). The bacterial cell is able to detach them,
and they grow anew in 3 sec only (McNab, 2004; Hakalehto, 2000). The flagellae are
rotating around their axis either clockwise or counterclockwise. The choice of the di-
rection of this movement determines the ultimate swarming course of the bacterium
in liquid, where its sophisticated and effective but simple molecular sensing system
associated with the “flagellar motor”moves the cell into favorable direction.

Naturally, the viruses do not possess such a system for their movement; in-
stead, they are moved along the currents, agglutinating or sedimenting molecular
forces in different liquids. In the ambient air, viruses and bacteria are often inside
tiny droplets of liquid or aerosol particles. It is these particles then, whose move-
ments in the air determine the risk of contamination at different distances from the
source of contamination. Air currents usually have a decisive impact on the move-
ment of these particles. It is important to keep in mind that an individual aerosol,
dust, or other particle or droplet may contain tens if not thousands or more of infec-
tive units. Therefore, instead of counting the number of cells or viruses within a cer-
tain volume of air or liquid, it is advisable to speak about colony forming units
(CFUs) or plaque-forming units (PFUs). CFU refers to the growth of microbial colonies
on a Petri dish. PFU means an empty dot or plaque on a fully grown bacterial carpet
on a Petri dish or other cell culture on an agar medium, which indicates the presence
and refers to the concentration of the viruses in the chosen volume of the inoculum.

In the case of the Pectinatus sp. bacteria in the air, one clearly observable thing
is the scale difference to the regular size of objects more familiar to our senses.
Namely, within the invisible liquid particles, the conditions can be favorable for the
strictly anaerobic or anoxic Pectinatus cells. In other words, this bacterium does not
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tolerate any oxygen, but it still can get preserved in the air and move with it long
distances within the aerosols. This example teaches us to the importance of the
microscopic dimensions, niches, and conditions in them with respect to the spread
of microbes as well as virus particles. For example, some circumstances or factors
in the environment or in the surrounding medium or air may essentially protect the
germs often in an unpredictable fashion. The viruses could get protection in this
way by the particles or matrices around them, even against disinfecting vapors,
gases, or UV light. For this reason, it is always of crucial importance to monitor
the effectiveness of any treatment on the microbial cells or viruses in real-life
conditions.

In the brewery, the surroundings were investigated by the Rapid Microbial De-
tection project in Kuopio during the years 1992–95 and Finnoflag Oy in 1995 on-
ward. There were lines of empty clean bottles and relatively empty returned bottles
in the one and same big industrial hall in the opposite ends of it (Hakalehto,
2000). The dirty bottle line moved these returned bottles to the station where
they were washed, cleaned, and dried for reuse. In the bottling machine, these
bottles were positioned in baskets of 24 bottles each. The Pectinatus contamina-
tions occurred mostly during summertime and this strictly anaerobic bacterium is
a really tedious one as it converts the product into a turbid and disgusting broth
smelling like rotten eggs. Such product rounds are highly uncomfortable also for
the reputation of the brewery, whose logo is printed onto the etiquette or label on
the side of the bottles.

By that time, an unexplained observation was that in one basket only some part
of the bottles randomly contained the spoiled product, whereas the other bottles in
the same basket were packed with faultless products. This observation had been
made in all different breweries where this anaerobic bacterium had occurred in
Finland in the non-pasteurized brewery products. Unexplainable aspects, however,
turned out to actually lead to understanding the airborne distribution of this bacte-
rial contaminant. In the big industrial hall, the bottling took place in one end of the
huge space. There the bottling machine forcefully “injected” the liquid into the bot-
tles in the basket, and in half a second each of them was then filled and closed with
a tight cap. The speed of bottling machine did not leave too much time for the prod-
uct to get oxidized or aerated. This protected the product from chemical oxidation
quite well, but simultaneously it increased the risk of contamination by anaerobic
bacteria. In unpasteurized beer, it is usually the oxygen, which causes the rapid
chemical spoilage of the drink. Therefore, the restricted time frame during which
the liquidwas shot into the clean bottleswas decisive for the chemical quality. How-
ever, this gave the opportunity for the strictly anaerobic spoilage organisms like Pec-
tinatus sp. to contaminate those bottles by the airborne (in the aerosols) cells being
hit by the “injected” product volumes. They took along the living bacteria from the
droplets into the bottle. Thus, the anaerobic bacterial cells in the air were capable of
spoiling the beer in the particular bottles they contaminated.
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As the beverages often contain carbon dioxide liberating into the relatively small
headspace, this eventually increased the pressure inside the bottled beer. It also fur-
ther reduces the amount of oxygen. Interestingly enough, the cell wall peptidoglycan
layer of Pectinatus sp. is exceptionally thick for a Gram-negative bacterium. Its thick-
ness is approximately 30 nm, whereas in most other species of Gram-negative bacteria
the thickness is just a few nanometers (Si et al., 2019). This peptidoglycan (murein)
layer strengthens the cell’s outer compartment which helps the bacterial survival in
the pressurized environment of the turbid beer (Rohde, 2019). Consequently, it is rela-
tively easy to extract in the laboratory the outer membranes of Pectinatus strains be-
cause of this trait by using mild hydrochloric acid (Hakalehto et al., 1984).

The occurrence of Pectinatus bacteria in breweries was paradoxically associated
with the improved brewing technologies. This bacterium offered microbiologists a
highly interesting object for their studies. The example also shows the common
truth that solving one problem often creates new ones.

These brewery contaminants were mostly found in the turbid beer bottles.
As Gram-negative bacteria, the Pectinatus cells have outer membranes, including
endotoxin layers, but the species-specific characters of this layer were quite unique
ones in the genus Pectinatus (Helander et al., 1983). For example, the endotoxin was
more toxic for the tested eukaryotic cells than the lipopolysaccharides (LPS) of Es-
cherichia coli (Helander et al., 1984). The different strains of the genus were typed
based on the surface proteins (Hakalehto et al., 1984) and their immunoreaction (Ha-
kalehto and Finne, 1990).

The flagellation of the cells gives Pectinatus sp. strains their typical motility in
the anaerobic conditions where they are able to sustain. They cannot live in the pres-
ence of oxygen, but facultative anaerobic species of the genus Salmonella just change
their mode of metabolism and survive. The Salmonella strains expressed more readily
their attachment organelles, type 1 fimbriae, in the presence of oxygen which actually
indicated their preference for oxygen in the gut (Hakalehto et al., 2007).

The basic scientific survey of the Pectinatus strains could give ideas about their
roles and potential risks caused by industrial contaminants as like the correspond-
ing studies on the salmonellae revealed their functions as pathogens. It is one fasci-
nating feature in microbiology that any results of research on individual organisms
could lead to further understanding about the behavior of microbes in general.

But where did the Pectinatus cells come from? They were actually found in differ-
ent parts of the brewery complex. Within the malts or other raw materials? Or in the
water? Nope, the answer is most likely the “dirty bottles,” whose washing line was in
the same spacious hall as the bottling unit. We made ultrasensitive measurements
using a method called immune polymerase chain reaction (PCR) where the positive
aspects of the sensitivity of the PCRmethodwere combinedwith the practical ben-
efits and attainable specificity of the immunoassays (Hakalehto, 2000). Both methods
were in everyday use in the laboratory of Elias Hakalehto during the Rapid Microbial
Detection project in 1992–95 in Kuopio, Finland. Thanks to this combination of two
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sophisticated techniques, we could detect even single bacterial cell in any big space if
a single cell or a few cells were collected in the sample (Figure 6.3). This kind of analy-
sis protocol requires reliable sampling and effective enrichment methods.

These technological advancements made it possible to intensify the analysis onto a
previously unforeseeable level. This approach could assist in developing ultrasensi-
tive detection of the SARS-CoV-2 viruses, too. It could be integrated with sophisti-
cated air filtration techniques or for sieving liquids or gases. The ultrasensitive first
detection of salmonellae could offer a useful reference for further method develop-
ment (Hakalehto et al., 2015a).

6.6 Portable microbe enrichment unit (PMEU) in
microbial detection and identification

Traditional microbiological diagnostics is based on plate culture techniques, and their
variations. The rise of molecular biology has speeded up the development of faster and
more sensitive methods for about 50 years. However, generally accepted standard tech-
niques are still using the Petri dish plate cultures on solid agar media as the reference
baseline. For example, we have already developed a fast and effective method for the
detection of Campylobacter sp. (Pitkänen et al., 2009) combining the Portable Microbe
Enrichment Unit (PMEU) culture with the real-time PCR (Mullis et al., 1986). This com-
bined method of ours for the recognition of Campylobacter was recognized to be much

Figure 6.3: The detection of Salmonella enterica serovar Typhi (strain RHS 672) by using polyclonal
antiserum prepared in rabbits in traditional colorimetric ELISA and in immunoluminometric
immunoassays. The experimentation was carried out in the Rapid Microbial Detection (RMD) project
in Kuopio, which in 1992–95 preceded the Finnoflag Oy laboratory functions. See also Kuosmanen
et al. (1995) and Hakalehto et al. (2015a). Modified from Hakalehto (2000).
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faster and more effective than the international standard method (ISO 17995:2005) by
the Finnish Institute of Health and Welfare in this study. It was about 10 h faster than
the standard method and could produce a lot higher cell concentrations in the pre-
enrichment (Hakalehto, 2010). Later, the PMEU method was developed as a field version
for the detection of microaerobic Campylobacter sp. and Yersinia sp. in Burkina Faso
(Hakalehto et al., 2014a). It was also applied for the fast detection of slow-growing my-
cobacteria (Hakalehto, 2013b, 2015d; Hakalehto et al., 2014b, 2016a). As a field capable
stand-alone system, the PMEU could provide means for the ultrafast enrichment ofMyco-
bacterium tuberculosis “in hours instead of days, in days instead of weeks” (Figure 6.4).

The different versions of the PMEU enrichment and detection device could be
used for various microbiological monitoring tasks (Hakalehto and Heitto, 2012).
They could assist in the sensitive detection of pathogenic or opportunistic strains
which occur at low concentrations beneath other microbiological growth. For exam-
ple, Salmonella sp. strains and their antigens were detected by the PMEU enrich-
ment in both aerobic and anoxic conditions (Hakalehto et al., 2007). We have also
developed ultrasensitive Salmonella detection based on the PMEU pre-enrichment
and immunoassays or PCR techniques (Hakalehto et al., 2015a). Moreover, the inter-
actions of various bacterial strains could bemonitored by the PMEU in themicrobio-
logical specimens (Hakalehto et al., 2010; Hakalehto and Jaakkola, 2013).

Just at the time of compiling the present book, there were reports in the media
that about 450 citizens in day care centers of Jyväskylä city in Finland had caught
Salmonella infections; 75% of them being children. The cause of this incident at the
end of June 2021 was most likely the imported salad for the lunches. It indicates as
an example a typical Salmonella outbreakwhich often affects large groups of people
via institutional catering.

6.6.1 Using PMEU in studies on the microbiome, water hygiene,
antibiotic resistance, industrial monitoring

Besides the pathogenic gut organisms, we have detected the normal enterobacte-
rial intestinal flora of small children using the PMEU technology (Pesola et al.,
2009). The development of this important infantile subpopulation during neonatal
growth was followed in another study (Pesola and Hakalehto, 2011). Then it was
possible to demonstrate that the microbiome of a 3-year child was recovered in
about 6 months after as many as 19 antibiotic treatments during his early years. The
PMEU approach for the monitoring of antibiotic-resistant strains was reported in
2011 (Hakalehto, 2011b). The automated sampling by the automated sample collec-
tion system (ASCS) is used in the PMEU versions connected with the water distribu-
tion system (Hakalehto et al., 2011, 2013a, 2015b).

