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Preface

This industrial microbiology handout is intended for 3rd-year Microbiology degree
students and is divided into two parts. The first part enables students to acquire a basic
knowledge of the subject, through the study of the three main players in industrial
microbiology: industrial microorganisms, industrial fermenters and industrial culture media.
After acquiring the basic notions, the second part of the subject will discuss the various products
of industrial fermentation, which are (i): microbial biomass: generally used as a source of
proteins of unicellular origin, (ii): the industrial production of certain primary metabolites
represented by amino acids, organic acids and biogases, and (iii) the industrial production of
certain secondary metabolites represented by antibiotics, polysaccharides and vitamins. The
teaching method used in this course is based on the use of simple and basic language, supported
by examples. In addition, and in order to make the content more accessible to students, many
illustrations in the form of simplified diagrams, photos and summary tables have been used. As
a result, it is always encouraging and motivating to receive corrections, advice and

recommendations from our teaching and research colleagues.



1  Historical Overview and FUtUre PErspeCLIVE .....ccoiciiiiiiciiie ettt sae e s sbre e e e seaeeeeas

2 Key Historical Developments in Industrial Microbiology (Late 19th Century to 1940s):................
3 Introduction of Genetic Engineering (Circa 1980): .......cccccviieiiiiieeeeeieee et e ervre e e evee e e e 4
3.1 Genetic ENgineering Methods: ... i e

3.1.1 Advances in GENOME SEQUENCING: «.vuviiiiiieeerciieeeeeteeeesitteeessreeeessseeessssreeessssseeessssseeeens 5

3.1.2 Emergence of Omics TEChNOIOZIES: ......cociuiiiiieiiee e
L/ Vo o] [ ToF: ol o FN 1o T [ Te [y o USSR
RN o1 1 o 11 { o 1Y/ ol o] o] o] [ =4V 20 USRS



1 Historical Overview and Future Perspective
The field of industrial microbiology traces its roots to ancient times when humans first

began understanding food spoilage, preservation, and storage. Early civilizations, through trial
and error, developed methods to refine and preserve food based on experience. Over time, they
unknowingly relied on the actions of microorganisms, which caused chemical changes in food.
These techniques evolved gradually and were applied on a larger scale. Initially, knowledge of
these processes was passed on orally and, later, through written records. Although artisans used
various fermentation methods, they lacked awareness of the microorganisms involved and the
biochemical processes behind them. It wasn't until around 1850 that scientists were able to
identify these microorganisms and understand the chemical reactions they induced. Historical
records up to this point highlight significant advancements in both food production techniques
and microbiological discoveries. In ancient Egypt, by 2500 BC, beer was being produced from
bread dough, a beverage known as "henket.” It remains uncertain whether the Egyptians learned
the brewing process from the Sumerians or developed it independently. In 1990, archaeologists
excavated a 3,300-year-old brewery belonging to King Echnaton (1351-1334 BC), uncovering
well-preserved brewing tools, clay vessels, and ingredients like malt, grain, and dates. These
findings revealed that Egyptians had mastered essential brewing techniques such as malt
preparation (germination and enzyme formation) and mashing (the enzymatic conversion of
starch into sugar), which were crucial to beer production.

In Europe, during the late Middle Ages (around 1300), the production of saltpeter, or
potassium nitrate (KNO3), became prominent due to its essential role in making gunpowder.
This compound was produced through a process involving the nitrification of nitrogen from
organic materials in the soil, facilitated by nitrifying bacteria. Initially, surfaces covered in
human and animal waste were used as raw materials for saltpeter production. Over time, more
direct nitrogen sources, such as urine and blood, were introduced in specialized saltpeter huts,
where the nitrification process was maintained in well-ventilated beds. This method of
microbial production persisted until the discovery of vast natural deposits of saltpeter in Chile
during the 19th century, which eventually led to the abandonment of microbial production
techniques.

With the dawn of the modern era (around 1500) and the rise of natural sciences in the
17th century, scientists began studying natural phenomena systematically through observation,
experimentation, and measurement. During this period, academic institutions were established
to provide platforms for presenting and discussing the results of scientific inquiry, which were

also published in scientific journals. The development of modern physics and chemistry
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provided the necessary tools, along with several technical innovations like improved lens-
making techniques, to scientifically analyze the production processes of bread, wine, beer, and
vinegar during the 18th and 19th centuries.

The work of Antonie van Leeuwenhoek (1632-1723) is considered the foundation of
microbiology. Using a simple microscope with a single lens, he was the first to observe
microorganisms, including bacteria, which he meticulously described as "animalcules.” While
the fermentation process had long been in use, it was not yet understood that microorganisms
played a key role in this transformation. Leeuwenhoek'’s discoveries laid the groundwork for
the later understanding of microbial fermentation and its importance in food production and

other processes.

Between 1850 and 1940, significant advancements in microbiology, spearheaded by
scientists like Louis Pasteur and Robert Koch, laid the foundation for industrial microbiology.
Pasteur demonstrated that fermentation processes were driven by specific microorganisms and
their physiological abilities. His work from 1856 to 1875 focused on yeast life cycles and
bacterial fermentation (lactic and butyric acid), revealing how failed fermentations were caused
by contamination from unwanted microorganisms. Pasteur’s development of sterilization
techniques, such as pasteurization, was pivotal for cultivating pure microbial cultures.

Industrial microbiology, a field that uses microorganisms for modifying and producing
substances on an industrial scale, emerged from these breakthroughs. The contributions of
Pasteur, along with Robert Koch’s discoveries on bacterial pathogens causing diseases like
anthrax and cholera, were crucial to the rise of modern microbiology.

By the late 19th century, numerous research institutes across Europe focused on
fermentation processes, food production, quality control, and hygiene. This growing
understanding of microbes led to a boom in technical innovations, transforming food production
from artisanal practices to industrial processes. This shift resulted in increased production,
especially in beer, wine, and alcohol industries. For instance, beer production in Germany
almost doubled between 1873 and 1890, and European wine production reached 11 billion liters
by the century's end. Alcohol production, mainly from molasses, fruit, grains, and potatoes, saw
significant growth, with two-thirds of it processed into high-proof beverages.

These developments not only boosted economic output but also led to improved food

safety and a better understanding of microbial involvement in industrial processes.



2 Key Historical Developments in Industrial Microbiology (Late 19th

Century to 1940s):
1. Baker’s Yeast and Lactic Acid Production:

o

The Vienna Process was crucial for producing baker's yeast, utilizing
bacteriologically pure cultures in sterile liquid environments.
Industrial-scale lactic acid production began in 1881, with advancements in

sterile production methods and the use of pure microbial cultures.

2. Butanol and Acetone Fermentation (Early 20th Century):

o

Chaim Weizmann isolated Clostridium acetobutylicum, leading to the large-
scale fermentation of butanol and acetone. These chemicals were crucial for
synthetic rubber production and military explosives.

Glycerol production using yeast also became critical for making nitroglycerin
during World War 1.

3. Citric and Gluconic Acid Production:

@)

Citric acid was produced on a large scale using Aspergillus niger starting in

1920. The transition to submersion cultures in 1940 greatly improved yields.

4. Wastewater Treatment:

o

Microbial wastewater treatment processes emerged in the late 19th century to
reduce organic waste and prevent disease in growing cities. Techniques like the
activated sludge process (1914) and anaerobic digestion advanced treatment

methods.

5. Enzyme Discoveries and Biochemical Research:

o

Major discoveries in enzyme activity (e.g., zymase and glycolysis) occurred
between 1880 and 1900, laying the foundation for enzyme technology. By the
early 20th century, this research significantly advanced microbial metabolism

understanding, aiding industrial production.

3 Introduction of Genetic Engineering (circa 1980):
Genetic engineering revolutionized industrial microbiology by enabling precise

alterations to microbial genetic material. It allows for the targeted manipulation of enzymes and

proteins, improving industrial processes without the unspecific side effects caused by

traditional mutagenesis methods (e.g., radiation or chemical mutagens).

1. Enhanced Microbial Strains:



Genetically engineered strains surpass those developed through classical methods by

producing higher yields, reducing unwanted by-products, and enabling the synthesis of

proteins, including those from higher organisms. However, limitations remain in areas like post-

translational modifications.

Foundations in Molecular Biology (1940s onward): Genetic engineering emerged

from molecular biology research, with key discoveries such as:

3.1

3.1.1

1944: Oswald Avery demonstrated that nucleic acids (DNA) carry genetic information,
discrediting earlier protein theories.