Additional aspects of the PMEU approach are the industrial contamination con-
trol (Mentu et al., 2009), and the sensitive screening of hospital strains by the PMEU
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Scentrion® (Hakalehto et al., 2009; Pesola et al., 2012; Laitiomäki et al., 2015). For
the hospital diagnostics, we used the industrial prototype of the PMEU, which is de-
tecting the contaminants in a few hours of time by their gas emissions. The future
potentials of the PMEU units for industrial and hospital monitoring were tested in a
project where the operation theatres of two Finnish hospitals were monitored for
the occurrence of antibiotic-resistant bacteria (Hakalehto et al., 2021).

The general trends with respect to the food sector have been directed toward
healthier nutrition for about a century, with an accelerated scientific approach. Nat-
urally, the often controversial question of what is the healthier food depends on the
individual genes and health status of a consumer. The recent ideas and tendencies

a

b

Figure 6.4: (a) Portable microbe enrichment unit (PMEU, Finnoflag Oy, Finland). (b) Growth of
Mycobacterium marinum environmental isolate (ATCC 927) on the M7H9 broth with Middlebrook
ADC enrichment supplement (Becton Dickinson, USA). Red line: growth in the control tube. Blue
line: growth in the PMEU Spectrion®. Decrease in IR-transparency (y-axis) is presented here as
percentages (Hakalehto et al., 2014b).
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in the food sector have been discussed earlier (Hakalehto, 2020). Understanding re-
garding the importance of microbiological food hygiene, has originally risen from
comprehending the typical features and experience with the traditional foods (Ha-
kalehto, 2015c). In different meat or fish sources, or in the grains, fruits, or vegeta-
bles, there always can be found their specific spoilage organisms, in addition to the
miscellaneous microflora.

6.6.2 PMEU in the ultrasensitive microbiological surveillance

The PMEU device by Finnoflag Oy, Finland, could be used for the rapid screening,
characterization, and classification of microbiological samples. It offers tools for the
distinction of bacterial groups based on their metabolic traits, such as in the case of
various species of Staphylococcus sp. (Figure 6.5). Such methods could be used for
the rapid monitoring of contaminating microbial strains in, for example, meat or
dairy industries, or in the hospitals. The technical description of the PMEU ap-
proach in the food and water surveillance is presented by Hakalehto et al. (2016b).
It is possible to monitor the condition of the production animals with respect to
such diseases as mastitis. For example, according to the FAO, the most common
mastitis agents were Staphylococcus aureus, Streptococcus agalactiae, S. dysgalac-
tiae, S. oberis, and Escherichia coli (Hakalehto et al., 2016a). By the PMEU approach,
it is possible to further specify the type of contamination in a short time. This ap-
proach was used for estimating the quality of retail milk as described by Hakalehto
et al. (2013b). The PMEU technology could thus be implemented into theHACCP sys-
tem. This protocol was originally developed for manned space travels but was then
adapted into the production of canned foods and in the Texas meat indus-
tries (Sperber and Stier, 2009). Nowadays United States Department of Agriculture
(USDA) regulates the use of HACCP in the meat industry whereas in seafood and
juice production, it is regulated by the US Food and Drug Administration (FDA).
Since the HACCP principle is designed also for the protection of the general public
against biological threats and hazards, it could be well suitable for the monitoring
of food distribution and deliveries during and after pandemics. For an example of
the succession of “control points,” see Figure 6.6.

Similarly, the PMEU method could be used for the speeding up of the recovery
and enrichment of slow-growing mycobacteria. Actually, Mycobacterium tuberculo-
sis bacterium may have caused more human deaths than all the other contagious
microbial pathogens together. Inactivated M. tuberculosis cells are also used as ad-
juvants in vaccinations, for boosting the immunogenicity of the antigens. For exam-
ple, such mixture is produced with the Freund´s complete adjuvant (FCA), yielding
better immune responses against the desired microbial or corresponding antigen in
the mixture (Freund et al., 1937). In fact, during this current COVID-19 crisis, it was
anticipated that areas with a long history of compulsory Bacillus Calmette–Guérin
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(BCG) vaccination coped better with the virus – such as former Eastern Germany in
comparison with Western Germany, or Finland, in comparison with Sweden. How-
ever, this type of evidence has been controversial (Marzoog and Vlasova, 2021).

Our laboratory at Finnoflag Oy has speeded up the detection of the slow-growing
environmental mycobacteria, such as Mycobacterium marinum, in the PMEU de-
vice. The results of these studies were published in the Pathophysiology journal in

Figure 6.5: Volatiles liberated by hospital isolates of Staphylococcus aureus strain as measured by
one of the metal oxide sensor (MOS) probes of the PMEU Scentrion®. The PMEU Scentrion® version
was an industrial prototype, which also has been used for ultrafast detection of bacterial and other
microbial pathogens (Hakalehto et al., 2013b; Hakalehto, 2015e). In a preliminary testing of the
combined use of the PMEU and the real-time PCR, we came into conclusion that 2–4% of the
mastitis bacteria could be detected with the combination of these two methods. This project was
carried out in cooperation with Finnzymes Oy 7 years ago. On the Y-axis there is the relative drop in
the transmission as measured by MOS. In this case, the gaseous compounds emitted on the later
stages of the culture were observed, as the recovery (lag phase) of the culture with a small
inoculum lasted around 8 h, and the logarithmic growth phase started after about 15 h of
cultivation. Modified from Hakalehto (2012b).

Figure 6.6: Twelve steps of HACCP process (modified, source: National Centre for HACCP
Certification, India).
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2013 and 2014 (Hakalehto, 2013b; Hakalehto et al., 2014b). The microbial cultures of
slowly propagating bacteria could at best reach detectable levels, starting from singu-
lar cells, in days instead of weeks, or in hours instead of days. In the PMEU unit, it is
also possible to speed up the onset of bacterial growth by leading aseptically the car-
bon dioxide from one culture of cells into another one, as described previously by
Hakalehto and Hänninen (2012).

In fact, the boosting effect of the carbon dioxide may explain the absence of bac-
terial growth if this gas is totally lacking in the ambient air (Hakalehto andHänninen,
2012). Therefore, we could anticipate that the increase of carbon dioxide resulting
from climate change could have an accelerating effect on the microbiological degra-
dation processes globally.

The ultrasensitive enrichment and detection device PMEU Scentrion® have
been used for the monitoring of dairy products (Figure 6.5). This approach has been
tested for the screening of milk spoilage and mastitis bacteria. Moreover, it could be
used for the detection of Mycobacterium avium, which is a potential risk in causing
milk spoilage (Table 6.1).

Early and accurate detection and identification (verification) of harmful bacteria is
the key for selecting suitable antibiotics and for the prevention of the spreading of
antibiotic-resistant bacterial strains. COVID-19 viral pandemic has raised the aware-
ness of the need for rapid microbial detection in order to respond effectively to dif-
ferent biological threats, such as the antibiotic-resistant bacteria potentially rising
up in the aftermath of the viral disease or pandemics. This is particularly important
regarding the bacteria causing water and food contamination. Early recognition
of multi-resistant or otherwise hazardous bacteria is a prerequisite for logistical hy-
giene control, prevention, and targeted treatments of the infections. If hygienic pre-
cautions fail, these pathogens may spread, for example, via food and drinks, soil,
vegetation, animals, air, or contaminated water.

Table 6.1:Mycobacteria in milk (modified from Eltholth et al. (2009).

Mycobacteria (MAP) as a health risk in milk

– MAP (Mycobacterium avium subspecies paratuberculosis) is a hazardous microorganism
transmitted via milk.

– MAP has also been suggested as a possible cause of Crohn’s disease (CD).
– Mycobacterium sp. strains are potential clinical pathogens, as well as environmental and food

contaminants.
– Pasteurized milk can get contaminated and spread the MAP.
– “Currently available data suggests that the livelihood of dairy and meat products being

contaminated with MAP on retail sale should not be ignored.”
– Novel methods for monitoring milk hygiene, as any food hygiene issue, need to be incessantly

developed.
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The PMEU has been used also in field conditions in different environments and for
various sample matrices (Pitkänen et al., 2009; Hakalehto, 2010; Humppi et al., 2016)
enabling also the on-line monitoring of the surroundings (Hakalehto and Humppi,
2018). The PMEU has been used for pre-enrichment of samples originating from foods,
environment, and clinical patients (Hakalehto, 2011a; Hell et al., 2015). When needed,
it is also possible to screen antibiotic susceptibilities during the pre-enrichment.

The PMEU has also been used in combination with ChemPro® 100i (Environics
Oy, Mikkeli, Finland), a sensor for vaporized molecules based on the ion mobility
spectrometry method in order to shorten the detection time. When these methods
were used in conjunction, bacterial growth was detected in 4–5 h (Hakalehto et al.,
2009).

6.7 Hygienic and health effects of food

6.7.1 Internal and external microbes and the balance
with the host system

The human digestive microflora consists of (a) the strains coming in within the
food, and (b) the microbiome which already exists in the alimentary tract. The latter
consists of epithelial biofilms for a large part (Armon, 2015). The local balance of
the biofilms is important for the continuity of this community, but it is essential
also for the digestive health of the human host.

Molecular communication is continuously existing between the microbes and
the mucosal cells. The human body system also secretes enzymes, hormones, acids
and basic substances, antibodies, signal molecules, polymers, molecular wastes,
bile substances, and other chemical compounds that influence the microbiome.

The microbial cells that reside in our mouth, naso-pharyngeal tract, esophagus,
gastric areas, intestines, and entire digestive tract, produce their extracellular secre-
tions. They have effects on other microorganisms but also on the host epithelium.
Since the microbiome usually strives for balance (Hakalehto, 2012a, 2020), it naturally
extends this demand or objective for balance to the human tissues. Those, in turn,
have their homeostasis, which is in molecular communication with the microbiome
balances, such as the Bacteriological Intestinal Balance (BIB) (Hakalehto, 2011a, 2012a,
2012b, 2013a). Hence, we as humans are integrated with our microbiome in many ways.

Consequently, the food which we consume is actually processed together with our
microbiome, before it is absorbed by our body system. As a result, many of our nu-
trients are the metabolic products of our microbes. This delicate balance between the
human body, its digestion, and the digestive microbes, is the foundation of our individ-
ual health.
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Any intruding external microbial strain encounters and challenges the built-in
stability of the microbiome in various parts of our body system and digestive tract.
During the first 5–6 childhood years, our immune system gives “a free ticket” for
those bacterial and other strains which are not treated as extruders but are allowed
to attach onto the mucosal surfaces and for the delicate and sophisticated commu-
nity of biofilms on those epithelia (Konto-Ghiorghi et al., 2009; Pesola and Haka-
lehto, 2011). Viruses do not have any metabolism of their own, and therefore they
are not “foundingmembers” of themicrobial communities or not even the fullmem-
bers at all, but they do have an important role in the joined infection mechanisms,
for instance (Domínguez-Díaz et al., 2019). However, viruses have many other im-
portant roles in the biosphere, too. They are specific to their hosts whether human,
bacterial, fungal, or other organisms. By infecting cells, they deliver messages also
on the population level (Kojima et al., 2021).

As a “sum effect” of the network of interactions, which surround the food uptake
and nutrient absorption, it is worth understanding that the integrated microbiome to-
gether with the body system strives for maintaining balance, which is a changeable
concept depending both on the variations in the food materials and its other compo-
nents but also on the metabolic potential of the individual microbiome in question.

It is noteworthy that any microbiome strives for balance. And the best way to
achieve this balance is the maintenance of the genetic and metabolic versatility of the
microbial community. In the studies for describing this structure of microbiome in
the light of metabolomic observations, such methods as nucleic magnetic resonance
(NMR) could be used (Laatikainen et al., 2016). Therefore, it is well possible that we
cannot isolate any specific strains representing a group of microbes unless we first
provide the human food or nutrient that enriches this microbe of a certain specificity.
In other words, we can use the diet as a selective factor for various microflora. The
task of the viruses could also be the transfer of the required or additional genes or
functional sequences between related microbial species. This may sometimes be a less
common phenomenon in vivo, but it could occur in a densely populated community.

In practice, it is highly important to understand the effects of various foods on the
microbiome. Consequently, we can deduce their effects on a human individual. Further-
more, if the diet is versatile and the microbiome a diverse one, it is more likely that the
human individuals and their immune system can tolerate or even eradicate the harmful
or pathogenic strains, or pandemic microbial strains. This ruling out of “troublemakers”
could take place in close coordination with the host immune system and other defenses.
The gut microbiome balance is affected by several factors, such as additives or dyes in
the food. We do not know enough about these interactions, but this does not make them
inexistent or inefficient. On the contrary, we can see in the lab and in the clinic, that
patient cases speak for themselves. The ameliorated patient condition often relates to
the improved balance of the microbiome.

This balance could be achieved in many ways, such as changes in the diet, pro-
biotics and prebiotics, medical treatments, complementary medicine means, fecal
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microbial transplant, or with the aid of so-called passive immunization. Most impor-
tantly, the balance derives from the ecological succession of microbial species as
implied by the BIB (Bacteriological Intestinal Balance) (Hakalehto, 2012a). The food
can act as a medicine (Hakalehto, 2020), but we may add some balancing molecular
activities into it, such as the IgY antibodies (Hakalehto, 2021a). It is important to get
enough natural health protection among the food, too. Vitamin D is an example of a
molecule, which is highly important for the immune system (Chang and Lee, 2019;
Charoenngam and Holick, 2020).

The passive immunization with the egg yolk IgY antibodies has proven out to
help patients in dangerous situations, threatened by hazardous infections, dysbio-
sis, or other serious microbiological imbalances. An example of the process for pro-
ducing IgY is presented in Figure 6.7. This schematic presentation was published
for the first time in the Finnish Kemiamagazine on June 18, 2020. Later, it was trans-
lated into English and integrated into the application to the European Union in
Summer 2020 in order to establish experimental or modular production of the IgY
antibodies. This application was submitted as a joint application by many classy re-
search institutes and universities, such as Sheba Medical Center of Tel Aviv, Israel,
which was ranked as the ninth best hospital in the world by Newsweek magazine.
The Wroclaw Medical University of Poland, the Universities of Uppsala, Stockholm,

Figure 6.7: Schematic plan for the prophylactic IgY antibody production in chicken eggs
(Kemia Magazine, June 2020).
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and Mälardalen of Sweden, as well as the Virology Department of the Tampere Uni-
versity in Finland and the Finnish Center for Vaccinations in Tampere. Regardless
of the competent partners, European Union decided not to admit a grant (Kemia-
Magazine, August 2020).

Besides the academic institutions and hospitals, also several private companies
were involved in the above-mentioned application process to the European Union.
The lead partner was Finnoflag Oy and the process was conducted by Adj. Prof., mi-
crobiologist Elias Hakalehto. Several international studies had evidenced the safety
and efficiency of the IgY method. For example, the Uppsala University Hospital in
Sweden had used IgY and passive immunization for at least 20 years to protect
some cystic fibrosis patients against Pseudomonas aeruginosa infections in the
lungs (Larsson and Carlander, 2003). The application co-operation in Sweden was
coordinated by Senior Professor Erik Dahlquist of MDH, Västerås. Other positive evi-
dence has been obtained all over the world (Nguyen et al., 2010; Pérez de la Lastra
et al., 2020). This kind of use of food components could be associated with the use of
food as medicine (Hakalehto, 2020).

6.8 Further roles of viruses and microorganisms

The functions of microbes in Nature are manifold. In principle, they usually relate
to the ecological circulation of matter. The metabolic activities and propagation of bac-
teria and other microbes actually cause spoilage of food, too. Microbial degradation is a
natural phenomenon for all organic matter which is not incorporated into living plants
or animals. Thus, it is the cellular catabolism consuming this energy. That catabolism
includes also the maintenance of cells. But the construction of the cellular structures is
anabolism or biosynthesis.

The corresponding division of the flows of energy occurs also in the microbial
world. In there, the catabolic functions require about 85% of the metabolized chem-
ical energy, whereas biosynthesis demands approximately 15% of it. All these func-
tions maintain metabolic activities within living microbial cells, but they do not
exist as such in viruses. In turn, practically all cellular organisms have their own
viruses. They are specific parasites of the cellular metabolism of the host. The vi-
ruses use living cells for their own multiplication.

Viruses do not have their own metabolism, but they exploit the metabolic organi-
zation of their host cell. This makes them contagious by nature. However, viral patho-
genesis is not the only kind of infectious disease. Many bacterial and other cellular
microorganisms also cause diseases. Traditionally the diseases caused by viruses,
bacteria, or other microorganisms can be classified as contagious illnesses caused by
specific germs. However, many diseases are caused by simultaneous activities of
several distinct organisms, or by a malicious balance of the microbial community.
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The prevention of pathogens by vaccination or by using systemic antibodies
has evoked apprehension related to the safety issues. In any case, these worries are
controversial and have not been demonstrated in the prophylaxis for SARS-CoV-2.
However, antibody-dependent enhancement (ADE) of disease is a general concern
for the development of vaccines and antibody therapies (Arvin et al., 2020). The
mechanisms that underlie antibody protection against any virus have a theoretical
potential to amplify the infection or trigger harmful immunopathology.

As scientific research has progressed throughout many decades or for several
centuries, ideas of microbial diseases have broadened considerably. For example,
many illnesses or syndromes have been discovered to be caused by multiple strains.
Also, many human conditions are interrelated with microbial activities which may turn
into malicious ones in time or in changing conditions. Thus, the diagnostics of infec-
tions has become more complicated, and the consequences of ill health are often called
“syndromes.” For example, irritable bowel disease (IBD) is often not just one sickness,
but merely a combination of several infectious bowel diseases or inflammations.

The viruses are “partially living organisms”; they propagate themselves and
produce offsprings of their kind. However, they do not possess cellular metabolism
of their own. Therefore, they could be considered as “cast-outs” or “spin-offs” of the
genetic organization of their host. And such hosts could be in all the various living
cells, including human, animal, plant, and microbial cells. In this role of trans-
ducers between cells, the viruses transform genetic material from cell to cell. Their
role is undoubtedly an important one in the epigenetic regulation of the genomes
(Jaenisch and Bird, 2003). Viruses recognize and cause the formation of novel var-
iants. Thus, it is not meaningless, what type of viruses does our food contain. In
fact, they should also be monitored like bacteria and other microbes. It is important
to critically investigate the mechanisms of contagion. For example, according to the
modern understanding and research, it seems likely that Yersinia pestis, a plague-
causing agent, was not transmitted by rodents, but by lice, also in the human-to-
human transmission (Barbieri et al., 2021). According to novel understanding, it is
also likely that some viruses could have paved the way for the bacterial epidemics
occurring in their aftermath (Hament et al., 1999).

6.9 Build-up of intestinal microbiome
and the entering of foreign strains from food and
environment into the joint ecosystem with
host system

In our intestines during the early days of infancy, at the moment of birth and after the
delivery, numerous microbial strains inoculate and inhabit our skin, intestines, and
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other epithelia. Our body system hardly produces antibodies by that time of early child-
hood, against intruders. Instead, we are dependent on the flow of maternal antibodies
through the placenta (Niewiesk, 2014) or in the breast milk (Van de Perre, 2003). A
proof of the high importance of this supplementation of protectives is the high concen-
tration of IgY antibodies produced by chicken into their eggs for the immunoprotection
of the hatching young ones (Hakalehto, 2021a). Since the birds do not have pla-
centas or wombs, they have to produce antibodies into their egg yolk. From there,
these molecules move into the epithelia of the newborn, hatched individuals.

In the case of human toddlers, they encounter, besides the bacterial and other
microbial strains of their mothers’ microbiome, also other microbes of their sur-
roundings. These microorganisms form the normal flora of the human individual,
which in a way is “under the radar” of the immune system in the early years of a
human individual. Thus, we receive the components of our normal flora during the
5–6 first years of our lives. This development takes place together with the matura-
tion of the immune system (Ganeshan and Chawla, 2014). Hence, it is of high impor-
tance that during these years, we can build up a microbiome which is versatile and
functional enough, and has established molecular communication with the host im-
munological, humoral, neuronal, and metabolic networks. In the construction or re-
vival of the intestinal microflora and functional microbiome, it is important to take
into account the enterohepatic circulation (Hauser et al., 2006).

In order to avoid dysbiosis, diseases, or inflammatory conditions in the gut, we
need to have an active and functional BIB (Hakalehto, 2011a, 2012a, 2012b, 2013a;
Hakalehto et al., 2008, 2010). This delicate balance has its foundations in the up-
permost parts of the small intestines, in the duodenum. The various groups of
“coliforms” belonging to the family Enterobacteriaceae contribute to that balance
(Hakalehto et al., 2008, 2010; Pesola and Hakalehto, 2011). The mixed-acid pro-
ducing strains of E. coli and its relatives are the fastest reacting strains as the food
enter the duodenum from the acidic stomach. In the duodenum, the pancreatic bi-
carbonates neutralize the incoming food, making the pH to rise from 1–2 up to 6.
As the mixed-acid fermenting strains produce acetic acid, this provokes the Klebsi-
ella/Enterobacter group of coliform bacteria to produce more neutral substances,
such as ethanol and 2,3-butanediol, which also take part in the neutralization process
and metabolic balancing of the digestive tract (Hakalehto et al., 2010).

In the case of newborn children, the BIB seems to develop naturally on the basis
of the balance between the above-mentioned two groups of coliform bacteria, namely
the mixed-acid fermenting and 2,3-butanediol producing ones (Hakalehto et al., 2008;
Pesola et al., 2009; Pesola and Hakalehto, 2011; Hakalehto, 2012a,b). Concomitantly,
they also form mixed cultures, which inhabit the first sections of the intestinal region
and form a balanced microbiological foundation of the microbiome (Hakalehto,
2012a, 2012b, 2018). These mixed populations are then kept stable by the human mo-
lecular mechanisms, such as antimicrobial peptides (Hakalehto, 2011a) or by the lac-
tic acid bacteria (LAB), which traverse through the entire course of the intestines
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along with the chyme (Hakalehto, 2011a, 2015a). The LAB also attenuates the exces-
sive growth of the coliforms (Hakalehto and Jaakkola, 2013). From the human point
of view, it should be remembered that several microbes have anticarcinogenic effects
on our body (Havenaar, 2011; Nakkarach et al., 2021).