1953: James Watson and Francis Crick identified the double-helix structure of DNA.
1960s: Decoding of the genetic code by Heinrich Matthaei and Marshall Nirenberg,
followed by the operon model of gene regulation by Francois Jacob and Jacques Monod.
Restriction Enzymes: These enzymes, discovered between 1962 and 1968, became
vital for genetic engineering by enabling precise cutting and splicing of DNA,

facilitating recombination techniques.

Genetic Engineering Methods:
Important milestones in microbiology research led to the development of critical genetic

engineering tools, such as:
o Invitro oligonucleotide synthesis (1964),
o DNA sequencing methods by Maxam & Gilbert and Sanger (1977),
o Polymerase chain reaction (PCR, 1987), and Cloning of synthetic genes (1988).

Advances in Genome Sequencing:
Automated DNA sequencing decoded the first bacterial genome in 1995 and the yeast

genome in 1997.
Pyrosequencing (2001) and Illumina technology (2005) enabled high-throughput
genome sequencing, facilitating the sequencing of over 4,000 prokaryotic and 450

eukaryotic organisms.

Emergence of Omics Technologies:
DNA microarray technology (1990s) enabled genome-wide expression analysis.

Proteomics and metabolomics emerged to identify proteins and metabolites in cells.
The advent of bioinformatics helped process vast amounts of data from these methods,
fostering systems biology (2000) to model entire metabolic networks in
microorganisms.

= Metabolic Engineering:



o Genetic engineering techniques are used to modify metabolic pathways in industrial
microorganisms, improving their capacity to produce desired substances. Examples
include optimizing carbon flow, expanding substrate range, and blocking unwanted by-

products.

4 Applications in Industry:
e Human insulin, produced by genetically modified microorganisms (E. coli), was the

first industrial product made using genetic engineering (1978).
o By 1986, genetically modified strains were used to manufacture various products such
as alcohols, organic acids, amino acids, vitamins, and antibiotics.
e GM microorganisms are widely employed for enzyme production in industries like
textiles, paper, and detergents, as well as for research and diagnostics.
These advancements have revolutionized industrial microbiology, enabling
the large-scale production of proteins, enzymes, and chemicals through genetically

engineered microorganisms.

5 Synthetic Microbiology
1. Synthetic Biology Overview:

o Synthetic biology is a new subfield of metabolic/genetic engineering that
involves engineering microorganisms with new, non-natural characteristics.

o This includes designing microorganisms with minimal genomes that only retain
pathways for producing a desired substance.

2. Craig Venter’s Milestone (2010):

o Craig Venter and his team made significant progress in synthetic biology by
replacing the natural genome of Mycoplasma capricolum with a synthetically produced
genome.

3. Semisynthetic Production of Artemisinin:

o A major example of synthetic biology in industrial microbiology is the
semisynthetic production of artemisinin, an important antimalarial drug.

o Due to the fluctuating supply of artemisinin from the plant Artemisia annua, a
semisynthetic process was developed where a precursor is produced via fermentation, followed
by chemical conversion to artemisinin.

4. Artemisinin Synthesis Pathway:
o Artemisinin is derived from farnesyl diphosphate (FPP) in plants. FPP is



converted into artemisinic acid via amorphadiene in yeast.

o  The key enzyme responsible for converting amorphadiene to artemisinic acid was
identified as cytochrome P450 monooxygenase.

o Yeast (Saccharomyces cerevisiae) was selected as the production organism since
it expresses P450 enzymes efficiently.

5. Yeast Engineering for Production:

o Toincrease FPP production in yeast, the genes in the mevalonate pathway (also
known as the ERG pathway) were overexpressed, ensuring high concentrations of
amorphadiene, the precursor to artemisinic acid.

o The focus was on engineering yeast to make the semisynthetic process of
artemisinin economically viable.

Synthetic biology represents a powerful approach to creating microorganisms that can
efficiently produce essential substances, with significant applications in pharmaceuticals and

other industries.
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Introduction.

The use of microorganisms for human well-being is a very ancient practice dating
back to 7000 BC, with the Sumerians as well as the Egyptians. Microorganisms were used
during this period in an empirical manner, for the preservation of foodstuffs, for the
preparation of bread, for the manufacture of vinegar and alcoholic beverages, as well as for
the manufacture of cheese.(Baltz et al, 2010).