As the food transforms into chyme and is passing through the small bowel,
80% of the total nutrients for human consumption are taken up. They are absorbed
during that period of 6–7 h. The circulation of bile substances takes place simulta-
neously, and they have an impact on the microbial constitution (Hakalehto et al.,
2010). However, when the chyme enters the cecum, its microbiological composition
of species and strains is changing radically, and the numbers of microbial cells are
increasing in numbers. In any case, these microbes continue their interaction, as
well as the molecular communication with the host epithelium. For example, the
carbon dioxide emission of the lactobacilli and others is boosting the butyric acid
production by clostridia (Hakalehto and Hänninen, 2012). The butyric acid, in turn,
is important for the health of the human large intestines and for the regulation of
water balances in the body (Velázquez et al., 1997). In summary, the intestinal mi-
crobiome has crucial tasks and an important contribution to our health in many
ways (Figure 6.8).

6.10 Antibiotic-resistant bacteria

The spreading of new antibiotic-resistant bacteria is a substantial problem both in
welfare societies and in all geographical areas. Developing new antibiotics is ineffi-
cient and expensive. Because of that, there are only limited resources focused on
this R&D activity, which should be increased for essentially saving human lives.

Figure 6.8: Effects of the alimentary microbiome and its functions are reaching to all parts of the
human system and its metabolism (Hakalehto, 2021b).
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In animal husbandry, antibiotics are used for preventing diseases and some-
times also for making the beef cattle or other animals grow more rapidly. However,
the use of antibiotics as growth-promoting agents is nowadays forbidden in many
countries (Low et al., 2021). With modern technology, antibiotic contamination from
animal husbandry can be tracked anyhow (Economou and Gousia, 2015). Antibiotics
have been a functional solution for curing many clinical bacterial infections for almost
a century. However, the excessive use of antibiotics (not only in the clinical field but
also in animal husbandry and agriculture) has led to the emerging of new resistant
strains. This undesired trend has been influenced also by the dissemination of resistant
bacteria in the hospital and municipal wastewaters (Wang et al., 2019). Still, the wise
use of antibiotics could be an answer for many problems involving the declined sensi-
tivities of bacteria toward antimicrobial medication.

There are several methods for reducing antibiotic resistance such as molecular
biology techniques, finding the minimal inhibitory concentrations or precise speci-
fications of the antibiotics, or inhibitory zones obtained with the disc diffusion
method (Figure 6.9). Restrictions in the use of antibiotics in animal production
could be the key to decrease the spreading of antibiotic resistance, too. In order to
achieve fast and reliable information on the bacterial susceptibilities of various antibi-
otics, such methods as enhanced enrichment with the PMEU could be used (Haka-
lehto, 2011b).

In the United States, a study found an association between heavy metal toler-
ance and antimicrobial resistance. This could mean that the metal cations might
prevent antibiotic substances from entering the bacterial cells (Chen et al., 2019).
This indicates the relationships between various parameters. It also implies the in-
creased microbiological risks caused by chemical pollution.

In 2011, the US FDA’s Center for Veterinary Medicine published a report stating
that 50% of all retail meats contained markers of antibiotic resistance (Gebeyehu,
2021). This could mean that groceries could be among the most significant sources
for the dissemination of antibiotic resistance. In a related study, it was found out
that the usage of antibiotics in milk production is the principal reason for antibiotic
resistance in dairy industries (Sachi et al., 2019).

The extensive use of antibiotics in agriculture has proven out to be the major
cause for the selection and spreading of antibiotic resistance (Suriyasathaporn et al.,
2012). There is a variety of ways for resistant strains to be distributed throughout the
environment. Bacteria can spread antibiotic resistance genes to other bacteria by
transfection, plasmid conjugation, or transformation. It is also possible that the anti-
biotic resistance markers spread from some bacterial cells to the adjacent strains
through the common metabolic actions and interactions of the microflora.

Antibiotic resistance is often associated with bacteria and other microbes living in
the natural soil environment (Cycoń et al., 2019). In the soil ecosystem, the restricted
nutrient availability and other conditions create competition for survival between dif-
ferent microbial strains. In this ecosystem, many bacteria exploit their capabilities to
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produce antibiotics to maintain their niches. However, the environmental circumstan-
ces for bacteria in soil are different from the ones in the human digestive system. If the
microbial strains are exposed together to a specific environmental niche for a suf-
ficient time, the optimal conditions occur for the growth of this mixed population.

Figure 6.9: Antibiotic resistance monitoring on the Petri dishes (TYG agar) with inhibition zones
around the antibiotic discs. The bacterial strains from up to down are patient strains of an
individual infant: 5 Enterobacter cloacae (IIc4), 6 Enterobacter cloacae (IIc5), 7 Escherichia coli (Ia1),
8 Escherichia coli (Ia2). Antibiotic discs on the bacterial carpet, as follows (codes in parentheses):
penicillin (PEN), piperazine (PIP), trimethoprim (TRI), tetracycline (TET), cephalosporin (CEF).
Enterobacter cloacae is an enteric species often found in clinical blood transfusion equipment,
catheters, and so on. It also shows a tendency, partially due to this niche in the hospitals as well as
its growth habits and biofilm formation, to form antibiotic-resistant strains (Hakalehto, 2011b,
2015f). The extensive emergence of bacterial antibiotic resistance is one of the major threats
associated with the long-term consequences of COVID-19 pandemics. Photograph taken by Anneli
Heitto, Finnoflag Oy laboratory.
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In healthcare, new problems have emerged with respect to bacterial infections
and their treatments. Many bacterial strains are resistant to several if not most anti-
biotics. These strains are called multi-resistant ones. Their occurrence implies un-
controlled or reckless usage of antibiotics. It drives us to consider old primary
methods in contracepting bacterial infections. Already in the late 1800s in Vienna,
Hungarian Ignac Semmelweiss found out that a lime solution that contained chlo-
rine was able to remove the displeasing smell from the hands of doctors after an
autopsy. The cleaning of hands of the care personnel also turned out to lower the risk
of puerperal fever. This principle of handwashing has not lost its effectiveness in the
battle against bacterial infections. It is crucial because most of the patients in health-
care facilities have lowered resistance toward pathogens. The so-called Semmelweiss’
principles are still valid in today’s nursing and medical care (Hakalehto, 2006; Laitio-
mäki et al., 2015; Hakalehto et al., 2021).

Industries, agriculture, and healthcare units are all transmitting antibiotic-
resistant bacteria into the environment. Many studies have indicated that in health-
care facilities, the extensive use of antibiotics and carelessness in the basic principles
of infection control have aggravated antibiotic resistance (Gil-Gil et al., 2021). In this
alarming situation, to prevent contamination and dissemination of harmful or haz-
ardous bacteria, the whole clinical environment should be monitored, including its
equipment and personnel. This procedure should be performed following proper
sampling protocol and convenient enrichment techniques.

One reason for the high tolerance that many bacteria have shown in extreme
conditions is the spores they are able to produce. This capability is associated with
the aerobic genus Bacillus and the anaerobic Clostridium in particular. Some bacte-
rial spores have been shown to resist drying and even boiling for relatively long peri-
ods of time. The molecular communication between bacterial cells makes it possible
for them to form different structures to survive difficult environmental stresses.

In the search for an effective solution for the prevention of the selection of anti-
biotic-resistant bacteria, studies have been performed regarding the old, traditional
methods in preventing contamination. For example, it has been found out that frogs
secrete antibiotic peptides from their skin (Samgina et al., 2012, 2016). This has
been used to keep the water in drinking wells clean and safe, thanks to the magai-
nin peptides of the amphibians. Also, many other sources for the novel antimicro-
bial substances have been proposed (Hayashi et al., 2013; Silva et al., 2011).

In the 1990s, an experimental study about antibiotic sensitivities of a food con-
taminating Pectinatus sp. was made in the Department of Membrane and Ultrastruc-
ture Research at Hadassah Medical School of the Hebrew University of Jerusalem,
Ein Kerem, Israel. The study was conducted by Elias Hakalehto and the late Prof.
Itzhak Kahane, the former chairman of the Israeli Society of Microbiology (Haka-
lehto, 2015f). The study evidenced that in many breweries the same strain of Pecti-
natus sp. contaminant can survive in unchanged conditions for years. Alternatively,
many strains were present with reminiscent capacities. This research raised ideas
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on how the said anaerobic bacteria could survive in factory conditions. This study
also demonstrated the fact that food and natural substances could be useful in find-
ing new sources of antimicrobials. The similarities in hygienic maintenance opera-
tions in the food production and healthcare field connect these fields with each
other for the search and elaboration of novel pharmaceuticals.

In the following, the current issues of antibiotic resistance are discussed in the
blogs of Hakalehto E. Probiotics, Antibiotics and Politics, published in UVC-LED
BLOG & NEWS. LED FUTURE, on April 6, 2021 (Hakalehto, 2021d):

Growing numbers of antibiotic-resistant bacterial strains have caused great concern for many
years. Now they really should be confined better in the aftermath of the pandemics, which has
downgraded the immunological strength and epithelial defenses of many, thus enabling the
emerging bacterial epidemics to pop up. – Extended-spectrum beta-lactamase (ESBL)-producing
E. coli was found to be present in 11% of human fecal samples in all Britain in 2013–2014 and
17% of the corresponding specimens in London, according to a report published in Lancet Infec-
tious Diseases online in 2019 by National Infection Services, other British authorities and some
universities in England, Scotland and Wales. In another survey just before the SARS-CoV-2 pan-
demics, carbapenemase-producing Enterobacteriaceae (CPE) in England between May 2015
and March 2019, as many as 30.3% of the E. coli isolates and 39.1% of the Klebsiella sp. isolates,
were detected as CPE positive. This work was published in “Infection Prevention in Practise” n:o
2 (Mawdsley, 2020). https://journals.sagepub.com/doi/10.1177/1757177420935633

In India, 13.2% of the population received the first dose of the anti-SARS-CoV2 vaccine by 6th of-
June 2021. However, as an alarming sign of the potential complications, Mucormycosis (the “black
fungus”) has spread among the diseased. This dangerous fungal infection of the respiratory tract
has become increasingly abundant due to high SARS-CoV-2 infection rates. Such problems have
sometimes occurred also in the water-damaged buildings in Finland and elsewhere. This demon-
strates the need to shelter from the conjugated pathogenesis, not against a single causative agent
only. At the end of the episode, it might happen that the risk taught to be a secondary one be-
comes the worst long-term consequence. (Hakalehto E. Pandemics, mycobacteria and climate
change – risks for emerging epidemics in the light of accelerating climate change. Blog published
in Microbiome Power (ed. Jakovljevic V.) on June 8, 2021. https://microbiomepower.com/2021/06/
08/risk-for-emerging-epidemics-mycobacteria-and-accelerating-climate-change/)

6.11 PMEU – equipment for food monitoring

PMEU (Finnoflag Oy, Kuopio, Finland; Hakalehto et al., 2009, 2011) is a portable in-
cubator where the enrichment of microbes takes place in syringes containing en-
richment broth (Figure 6.4). See also Chapter 4 of this book. Gas flow is directed
into syringes through a sterile filter and a needle to agitate the broth and the bacte-
rial cells. Different bubbling gases can be used in aerobic and anaerobic enrich-
ment, respectively (Hakalehto et al., 2013a,b).

The PMEU has been designed for promoting the recovery and to accelerate the
growth of microbes under an aseptic gas flow in various adjusted or programmed
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temperatures (Hakalehto et al., 2009). The PMEU units are remote-controlled. They re-
veal the enteric and other bacteria in clinical, industrial, and environmental samples
and have also been used in the investigations regarding the properties of enteric bacte-
ria and their interactions between the other members of the intestinal flora (Hakalehto,
2006, 2011a; Hakalehto et al., 2007, 2008, 2009, 2011, 2013a; Pesola et al.,
2009; Pitkänen et al., 2009). The PMEU method has been validated for the detec-
tion of coliform bacteria (Wirtanen and Salo, 2010) and for the enrichment and
detection of Campylobacter sp. in waters (Pitkänen et al., 2009).

In the food hygienic monitoring applications, PMEU Scentrion® version was
used for screening the artificial contamination of chicken meat (Figure 6.10). See
also Hakalehto et al. (2015a).

6.12 Botulism – essential risk hiding in many foods

Clostridium botulinum is a sizeable Gram-positive, anaerobic, sporulating bacillus-
type of bacterium that can be found in soil, freshwater, saltwater, wastewaters, and
insects (Pesola et al., 2015).

C. botulinum can synthesize botulinum neurotoxins (BoNT) that belong to the
most toxic compounds found in nature. Seven different BoNT types, namely types
A–G, vary regarding their antigenic structures and characteristics. The lethal dose
(LD) of BoNT for humans is approximately 10 pg/kg of body weight.

The toxic effect of BoNT is achieved in three phases (Bandyopadhyay et al.,
1987; Maisey et al., 1988; Sathyamoorthy et al., 1988; Pellizzari et al., 1998):

Figure 6.10: Food hygienic Salmonella monitoring of chicken meat. The peak of gas emission as
measured by the MOS2 sensor of the Chempro 100i™ unit (Environics Oy, Mikkeli, Finland) of the
PMEU Scentrion® device (Finnoflag Oy, Kuopio, Finland) for the rapid detection of microbial
contamination. Modified from Hakalehto et al. (2015a).
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1. C-terminal component of the H chain (H1) binds to a receptor located in the
nerve ending.

2. N-terminal component of the H chain (H2) opens a tunnel to the cell membrane
of the target cell for the toxin to enter the cell.

3. The L chain is a zinc-protease that inhibits the release of neurotransmitters
from the cell by specifically cleaving three proteins participating in the exocyto-
sis process of the transmitters.

None of the toxin components is toxic when alone, and all the components have to
be available in the above-mentioned numerical order to gain their function as poi-
son (Maisey et al., 1988).

The most common source of food-borne botulism is fish, but vacuum-packed
and canned foods and honey are also often contaminated. The C. botulinum bacte-
rium and its toxins have to be always taken into account due to their severity as
pathogenic agents, as well as for their high stability in foods.

The BoNT‘s enter the human body usually through the mucous membranes of
the airways or via the gastrointestinal tract. Afterwards, the symptoms appear in
2–72 h. The BoNTs bind irreversibly to cholinergic synapses of peripheral nerves.
This is exhibited, for example, in myoneural junctions, and the binding prevents
the release of the acetylcholine transmitter (Binz et al., 1990). This leads to flaccid
paralysis, propagating muscle by muscle, and causes ultimately the death of the pa-
tient as a consequence of the paralysis of respiratory muscles and myocardium.
Mortality rate of severe BoNT poisoning is as high as 60–70%.

The C. botulinum spores can resist even hours of boiling, but their inactivation
can be performed by pressure sterilization. C. botulinum strains can produce the
BoNTs in as low as +3.3 °C (Jahkola et al., 1999), i.e. even in foods stored in the re-
frigerator. The BoNTs get degraded by boiling at +100 °C for 10 min or in the open
air for approximately 12 h. Based on this information the cold chain of vacuum-
packaged foodstuff is essential in the prevention of botulism. On the other hand,
these foodstuffs should be cooked long enough.

The production of BoNTs appears to be a defensive reaction of the bacterial
cells when they are exposed to disadvantageous environment. On the other hand,
the production of BoNTs can be reduced by nitrogen-containing molecules, like ar-
ginine, glutamine, or tryptophane amino acids and ammonia, that induce the well-
being of C. botulinum bacteria (Leyer and Johnson, 1990).

When BoNT food poisoning is suspected, the absorption of the toxin should
be minimized, for example, by inducing vomiting and by performing intestinal la-
vage. The treatment of botulism is based on the support of vital functions. Respira-
tion and blood circulation are supported when needed. Penicillin antibiotic
treatment is used in wounds contaminated by C. botulinum. However, in other
types of botulism, antibiotic treatment is not advised, because it can speed up the
release of toxins (Mayo Clinic, 2020). Although a bactericidal type of antibiotic
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substance can destroy the bacteria, it cannot deactivate the toxins already re-
leased. BoNTs can be neutralized by specific antitoxins, for example, commer-
cially available antitoxin-ABE, that is produced in the horse. Antitoxin-ABE refers
in here to Trivalent Botulinum Antitoxin Type A+B+E. Also, botulism immune
globulin sera can be used for the treatment of infants.

For immunological detection of BoNTs, we synthesized a peptide of 14 amino
acids according to the amino acid sequences of BoNT proteins (Pesola et al., 2015).
This peptide was used for the immunization of rabbits to induce production of anti-
bodies against the toxins. The immune reactions were measured by enzyme-linked
immunosorbent assay (ELISA) (Absorbance of 405 nm, 1 h). The mean value of the
titers of rabbit immune sera able to detect the BoNT peptide was 1:4,500 after 4 im-
munizations and 1:8,000 after 7 immunizations.

The rabbit immune sera were also used for the detection of BoNT peptide that was
mixed with different foods: minced beans (pH about 6), soured pasteurized cow’s
milk (pH 7.19); and environmental samples: distilled water (pH 4.5) and lake water (pH
8.14). The immunological detection of BoNT peptide was successful from distilled water
and lake water, whereas from beans and cow milk it was remarkably hindered, proba-
bly due to various bioactive molecules of these foods (Pesola et al., 2015). Hence, there
is a need for further development of the method to enable the detection of BoNT pepti-
des also from samples with high protein contents or otherwise complicated matrices.

6.13 Conclusion

The microbiological risks in food comprise food spoilage, the contagion of diseases,
toxin formation, impact on the gut microflora due to food microbes, and so on. Anyone
of these risks is very serious and life-threatening as such. During pandemic times,
they are readily associated with the risks of getting infected by the viruses or bacteria
spreading around.

The procedure for developing antimicrobial, antiviral, or antitoxin antibodies
based on peptide sequences, is a safe and successful approach for the diagnostic
purposes. The eradication or prevention of toxin formation by spoilage bacteria
could serve in the avoidance of any food-related risks. However, the toxins are not
propagated in food without the bacteria producing them. Correspondingly, viruses
always need their host cells for multiplication. The methods for the detection of tox-
ins and other antigens from the sample matrices with high protein content need to
be developed. Also the genetic methods, such as PCR, are prone to both false nega-
tive and false positive results. However, they constitute the fastest procedures to de-
tect, identify and characterize specific nucleic acid sequences.

Research on various antibodies and autoimmune reactions, as well as genetic
tests, in the background of several symptoms of COVID-19 and other microbial diseases
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should be intensified. Whatever measures are taken into use for the prevention of
pandemic events, or any other microbiological or toxicological hazards, they have to
be scientifically justified and take place with correct timing and in accordance with
the needs of various patients of different population groups. The education of the
general public has proven important during the current COVID-19 pandemics. Addi-
tionally, such specialists as food or healthcare workers need more microbiological edu-
cation. The rapid development of vaccines during the current pandemics has provoked
worries about unexpected or undesired risks, such as the ADE (Antibody Dependent
Enhancement).

The constant increase in the number of antibiotic-resistant bacteria should clearly
point out the necessity and urgency to protect the coronavirus-strained population
against the risks of these resistant bacterial variants potentially occuring in the after-
mathof thepandemics.During the “Spanish flu”a centuryago, about 70%of thedeaths
connected with the virus pandemics were associated with bacterial infections. We can-
not afford poor health politics now to allow the spread of these devastating modern-day
threats. Also, the food production and distribution chains need to take still more respon-
sibility. The developmental efforts to find novel antibiotics and probiotic strains have to
be accelerated and intensified, and increasingly resourced. Also, the improved hy-
giene levels during hospital care, surgery, out-patient treatments and antibiotic thera-
pies have to be emphasized. New medical devices and protective means such as UVC
(Ultraviolet-C) light equipment need to get implemented. Environmental pollution has
to be eliminated as a source of infections or allergies by novel, innovative techniques.

Finally, we need to understand the microbiome as our internal ecosystem, the
BIB in it, as well as our links by the microflora with the environment for better health
and happiness. The strategies of using food hygiene control and quality improvement
(of cleanliness and nutritive values) have to lead to the betterment of individual health.
We need to position ourselves with novel strategies also for the fight against new
emerging pandemics. This includes improved understanding, regarding the exchange
or spread of microbes between human individuals, animals, and the environment. The
microbiological aspect or approach of life could lead us to happier and healthier socie-
ties, where novel innovations improve the standard of living of the citizens.
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7 Pandemic situation and safe
transportation, storage, and distribution
for food catering and deliveries

Abstract: How do you get your food? This is one of the basic issues in life for all of
us. The logistics of food deliveries has changed during different periods. The world
population has urbanized in ever-increasing numbers, which has challenged our di-
gestive and overall health. The meals in general have become less versatile and in-
creasingly nutrient poor (qualitative malnutrition). The modern lifestyle and the
one-sided stress on our autonomic nervous system has caused more and more anxi-
ety and depression in the cities. Consequently, the smoothness of food deliveries
always is an important factor in mental and physical well-being of citizens.

The pandemic conditions have made the stress still more universal also among
the food-chain personnel. Novel solutions have been implemented in urgent man-
ner for the protection of the customers and workers alike. Several already existing
technologies should have been and will be implemented with extreme urgency. As
most of the societies were caught unprepared for the COVID-19 pandemics, this
caused extra strain also for the food distribution sector, which had to adapt quickly
into the entirely new working conditions and business models.

The lack of microbiological experience in the companies, municipalities, social
systems, and welfare services, and even in the healthcare sector was most tangible
during the onset of the current crisis. Since the SARS-CoV-2 viruses rapidly spread
all over the world, it posed additional requirement for the food services. Restaurants
were closed at least partially, and both the meals at work and at home needed extra
caution. The professionals needed rapid education for dealing with the pandemics,
as well as more cooperation with the authorities and healthcare specialists.

Moreover, the exceptional times and practices initiated several unpredictable
issues also microbiologically. For example, the infections caused by Listeria grew
fast in numbers. These previously known, but in increased numbers occurring
hygienic issues have caused extra concern.
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Regular fast-food restaurants also had to reform their services. For example, the
drive-in grills and takeaway desks needed novel applications and equipment. Such
methods could be supported by sophisticated means like novel ventilation techni-
ques, disinfectants, gases, or ultraviolet C light.