Following the discovery of microorganisms, as well as the knowledge and
experiences accumulated over time, a new field emerged called industrial microbiology,
which is a branch of applied microbiology, in which microorganisms of interest are
exploited, for commercial interest, to carry out a large-scale biosynthesis,
biotransformation or degradation process. Indeed, industrial microorganisms can be used
to produce biomass rich in proteins, or for the production of molecules useful to humans,
resulting either from primary metabolism, such as amino acids, organic acids and biogas,
or secondary, such as antibiotics, vitamins or polysaccharides, as well as to carry out certain
biotransformation reactions of toxic organic molecules, to render them harmless (Okafor
et al, 2020; Harwood et al, 2018).

A large part of the success of the use of microorganisms in industry is related to
their easy cultivation as well as their high growth speed, which reduces the cost and time
of production. This makes it possible to overcome many problems encountered when using
plants, for example. Indeed, the plants used as a source of commercial molecules of interest
require a very large cultivation field, a longer time, as well as adequate climatological
conditions (rainfall, temperature, humidity level, etc.), which increases the cost of
production (Wilson et al 2019).

Many microorganisms are used in industrial microbiology; these include bacteria,
archaea, yeasts, molds and microalgae. These microorganisms can be used either in their
natural state, or are mutants selected in the laboratory or even genetically modified
microorganisms (MOGM).(Zhang et al, 2014).
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1. The fields of activity of industrial microbiology and the interest in
the use of microorganisms.

The fermentation industry is an umbrella term applied to business processes that
rely on the ability of microorganisms to produce useful molecules, on a large scale, in the
presence or absence of air. Thus, contrary to the biochemical sense, the term industrial
fermentation does not refer to the metabolism of the microorganism (Humphrey et al,

1992).

Fermentation takes place in fermenters or tanks, under rigorously controlled
physicochemical conditions (temperature, pH, aeration, carbon source, nitrogen
source, etc.)(Walker et al, 2014).

2. Interest in using microorganisms in industry:

The use of microorganisms in industry provides a wide range of products and

services. They have proven particularly useful due to (Demain et al, 2008):

e Their easy cultivation;

e Their very short generation time;

e Their high growth rate.

e Their ability to be grown on cheap substrates, which in many cases are
waste from the food industry. ;

e Are easy to manipulate genetically, which allows strains to be improved.

2.1. The objective sought in industrial fermentation.

- Collect the microorganisms themselves (baker's yeast, for example
(Ritala et al, 2017).

- Collect a byproduct of the reaction (alcohol, antibiotics, etc.) (Keller et
al, 2019).

- Bioconversion of molecules, transforming complex products into simple
elements (wastewater treatment, recovery of industrial waste) (Huang et al, 2017).
In the food industry, the benefit of fermenting a food product is to improve

its stability, for two reasons:

- Consumption of fermentable substrate avoids post-fermentation bacterial

degradation of the food,;
12



- The production of alcohol or acid limits bacterial contamination.

This vital conservation role generated by fermentation is accompanied by positive
effects sought in terms of the texture and aromatization of the products produced.

3. Fields of activity in industrial microbiology.

Industrial microbiology can have different applications, namely:

- Agri-food sector: several food products come from industrial fermentation,
this is the case, for example, in the manufacture of yogurt produced by the action of two
bacteria, Lactobacillus bulgaricus and Streptococcus thermophilus. The lactic acid bacteria,
Lactococcus lactis, is used for the manufacture of different types of fresh cheeses, due to
its ability to acidify the environment following the fermentation of lactose into lactic acid,
which thus facilitates the formation of curds.

- Several organic acids are produced industrially by microbial means, such as
acetic acid and citric acid, produced by the species of the genus Acetobacter and the fungus
Aspergillus niger, respectively.

- Pharmaceutical field: among the major sources of drugs that exist on the
market are microorganisms, in particular bacteria members of the Actinobacteria phylum,
which are the source of 80% of antibiotics that exist on the market.

- Field of bioremediation and environmental depollution: Thanks to its ability
to biotransform toxic pollutants, microorganisms can be used in the decontamination of
polluted environments, this process is called bioremediation.