Since the food distribution service is a part of the society, and it operates
among the surrounding population, a clear view of the epidemic situation is neces-
sary background information for the daily function of it. Then an updated view of
the levels of disease-causing agents could be obtained by new rapid microbiology
methods, or by screening of the viruses or other germs from the wastewater. It is
noteworthy, that any worsening of the epidemic situation could influence radically
on the health risks, as well as on the precautionary measures.

7.1 Introduction

During the pandemic era, the overall control of customer contacts should be care-
fully planned. It is important that no transmission of disease-causing agents is oc-
curring via food or human-to-human contacts. Specific equipment for the safe food
delivery should be designed.

After the first steps in the eradication of the viral diseases, it is still needed to
maintain extra caution. The individuals dependent on the food distribution and
home delivery services are often the most vulnerable ones to the infections. Some
future (and in some cases also present-day) technologies include transportation
drones, which could be used for food deliveries (Figure 7.1).

The equipment and premises could be disinfected by gaseous disinfectants, such as
hydrogenperoxide (Linebacket al., 2018). In caseofatmospheric samplingof theoutdoor
microbes, we have used formaldehyde gasification for the sterilization of the sample col-
lectors (Casella and Schmidt-Lorenz, 1989). However, formaldehyde is not necessarily
100% safe for such purposes in commercial solutions. It would be important to test vari-
ous strategies for implementing clean food transport vehicles, and for preventing any
contagion during the deliveries. The various pre-pandemic practices are described and
discussed by Sauramäki and Hakalehto (2015). Also, air traffic and transportation should
be carefully monitored as it is potentially distributing microbes very fast internationally.

One potential technology would be the use of ultraviolet C (UVC) disinfection
of the surfaces of food packages, for instance. This technology has been in use for
sterilizing mobile phones, car keys, or other potent vectors for contamination,
which are in the joint use in food delivery companies (Figure 7.2). At the airports,
it is possible to clean the luggage surfaces by the UVC technique. The microbiolog-
ical safety instructions for traffic systems are discussed more broadly by Haka-
lehto et al. (2018).
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Figure 7.1: Drones have been piloted in many delivery companies. Some of the restaurant meals are
already delivered by drones in many cities around the world. Photo: Posti Group Oyj.

Figure 7.2: Handheld scanners and tracking devices, mobile phones, keys, and so on can be
disinfected by UVC device (Led Future Oy, Kuopio, Finland). Photo: Jukka Sauramäki.

7 Pandemic situation and safe transportation, storage 151

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



International coordinated measures against the COVID-19 dissemination were
totally lacking or mostly on low gear when the COVID-19 pandemics occurred.
However, in several densely populated Asian countries, more experience and
hands on information on the prevention of contagious diseases had accumulated.
Such “minor” pandemics as SARS-1 and swine flu had given more practical train-
ing for the authorities in those countries. Moreover, the general attitude of people
was that they more prepared for the next round of the epidemics there. This was
due to long history of epidemic diseases in the Asian subcontinent, sense of com-
mon or joint responsibility and other reasons, besides the more recent lessons on
the viral pandemics (Majumder and Minko, 2021). As a result of the current viral
pandemic episode caused by the SARS-CoV-2, we should learn more skills and techni-
ques to protect our populations and their food from various future pandemics, as well as
the common hygienic risks associated with these episodes. Besides, we need to continue
the food deliveries in normal times, as the pandemics will calm down, also taking into ac-
count the lessons learnt during the exceptional times.

The core aspect in nearly all work required for eradicating the infectious dis-
eases is the reasonable level of general hygiene. In practice, the cleanliness
needed is related to the suspected pathogen in question. However, during the haz-
ardous phase, when the epidemics is rampaging around, all measures are important
if they could be implemented in time, and save human lives. In the conference Bio-
tech Japan in 2014 in Tokyo, the Japanese government representatives introduced re-
sults of their extensive research (Figure 7.3). According to this data, the best possible
means for improving public health is to lower the threshold for implementing novel
devices and technologies for the battle against diseases, contagions, and contamina-
tions. In our mind, the same common truth and strategy is most applicable for the
food sector, too.

In this chapter, we briefly describe the history of reasons behind the pandem-
ics in general. In fact, many of the epidemic agents are either (a) airborne, or (b)
food or water transmittable, or (c) both. In case of the recent COVID-19, the conta-
gious viral agent belonged to the group c. The pre-emptive action also includes
the surface hygiene, as most surfaces are contaminated by air-borne particles or
during contact with diseased individuals. Moreover, direct contact between hu-
mans has also been recognized as one of the main vehicles of disseminating the
infections (Bahl et al., 2020). All the potential means of distribution need to be
considered as possible routes of contaminations in case ofmunicipal and food hy-
giene. Therefore, we look at the hygiene of the sewage systems since they are im-
portant sources for contamination in the cities. The food sector personnel are
subjected to the same threats as the general public, which is important to be kept
in mind.

The divergence of microbiological cleanliness or hygiene maintenance methods
has been always quite the same and at all circumstances. However, during the
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pandemic periods, more emphasis is on the effectiveness of the methods. In fact if
the baseline for microbiological safety could be achieved by:
1. personal protection (masks, hand disinfection, distancing, etc.) (Armon, 2015);
2. cleaning up the surfaces, handles, tools, telephones, computers, and other items

(Hakalehto et al., 2015);
3. improved hygiene of the ambient air (including the restriction of aerosol forma-

tion) (Hakalehto and Humppi, 2018);
4. water hygiene of both household and recreationalwaters, aswell as themunici-

pal or industrial water sources (Hakalehto, 2014–2015);
5. high standard of wastewater purification with special emphasis on hospital

wastewaters (Hakalehto and Väätäinen, 2016);
6. industrial hygiene of the food manufacturing, storage, distribution, and recy-

cling chains (Hakalehto, 2015b, d);
7. hygiene control at farms and in the agriculture with special reference to zoono-

ses (Armon, 2015; Immonen et al., 2015).

The environmental health background has always depended on the readiness of the
societies around us.

Figure 7.3: Finnoflag Oy team in Biotech Japan 2014. From left to right Jukka-Pekka and Elias
Hakalehto, Jouni Pesola, Lauri and Matti Heitto. This important conference was participated by
more than 10,000 delegates. The highlight lecture was given by Japanese Government
representatives publishing the research data on the primary importance of relieving bureaucratic
obstacles hindering the implementation of novel medical technologies. Photo: Aki Immonen.
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7.2 Changes in the societies and the revised
estimates of risk situations

Already, prior to the current pandemics, the urbanization of global population in all
countries has brought about challenges on individual and public health. For example,
the hectic lifestyle in cities probably has caused the increasing IBD/IBS incidences in
most countries (Hakalehto, 2020).

The coronavirus pandemic has changed the societies. It is not the first pandemics
in the world history. Thanks to the modern medicine and vaccinations, the outcome
of the infectious waves has not been as disastrous as it could have been, or as it has
unfortunately been for so many times during the centuries.

More than 100 years ago, the so-called Spanish flu caused a terrible death toll,
which has been estimated to have been around 50–100 million deceased patients
worldwide. The current pandemic of COVID-19 has demanded less than 4 million
lives up to June 2021. The hazardous condition, however, is not over yet. In several
big countries, such as India or Brazil, people are still in a difficult situation. Al-
though the vaccinations are given everywhere, the risks have not been fully over-
come. For example, new viral variants may be less susceptible to the immune
response obtained by vaccination or by going through the sickness. In an interview
by BBC, the Imperial College virologist Wendy Barclay in June 2021 popularized the
dissemination and modifications of a virus. The RO number gives the average num-
ber of individuals one diseased person transmits the infection. If the number is
more than 1, the disease is gaining more foothold in the population. The RO of the
delta-variant (originating from India) could be up to 8. This variant is 50% more in-
fective than the so-called alfa-variant, which in turn is 50% more infective than the
original viral strain of SARS-CoV-2 originally isolated in Wuhan, China.

Another aspect of the hazards caused by the virus epidemics, is the threat of
bacterial or fungal complications. During the Spanish flu, 70% of the deaths were
caused by pneumococcal, staphylococcal, and other bacterial infections following
the influenza virus epidemics (Morens et al., 2008). The viral attack first damaged
the epithelial cells and attenuated the immune protection; then the bacteria could
cause an infection more readily in the weakened individuals. According to some
data, five months after remission from COVID-19, 80% of the patients were still re-
ceiving the antibiotics (Huang et al., 2021).

In the aftermath of the virus, several so-called “long Covid” symptoms have
been reported (Östergaard, 2021). For example, damage is not caused in the respira-
tory tract only, but such vital organs as heart, kidneys, and reproductive tissues are
also at risk. Male infertility could be caused by the virus (Hallak et al., 2021; Tian
and Zhou, 2021). Also, the overall condition of the slowly recovering patients has
lowered in many cases. For some athletes, this has caused troubles for their careers.
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Besides the health effects of COVID-19, this pandemic has pushed world economics
into big troubles, for instance in Africa (Mahama, 2020).

Since the effect of pandemics influences the entire society, it also changes all
practices and procedures in the food sector. Therefore, the understanding on the
origins, development, safety measures, damage and monitoring of the microbiolog-
ical agent is of highly relevance. At best, it could prove out to be the onset of new
businesses. However, it is of crucial importance that the hygiene monitoring and
control is prevailed on adequate levels, at all times.

7.3 General remarks – the “situation room”

When the COVID-19 pandemic started to influence the everyday life in various
societies, it became important also for the companies operating on food sector to
follow up the development of the general situation of the epidemics, such as the in-
cidences, numbers of cases, aerial status, and the newest instructions (Figure 7.4).
In Finland this information was officially produced by Finnish Institute for Health
and Welfare, and actively reported by all news media. Internationally, the World
Health Organization (WHO) has screened the global situation. Also, some big uni-
versities, such as Johns Hopkins in Baltimore, Maryland, USA, have kept records on
the international course of the pandemics. The transparent publicity of the statistics
on the epidemics is of paramount importance.

To follow and react according to these statistics has become a part of everyday
operative routines in many companies and increased cooperation between employ-
ers and occupational health service providers. Situation rooms were founded in
firms to receive this information and to instruct operative units to implement pro-
tection methods and other guidelines given by the authorities.

7.4 COVID-19 and sewage

The epidemiology of sewage surveillance for therapeutic drugs, pathogen screen-
ing, or steroid usage is a well-known and cost-effective practice. The principle be-
hind SARS-CoV-2 sewage surveillance is the following: an infected person (both
with symptoms and without symptoms) sheds the virus in his urine, feces, sputum,
and other means from the time of infection, and the shedding can continue for
several weeks before they are no longer infectious. Several countries including
Finland, China, Netherlands, South Africa, Australia, and Brazil are monitoring
SARS-CoV-2 viral shedding in sewage to track down numbers of cases, predict surges,
plan targeted testing, and estimate prevalence (Kreier, 2021; Richardson, 2021).
Through this approach Hong Kong researchers are monitoring sewage in apartment
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(b)

Figure 7.5: (a) Wastewater monitoring gives the situation room real-time data about the abundance
of pathogens in various locations. SARS-CoV-2 RNA detection in wastewater at Finnish sewage
farms. Source: THL (Finnish Institute for Health and Welfare, Expert Microbiology Unit, Kuopio,
Finland). (b) The SARS-CoV-2 levels in sewage water in the Viikinmäki treatment plant
between August 2020 and May 2021. Source: THL (Finnish Institute for Health and Welfare, Expert
Microbiology Unit, Kuopio, Finland). (c) Sewage COVID-19 virus analysis. Surveillance results/
100,000 citizens. The number of RNA copies is counted in every two weeks from all the
participating municipal wastewater treatment plants. The sewage RNA results have corresponded
to the outcome of COVID-19 in the communities (Hokajärvi et al, 2021). Source: THL (Finnish
Institute for Health and Welfare, Expert Microbiology Unit, Kuopio, Finland).