- Renewable energy field: microorganisms play a vital role in the renewable
energy field, in fact, through the intervention of several microorganisms, organic waste can
be converted into biogas (methane) or bioethanol, which are then used as fuels to replace

fossil energy.Other applications are described in Table 1.
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Table 1: Some examples of the application of microorganisms in industry.

Microorganism

Saccharomyces cerevisiae
Pseudomonas

Aspergillus niger
Bacillus subtilis

Bacillus subtilis
Micrococcus glutamicus

Leuconostoc mesenteroides

Gluconobacter suboxydans
Streptomyces olivaceus

Recombinant of E. coli
Streptococcus thermophilus,
Lactobacillus bulgaricus
Candida utilis

Fusarium graminearum

The product of fermentation

Ethanol
2 keto-gluconic acid

Pectinase, protease
Amylase

Protease
Lysine

Dextran

Sorbose
Cobalamin (Vitamin B12)

Insulin
Yogurt

Proteins of unicellular origin
(P.U.O)

The app
Fine chemistry
An intermediate in the
production of ascorbic acid
(vitamin C); precursor of acid
synthesis
isoascorbic.
Clarification of fruit juices
Preparation of modified
starch;
To
use during gluing

of paper.
Protein hydrolysis
Food additive

Food stabilizer

Ascorbic acid production
Dietary supplement

Human medicine
Starter in the dairy industry

Human and animal nutrition

Cephalosporium
acremonium
Saccharopolyspora
erythrea

Cephalosprin
Erythromycin

14

Antibiotics for treating
infections
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1. Industrial microorganisms:

1.1. Definition:

Microorganisms, also called microbes, are living things too small to be seen with
the naked eye. The group includes bacteria, fungi (yeasts and molds), protozoa and
microscopic algae. It also includes viruses, which are non-cellular entities located at the

boundary of the living and non-living world.

1.2. Microorganisms used in industry:

Microorganisms used in industry are selected, most often empirically, for their

particular metabolic abilities for transforming a substrate or biosynthesising a product.

These properties are originally present in wild microbial strains from the natural
environment. These strains are isolated then improved in the laboratory by mutation and

then selection of the most efficient mutants.

1.2.1. Bacteria:

Bacteria are organisms invisible to the naked eye. They are prokaryotes i.e.
lacking a true nucleus, their genetic material is immersed in the cytoplasm. Depending on
the composition of their wall, two large groups are distinguished: Gram negative and Gram
positive. They exist in different shapes (cocci, sticks, etc.) and methods of grouping (chain,

cluster, etc.).

1.2.1.1. Lactic bacteria:

These bacteria all have the fundamental property of transforming carbohydrates

into lactic acid through the process of lactic fermentation.

Itis this property which is exploited in the preparation of fermented dairy products
(cheeses, yogurts). In fact, the metabolization of lactose (milk sugar) into lactic acid and
the accumulation of the latter in the medium gradually lowers the pH of the milk by causing
its spontaneous ripening (coagulation of proteins leading to the formation of curds). These

bacteria are also used to make other fermented foods (sauerkraut, olives, fermented meats,
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etc.)

They are present naturally in the animal microbiota, on plants (grapes and cereals)
and in milk. The genera most used in industry are Lactobacillus, Lactococcus,

Pediococcus, Streptococcus, Bifidobacterium and Leuconostoc.

1.2.1.2. Acetic bacteria:

These are strict aerobic bacteria that oxidize ethanol to acetic acid during vinegar
production. Wine and cider can serve as a substrate for these bacteria, which therefore

cause spoilage of these drinks.

They are naturally present on fruits and in the air. The best-known genera are

Gluconobacter and Acetobacter.

1.2.1.3. Butter bacteria:

They are, for the most part, strictly anaerobic bacteria which belong to the genus
Clostridium. The Clostridium acetobutylicum species is particularly used in the industrial

production of butanol.

These bacteria are also used to ret flax and hemp. They attack pectin, a compound
found in the middle lamella separating the cell walls of plant cells and which gives rigidity

to the fibers. This process facilitates the release of textile fibers cemented by pectin.

1.2.1.4. Bacillus:

These are aerobic bacteria. They have a marked industrial interest since they
produce toxins which are fatal for other bacterial species or for other types of living beings.
Thus, the species Bacillus thuringiensis produces a protein which is toxic to the larvae of

several insects: mosquitoes, black flies, spruce budworms, butterflies.
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The bacilli cultivated in large capacity bioreactors are harvested, then the

microbial suspension is incorporated into an emulsion which will act as a bioinsecticide.

1.2.1.5. Glutamic bacteria:

These bacteria of the Corynebacterium and Brevibacterium genus are used for the

industrial production of amino acids (glutamic acid, lysine, tryptophan) as food additives.

1.2.1.6. Enterobacteria:

They are one of the largest families of bacteria and are grouped into many genera,
such as Escherichia, Salmonella, Shigella, Proteus and Yersinia. These microbial species
are often encountered in infectious pathology, but they also have several uses in bio-
industries: production of 2,3-butanediol and organic acids, development of toxicity
bioassays, manufacture of antiviral agents, etc. The Escherichia coli species is the most
used in bioprocesses. Thanks to recombinant DNA technology, several strains of this
common bacterium of the intestinal flora of mammals are exploited to produce

recombinant proteins and plasmids.

1.2.2. Fungi:

They are unicellular or multicellular eukaryotic organisms, they are ubiquitous,
i.e. are found wherever there is a food source. They are subdivided into two large groups:

Yeasts (single-celled organisms) and molds (multi-cellular organisms)

1.2.2.1. Yeasts:

Thanks to their very important biochemical activities, yeasts are abundantly involved
in the manufacture of leavened bread, alcoholic beverages and even in the production of
recombinant proteins from foreign genes, including insulin, interferon and several classes of
enzymes. The most used species is certainly the brewer's yeast Saccharomyces cerevisiae, the
genetics of which are very well known, but the yeasts Pichia pastoris and Kluyveromyces lactis

can also be used for the production of proteins.
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1.2.2.2. Molds:

The use of molds is very common in the cheese industry (production of
Camembert and Roquefort). But they are also used in the chemical and pharmaceutical
industries, for the production of metabolites of major economic or medical interest:
antibiotics (penicillin, cephalosporins), vitamins (B12), enzymes (amylases, proteases),

organic acids (citric acid) and proteins.

1.2.3. Microalgae:

These are microscopic unicellular or multicellular species, eukaryotes, capable of
ensuring their nutrition by photosynthesis thanks to the chlorophyll they contain. They also
have pigments such as carotenoids, xanthophylls and phycocyanins which provide their
coloring and play an important biochemical role. These microorganisms are widely
distributed in fresh or saline waters and in soil. Microalgae are used in several fields

(pharmaceuticals, cosmetics, food, bioenergy production).

Microalgae should not be confused with cyanobacteria, incorrectly called "blue-
green algae", because they are two very different organisms on a biological level: the first
are eukaryotic microscopic algae and the second constitute a branch of bacteria, therefore
prokaryotes. . However, from a biochemical point of view, these two microorganisms are
photosynthetic and are therefore often associated when it comes to their industrial

valorization.

1.3. Obtaining industrial microorganisms:

1.3.1. The choice of strains:

The selection of a microbial species for carrying out a bioprocess is not based
solely on the condition that it can synthesize a potentially useful compound or carry out a
particular metabolic pathway. Indeed, the imperatives of profitability force manufacturers
to look for strains which can meet other equally important criteria which will make it

possible to optimize a biological process. The main criteria sought are:

1-  Rapid growth on inexpensive organic substrates (e.g. molasses, corn liquor,

whey).
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2-  Easy and abundant cultivation.

3- Development of products that are easy to extract and separate and in

abundant quantity.

4-  Obtaining the desired transformations in a simple and rapid way, with high

yield and minimum energy.
5-  Conservation of biochemical properties of strains over time (genetic stability)

6-  Non-pathogenic

1.3.2. Improvement of strains:

1.3.2.1. The constraints of wild strains:

It is rare for natural strains to meet all of these criteria. They often have limited
performance that must be amplified to reach the industrial profitability threshold. In
addition, they sometimes have undesirable secondary characteristics that must be corrected

before their use in bioprocesses can be considered.

» Limited performance:

Generally speaking, the productivity of a wild strain freshly isolated from the
natural environment is quite low. It can be significantly increased by modifying the
genome of the microorganism. Indeed, microorganisms are always equipped with
metabolic regulation mechanisms, often of the negative feedback type, allowing them to
produce, in nature, only the quantity of enzymes and metabolites they need to survive in a
competitive environment. . By bypassing these mechanisms through genetic modifications,

we can generate more productive microorganisms.