(a)
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buildings to find previously undetected infections. Moreover, viral variants entering
into Yellowknife city were being monitored using this approach (Kreier, 2021).

In Finland, regular sewage monitoring of coronavirus levels have shown SARS-
CoV-2 in the wastewater units of several cities including Viikinmäki in Helsinki,
Suomenoja in Espoo, and Kakolanmäki in Turku. The wastewaters in the cities
Tampere, Rauma and Vaasa have also contained coronavirus during August 2020
(Pitkänen, 2020; see Figure 7.5a–c).

7.4.1 Benefit of active sewage COVID-19 testing

Compared to mass testing, sewage surveillance approach is a very economical ap-
proach for monitoring the population. It safeguards privacy and helps in imple-
menting correct constraints. It also serves as an early warning system to plan
vaccination programs and to predict hospitalization numbers of days ahead of time
(Kreier, 2021). It is a cheap and effective alternative for prediction with close to 85%
success rate. Based on the report of the South China Morning Post, sewage surveil-
lance system helped the health officials to find several asymptomatic cases in se-
lected apartments with reduced cost (Kreier, 2021). In Netherlands, such testing has
been helpful for the government officials to make policy decisions concerning lock-
downs and COVID-19 resources allocations ahead of time. It is an objective tool to
get a universal picture, though “Not everyone is getting tested, but everyone is
going to the bathroom,” according to Gertjan Medema (Kreier, 2021). This monitor-
ing of virus (or bacterial situation) is very useful and informative, giving an idea of
the likelihood of virus contamination in different areas, based on their abundance
levels in the wastewater. This kind of monitoring approach could also give the food
deliveries crucial information about the risk levels.

(c)

Figure 7.5 (continued)
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7.4.2 Could sewage water be a vehicle for SARS-CoV-2 infection?

In Guangzhou, China, it was reported that, contaminated sewage water might serve
as a vehicle for possible transmission of COVID-19 outbreaks in communities (Yuan
et al., 2020). The survival of the SARS-COV-2 viral particle has been investigated
under different sewage conditions. In hospital sewer water, domestic sewage, and
dechlorinated tap water, SARS-CoV-2 persisted for 2 days at 20 °C, and ≥14 days at
4 °C (Wang et al., 2005).

In vitro experiments showed that the COVID-19 virus survived 3 days in feces
and 17 days in urine at 20 °C while SARS-CoV persistence in similar sewage types
were higher ranging from 14 days in wastewater to at least 17 days in feces or urine
at 4 °C (Wang et al., 2005). The human coronavirus has shown that the time re-
quired for the virus titer to decrease 99.9% (T99.9) corresponding to “inactivated”
was 10 days at 23 °C in water and >100 days at 4 °C in water (Gundy et al., 2008).
However, the inactivation (T99.9) was observed between 2 and 4 days for primary
and secondary sludge in wastewater at 23 °C (Gundy et al., 2008).

It is important to plan the routes for food deliveries in the crowded city areas. In
line with the previous knowledge, the coronavirus persistency in the wastewater is
highly dependent on the temperature and wastewater treatment conditions. SARS-
CoV-2 is more susceptible to disinfectants containing free chlorine than chlorine di-
oxide (Wang et al., 2005). In a systematic review, the conclusions were drawn, as
follows (La Rosa et al., 2020):
a. SARS-CoV-2 have low stability in the environment at high temperatures and is

sensitive to oxidants, like chlorine;
b. temperature is an important factor influencing viral survival; and
c. there is a lack of current evidence that human coronaviruses are present in sur-

face or ground waters or are transmitted through contaminated drinking water
(La Rosa et al., 2020).

7.4.3 Frozen food and COVID-19

Temperature variations affects both chemical and biochemical processes. Low-
temperature exposures significantly prolong the lifespan of viruses. In the cold-chain
food requiring refrigeration temperatures (4 °C), viruses containing coronavirus can
persist from many days to several weeks (Chin et al., 2020). According to the WHO,
coronaviruses are highly stable in frozen state, and could survive for up to 2 years at
−20 °C (WHO, 2020). This emphasizes the importance of monitoring the frozen foods
before the delivery. Also, the practices in the street corner sales of e.g. ice cream and
other frozen or chilled refreshments should be adequately supervised (Figure 7.6).
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To ensure the quality of foods, the temperatures for packaging, transportation,
and storing the chilled and frozen foods during transportation operations were regu-
lated below 8 °C for refrigerated foods. The frozen foods are kept at or below −18 °C
prior to final delivery to the consumers (EUR-Lex, 1991). The continuous low tempera-
ture environments during the storage and transportation of cold-storage foods create a
favorable condition which can drastically prolong the survival of SARS-CoV-2, should
the food be contaminated during earlier harvesting or processing (Chin et al., 2020).

There has accumulated growing evidence on SARS-CoV-2 positivity testing from
cold-chain food samples or in the packages. But less attention has been paid to fro-
zen and refrigerated foods as a risk factor in COVID-19 risk mitigation strategies
(Sun et al., 2021). The high stability of the SARS-CoV-2 virus in refrigeration (below
4 °C) and as frozen (at −10 to −80 °C) has been well established presenting a signifi-
cant risk to the cold-chain food (WHO, 2020; Han et al., 2021).

In laboratory studies, the risk of cold-chain food for contaminating and spread-
ing of SARS-CoV-2 was investigated. It was observed that the cold-chain food could
promote COVID-19 contamination because SARS-CoV-2 remained highly stable
under refrigeration at 4 °C, and also at freezing conditions from −10 to −80 °C on fish,
meat, poultry, and swine skin, during 14–21 days testing periods (Han et al., 2021,
Harbourt et al., 2020, Pang et al., 2020). COVID-19 infectivity on food surfaces has

Figure 7.6: Is there a return back to normal times with respect to unprotected queuing of ice cream?
Any dairy products are at risk of bacterial contamination in addition to the risk of respiratory
viruses being transmitted in the queue. Photo: Florencia Viadana on Unsplash.
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also been reported (Pang et al., 2020). SARS-CoV-2 also remained largely stable on
swine skin throughout the 14-day experiment at refrigerating condition of 4 °C (Sun
et al., 2021). However, not much data is available concerning the long-term survival
and infectivity of the virus under these conditions. Data from the MERS and SARS-
CoV-1 epidemics show a potential and continual risk of infections under similar con-
ditions. Bovine CoV-88 retained infectivity for at least 14 days on fresh lettuce in a
refrigerator at 4 °C while human coronavirus 229E survived well on lettuce, with just
a minimal reduction after 2 days of refrigeration at 4 °C (Han et al., 2021). Therefore, it
is important to be aware of the potential risk of spreading the SARS-CoV-2 through
contaminated refrigerated or frozen food through the cold-chain.

With growing number of COVID-19 cases in food industry, without appropriate
personal protection equipment, non-symptomatic carriers may act as silent vectors
and cause clustered infections in enclosed environments (Huff and Singh, 2020;
Zuber and Brüssow, 2020).

7.4.4 Listeria monocytogenes infestation in fish and meat
in Finland

Listeria monocytogenes is a rod-shaped, gram-positive, catalase positive, facultative
anaerobic, non-sporulating, psychotrophic mesophilic pathogen. It is responsible
for numerous potentially fatal food outbreaks in humans (Freitag et al., 2009, Wilks
et al., 2006, Hakalehto, 2015b). Human listeriosis is a relatively rare but serious
foodborne disease with a 2018 EU incident rate of 0.47 cases per the population of
100,000 (ECDC, 2021). L. monocytogenes is responsible for foodborne listeriosis in
humans responsing for about 1% of foodborne illness with high mortality rates.
L. monocytogenes also continuously presents a growing threat in clinical control
due to its growing multidrug resistance in isolates continuously reported in contam-
inated food products (Hakalehto, 2015a, b Gómez et al., 2014, Hell et al., 2015, Adusei-
Mensah et al., 2021). The organism is rather regularly becoming resistant to common
antibiotics like oxacillin, clindamycin, and tetracycline (Gómez et al., 2014). It also
produces a toxin, listeriocin, which is harming human cells and tissues, as well as
the growth and development of the overall microbiome (Rolhion and Cossart, 2017).

L. monocytogenes can also be found in the intestinal tract of about 2–10% of the
general population without any apparent health consequences. It can occur intra-
cellularly in human cells, which makes it difficult to get detected. Hence sudden
outbreaks of L. monocytogenes may implicate increased food contamination, imbal-
anced gut microbiota, or weakened immune system. The sudden increase in the Lis-
teria sp. infections in Finland during the COVID-19 pandemics could be related to
the lowered immune protection caused by the virus epidemics. This is more impor-
tant especially during and beyond the coronavirus pandemics as the virus is be-
lieved to have the ability to populate the immune macrophage cells and potentially
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alter the gut microbiota (Yip et al., 2014). Such ability has been linked to antibody
dependent enhancement (ADE) reaction or cytokine storm and to the related
worsening situation of the COVID-19 pathogenesis (Yip et al., 2016).

7.4.5 Listeria in Finland during the pandemics

As nearly all respiratory tract infections (both viral and bacterial) have shown a sig-
nificant reduction during the coronavirus pandemic period, Listeria infections have
almost doubled during the period (Hannila-Handelberg, 2021). The cases are also on
higher level than during 1995–2004 with annual number of infections varying be-
tween 18 and 53 as average annual cases per 7 million inhabitants (Lyytikäinen
et al., 2006). Some common food sources for Listeria are the fresh, unripened cheese
and refrigerated fish (Figure 7.7).

According to the Finnish Institute for Health and Welfare’s report, a record high of
93 intestinal Listeria infections were diagnosed in 2020, which is almost twice as
many cases as in 2019 (Hannila-Handelberg, 2021). From the report, dry-cured and
cold smoked fish products are the foods at a particular high risk of listerial in-
fections in the country. In addition, gastrointestinal Campylobacter infections of

Figure 7.7: In the prevention of listeriosis, some fresh foods such as fish need to be carefully
stored. In fact, in some studies, 55% of the unripened cheeses in Finland were showed to contain
listeria but mostly on very low levels. Photo: Jukka Sauramäki.
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domestic origin were also observed to be on elevated levels when compared to the
previous years (Hannila-Handelberg, 2021). According to Adj. Prof., Ruska Rimha-
nen-Finne, “What is remarkable in this cluster is that several [cases of] infections
have appeared in a short time in different parts of Finland,” Yle Finnish TV News,
(2020). Campylobacter gastrointestinal infections are endemic in Finland and in
the year 2020 the total of 2,074 Campylobacter infections were reported to the Na-
tional Infectious Diseases Register (Hannila-Handelberg, 2021).