» Undesirable characteristics:

The wild strain may present certain undesirable characteristics which may also be
modified, such as sensitivity to a bacteriophage, the propensity to generate a lot of foam in a
liqguid medium or the synthesis of a by-product which is difficult to eliminate during product

purification. .
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1.3.2.2. Techniques for improving wild strains:

The selection of more efficient strains requires the implementation of a genetic
improvement program; induced mutation or DNA recombination techniques are frequently

used.

» The mutation :

Mutation is a spontaneous process that occurs naturally and quite frequently in
microorganisms, due to the rapid rate at which they divide. The principle is this: each time
a cell divides, there is a small probability that a DNA replication error will occur and
generate a cell carrying modified DNA. Thus, by simply allowing a microorganism to
divide in a selective medium which promotes the growth of cells possessing the character
we are looking for, we can hope to have a more efficient natural variant which we can then

isolate.

However, it is more effective to increase the rate of mutation by inducing it using
physical mutagens, such as UV rays, or chemical mutagens, such as nucleotide analogues.
We first expose a microbial population to the mutagenic agent, then we inoculate it on a
selective medium making it possible to isolate the most efficient mutants. This technique
relies largely on chance, it involves quite exhaustive work in which the procedures for

selecting and screening mutants are decisive.

» Recombinant DNA:

The recombinant DNA technique is more recent and also more efficient for the
improvement of microbial strains. Indeed, it makes it possible to directly modify a targeted

gene and therefore act precisely on a metabolic pathway.

However, this technology is expensive and involves complicated work, since it is
necessary to know in detail the metabolism and genome of a strain to be able to modify it

so precisely.

Despite this, it is booming in the industry, because it allows the expression of
foreign genes in microorganisms, such as the bacterium Escherichia coli and the yeast

Saccharomyces cerevisiae, whose genetics are perfectly known.
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1 Introduction.
Industrial culture media must satisfy the nutritional requirements of the microorganism
to allow optimal growth of cellular biomass, and at the same time, must provide the necessary

nutrients for the biosynthesis of target metabolites.(Okafor et al, 2020).

Industrial fermentation is most often carried out on a liquid culture medium, although

some fermentations are carried out on solid culture media.(Tomorrow and 1981).

2  Factors determining the choice of industrial cultivation medium.
The main factors that affect the choice of industrial growing media are as follows:(El-
Mansi et al, 2018):

e Cheap (inexpensive) substrate.

e Constant physico-chemical quality even after sterilization.

e Auvailability throughout the year.

e Low transport and storage costs, especially in relation to temperature.

e Easy to handle in solid or liquid form.

e Easy to sterilize.

e A viscosity which does not interfere with agitation or aeration of industrial

culture medium during the fermentation process.
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3  The composition of industrial culture medium.

The composition of the culture medium must include a source of carbon which is most
often the source of energy, in addition to a source of nitrogen, phosphorus and sulfur. Trace
elements must also be present in the industrial culture medium. Certain demanding micro-
organisms require the presence of certain growth factors, such as certain vitamins or amino
acids (Waites et al, 2009).

3.1 Carbon sources.

The quantity as well as the quality of the carbon source used as an ingredient in the
industrial culture medium can be determined from the biomass yield coefficient (Y carbon), Which
is the ratio between the quantity of biomass produced and the quantity of carbonaceous

substrate utilized (g of biomass / g of substrate)(\Waites et al, 2009).

biomass produced (g)

Ycarl’*un (g/g} =

carbon substrate utilized (g)

For cost reasons, pure carbon sources, such as carbohydrates, such as glucose or sucrose,
are rarely used during fermentations on an industrial scale, however, other less expensive
carbon sources can be used:

o Molasses: it is a by-product resulting from the refining of sugar extracted
from sugar beet or sugar cane. It is a viscous, dark-colored syrup containing 50 to 60%
(w/v) carbohydrates, mainly sucrose, as well as 2% (w/v) nitrogenous substrates, in
addition to some vitamins and salts. minerals(Koval et al, 2019).