7.5 Urban hygienic maintenance of the past –
or the lack of it

If we position the food deliveries, catering services, and restaurants into the context
with time and place, we could steer the “time machine” to London, England, of the
eighteenth century and afterwards (White, 2010). The streets were narrow, and
what is today’s hectic city bank district used to be the cheapside slum area. This
neighborhood contained a wide variety of human activities, including numerous
public houses, where the food was prepared, distributed, and consumed.

The inhabitants of rapidly growing cities some centuries ago lived in the densely
populated areas of Europe having hardly existing sewage systems. In fact, the streets
formed the exhaust route for the urban waste, food waste and constituted the wastewa-
ter treatment drainage lines. There the occasional rain waters flushed the garbage,
cleaning water, human and animal secretions, and other untreated remnants of the hy-
gienically reckless lifestyle into the ditches and finally to such waterways as the river
Thames, in the case of the English capital. In a way, this lack of hygienic maintenance
was the downside of the rapid urbanization, industrialization, and population growth.

Situation and the circumstances in a pre-modern, industrial revolution time living
environment, housing and municipal services, still prevail in numerous cities around
the globe. Many of them belong to the so-called megacities, which already in 2013
numbered 29 globally. A megacity refers to a metropole with 10 million or more inhab-
itants (Johnson, 2019). The population in those areas has to often suffer from almost
unbearable air pollution, resembling the famous smog of London (Bell and Davis,
2001). Parallelmodern example is the Indian capital NewDelhi. There thehumanpop-
ulation lives in close contact with various animals which increase the potential risks
for contagious zoonotic diseases spreading or developing into pandemics.

The air pollution is causing an incessant respiratory exposure with smoke, toxic
fumes, dust, aerosols, and microorganisms. This undoubtedly increases the risk of
epidemics. “Seasonal” flu outbreaks seem to have been common throughout the
second half of the eighteenth century London (White, 2010). The influenza of 1762
“pervaded the whole city far and wide, scarcely sparing anyone.”
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The corresponding devastating Spanish flu (caused by H1N1 influenza virus),
followed by pneumococcal and other bacterial infections in the Winter of 1918–19
killed as many as 4,000 people each week in London. Already in 1710 in the much
smaller town of Helsinki, 1,185 city dwellers were buried into the old cemetery
within four months. Then the horrible plague killed two thirds of the local popula-
tion (Frandsen, 2009).

7.6 Parallel situation in today’s world – pandemics
abruptly influence the societies

In human lungs, the narrow airways caused obstruction when viral or bacterial in-
fection is initiating the swelling of the tissues (Jaakkola and Hakalehto, 2015). This
boosts the worsening of the respiratory diseases which outcome is further provoked
by dirty polluted air and poor hygienic conditions. The infection and inflammation
then lower the lung ventilation rate which initiates a vicious circle. Many pathogens
are potentially sneaking into the lungs and could initiate an infection as the overall
and respiratory health of an individual is worsening during the pandemics.

In fact, tuberculosis is a lung disease caused by a bacterium, Mycobacterium
tuberculosis, which is estimated to have caused at least as many deaths in human
history as the other contagious diseases together (Hakalehto, 2015c; 2015d). This in-
fective agent is widely spread all over, and every fourth citizen of our global village
is a carrier of this microaerobic germ. Tuberculosis (TB) and other bacterial compli-
cations are likely consequences of the COVID-19 virus pandemics and other viral
epidemics. Fortunately, it is possible to monitor this bacterium and other slowly or
fast propagating pathogens with the portable microbe enrichment unit (PMEU) de-
vice (Hakalehto, 2013; Hakalehto et al., 2014). Moreover, the antibiotic resistant var-
iants should be detected.

Pandemic situation changed practically all transportation operations in many
parts of the world; sharply grown ecommerce, global trade, closures of businesses
and societies, and it increased the need for special transportations. Also, the topic
that influenced all services during the exceptional situation is the urgent need for
protection of workers, disinfection of hands, equipment, and goods and special or-
ders how to avoid all contacts and keep the required distancing.

Pandemics also dramatically changed the distribution of the food, the catering
services, and restaurant home deliveries. Remote work recommendations and na-
tional or aerial lockdowns forced restaurants to launch home delivery services and
protection of elderly people set new standards for social catering services to individ-
uals living at their homes and to institutions like nursing homes and other service
units.
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Delivery and last mile drivers face the recipient usually dozens of times during
the day. When the pandemic was at its worst state, these situations and encounters
caused a clear risk to the driver as well as to the recipient. Daily routes in opera-
tional transportation units in distribution centers create the network of possible in-
fection points, and terminals and hubs where drivers work together and with indoor
staff and management, enable the spread of infection within the work community.

The risks can be easily described also to have emerged to another direction. If
the driver is infected, they are the potential super-spreaders contacting number of
recipients, visiting working places, and terminals and in the worst-case nursing
homes where the residents are in the most vulnerable position. These risks exist at
both directions, and drivers’ role as mobile service person clearly position food de-
livery personnel, among other last mile operators, to the frontline in encountering
the pandemic situation.

To avoid above-mentioned risks, distribution operators have been forced to im-
plement various methods to protect their personnel as well as to participate in soci-
etal protection projects. Now, these methods and equipment sound the most
obvious things to be implemented but before COVID-19 pandemic era they were
often considered as over-reaction, too difficult to be implemented or executed, and
at least mitigating the overall efficiency of the services. However, prudent hygienic
practices could make the business flourish, as the customers recognize the service to
reach high levels.

7.7 PMEU – portable microbe enrichment unit

The PMEU device (Finnoflag Oy, Kuopio, Finland) (Hakalehto, 2009; Hakalehto
and Heitto, 2012) is a portable incubator where the enrichment of microbes takes
place in syringes containing enrichment broth. Gas flow is funneled into syringes
through a sterile filter and a needle to agitate the broth and keep the bacterial
cells in movement. Different gases or gas mixtures are used for aerobic and anaer-
obic enrichment.

The PMEU device has been designed to promote recovery and accelerate the
growth of microbes under aseptic gas flow in adjusted temperatures (Pitkänen
et al., 2009). It reveals the enteric and other bacteria in clinical, industrial, and
environmental samples and has also been used for the investigations on the prop-
erties of enteric bacteria and interactions between members of the intestinal flora
(Hakalehto, 2006, 2011; Hakalehto et al., 2007–2009; Pesola et al., 2009). The
PMEU method has earlier been validated for the detection of coliformic bacteria
(Wirtanen and Salo, 2010) and for the enrichment and detection of Campylobacter
sp. in waters (Pitkänen et al., 2009). For more information on the PMEU technol-
ogy, see Chapter 6.
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7.8 There are many variations of the theme –
the preventive and protective measures should
be variable and flexible enough

Governments and health officials instructed citizens and businesses during the first
months of pandemic how to protect and get protection. These instructions were im-
plemented soon in the delivery operations globally, and growing general awareness
of risks and threats also made the customers to demand sustainability from the lo-
gistics industry also in this way. Occasional shortages of protective gears and hand
sanitizers caused an increase in operational costs, but soon these protection meth-
ods became a new normal. The basic toolbox of driver’s protection includes face
masks, gloves, and hand sanitizer, more or less the same equipment as recom-
mended for private citizens by health officials in many countries.

More complicated task has been to find ways to serve customers and distribute
food and at same time avoid unnecessary contacts. In Finland, municipalities en-
courage elderly people to continue living at their homes, if possible, by offering
services like food delivery. Delivering their daily portions, the driver also checks out
that everything is fine with the customer and reports home care unit if some actions
are needed. This is the task that must be executed, but it also needs to be performed
carefully and discreetly with well protected personnel. In many cases, the driver is
one of the rare persons that the customer meets daily, if not the only one. This con-
tact is important, and it was even more important during times of isolation that
were declared to protect senior citizens in many countries.

Food deliveries to hospitals, nursing homes, and other institutions have also
demanded new operational instructions and guidelines. Before the pandemic situa-
tion, there weren’t strict rules existing how to hand over food distribution carts and
boxes. It was more a logistics issue how far from the loading dock transportation
units were taken by the driver. Awareness on COVID-19 risks changed these instruc-
tions. To protect patients and residents of these institutions, drivers were instructed
to leave incoming units outside the care departments. To protect drivers from possi-
ble infections from the hospitals, extra caution is needed. Outgoing units were left
in a separate place for disinfection before loading the vehicle.

7.9 Onset of the pandemics and subsequent
measures

The start of the pandemic was a huge surprise to almost every citizen in the world.
Some health professionals, microbiologists, and virologists warned the world dur-
ing and after previous threatening diseases like bird flu and SARS-CoV-1, but
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practically all logistics companies in the Western world were unprepared for this
kind of situation. In Finland, the leading postal and logistics service provider Posti
Group Oyj is also the major operator in food deliveries. In very early stages of
COVID-19, the management of Posti formed a cross-functional team to make imme-
diate decisions how to prepare and operate the operational functions in exceptional
circumstances (Figure 7.8). Team included all operational units, all business units,
well-being, and work safety specialists, and it was supported by occupational
health professionals from private healthcare service providers.

Posti Ltd. has more than 10,000 operational workers, and there are additionally
thousands more who work for the company by sub-contractors. There are also hun-
dreds of supervisors, transport operators, field managers, and others in supporting
roles. There was urgent need to publish updated work instructions, safety rules,
and even guidelines for safe commuting. All these instructions were made accord-
ing to the guidelines of the national health authorities. When there were changes in
these guidelines, there appeared a need for new instructions on the company level,
too. It was a very complicated issue to instruct big operational units in the circum-
stances that were strange to all. More specialists and relevant knowledge providers
should be involved in strategic decision-making. In case of the dangerous diseases
threatening the society, more microbiologists and other specialists would be urgently
needed to join the operational teams.

Figure 7.8: Home deliveries and all customers contacts have been made with extra attention to safety.
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Sustainability in business language used to mean company’s efforts to reduce
emissions, battling climate change and supporting equality among workers, valuing
diversity etc. The pandemic made companies to think one more subject. How do we
protect our workers and how can we protect our customers and even societies as a
whole? Posti Ltd, as a highly ranked sustainable company (https://www.posti.com/
en/sustainability/news/ecovadis/), has been searching for new methods and tech-
nologies to take care of the safety of her employees and customers. One result of
this search is the implementation of the UVC light disinfection technology in disin-
fectingmobile phones and devices. Some of these devices are used bymanyworkers
during the shift and some of them will normally be handled by customers, too. By
using UVC light, it is possible to disinfect devices quickly, effectively and without
damaging the sensitive technology of the equipment.

The pandemic wave has been disastrous in many parts of the world and for
many individuals in the countries that have suffered less in general. Still, for service
providers, like many logistics and fulfillment companies, it has taught a valuable
lesson. Paying an attention to microbiological safety of workers, they can do a lot
for the well-being of their employees, reduce the cost of sick leaves, and minimize
the quality issues caused by the absence of top professionals.

7.10 Conclusions

The COVID-19 global crisis was, and still is, a sudden alert for the authorities and busi-
nesses in all countries. The food distribution sector was one of the areas which were
the first ones to encounter the partially unknown pandemic threat. This situation
underlined the need for better preparedness for sudden outbreaks of diseases in future.

Moreover, the hygiene maintenance operations during the food chains need to
be continuously re-evaluated. In exceptional times, the security of supplies is on
the shoulders of few. Therefore, careful precautions are warranted, and should be
designed during more stable periods of time.
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