o Malt extract: Aqueous extracts of malted barley can be concentrated to
form a syrup very rich in simple sugar and disaccharide, in addition to certain vitamins,
peptides and amino acids. These substrates can be used for the cultivation of filamentous
fungi, yeasts and actinomycetes(Cvetkovi¢ et al, 2002).

o Starch and dextrin: Starch is obtained, most often, from corn, but it can
also be obtained from other cereals. To be used as a source of carbon and energy, starch
first undergoes hydrolysis into sugar syrup, containing mainly glucose and dextrin, by
dilute acids or amylolytic enzymes.(Laluce et al, 1988).

o Whey: Also called whey, it is the result of milk coagulation. The
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composition of whey varies depending on the method by which it was obtained, in fact, the
whey obtained by rennet is very rich in serum proteins as well as lactose, while the whey
obtained by lactic fermentation of milk, is rich in serum protein and calcium(Pescuma et
al, 2015).
3.2 Source of nitrogen.

Most industrial microorganisms can use nitrogen sources in organic and inorganic
forms. Inorganic nitrogen can be supplied in the form of ammonium salts, such as, ammonium
sulfate (SO4-NH4+) and diammonium phosphate ((NH4)2HPO4), while sources of organic

nitrogen include amino acids, proteins and urea(Kampen et al, 2014).

The nitrogen source is often supplied in a raw form, which is primarily by-products from
the food industry, such as corn liquor, yeast extracts, peptones and soy flour. Pure amino acids

are only used in certain special cases(Waites et al, 2009).

3.3 Mineral salts.

Mineral salts such as cobalt, copper, iron, manganese, molybdenum and zinc are present
in sufficient quantities in water as well as other ingredients in the industrial culture
environment. For example, corn steep liquor contains a satisfactory quantity of mineral salts to

meet the fermentation requirements.(Zhou et al, 2006).

3.4 Vitamins and growth factors.
Many bacteria can synthesize all the necessary vitamins from basic elements. While
other microorganisms require the addition of vitamins to the industrial culture medium. Other

growth factors are needed, such as amino acids, fatty acids and sterols(Chang 1999).

3.5 O:zintake.

According to the microorganism's O needs, as well as its respiratory type, oxygen is
injected into the fermenter as air containing approximately 21% (v/v) oxygen, or it can be
supplied as pure oxygen when microorganism requirements are particularly high. The air or
oxygen injected into the fermenter must be sterilized by filtration (\Waites et al, 2009).

3.6 Adding antifoams.

Antifoams are necessary to reduce foam formation during fermentation, which is mainly
due to proteins in the culture medium. If foam formation is not controlled, it can block air filters,
resulting in loss of asepsis. There are three approaches to controlling foam formation: (i)

modification of the composition of the culture medium; (ii) use of mechanical foam breakers;
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(iii) the addition of chemical anti-foam products, which are surfactant molecules, such as for
example vegetable oils (soybean oil, sunflower oil and rapeseed oil), fish oil(Pelton et al,
2002).
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1 Fermenters or industrial bioreactors.

A bioreactor, also called a fermenter or propagator, is a device in which
microorganisms (yeasts, bacteria, microscopic fungi, algae, animal and plant cells)
are multiplied for the production of biomass, or for the production of a metabolite
or again for the bioconversion of a target molecule (Erickson, 2019). A bioreactor

comprises (Figure 1):

1. A culture enclosure, made of glass or stainless steel, with a variable
volume ranging from a few liters to several cubic meters in the case of industrial
units. The tank is hermetically closed and does not allow air from the interior or
the exterior environment to pass through.

2. An agitation system is used to ensure agitation and aeration of the
culture, it is formed by an external motor, and one or more internal turbines
(depending on the size of the fermenter).

3.  Asyringe to inject culture medium or nutrients.

4. Probes for checking temperature (thermometer), pH (pH meter),
dissolved oxygen concentration (oximeter probe),

5. A control unit managed by a computer makes it possible to record and

control all operating parameters.
Systeme d’agitation

Pompe
d’alimentation

> Systéme de
> controle

Capteurs

Figurel: Diagram of a bioreactor

Effluents
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2 Bioreactor design:

Bioreactors are classified according to their maximum volume:

Laboratory bioreactors that can be sterilized by autoclave up to 18 L
Laboratory bioreactors that can be sterilized in situ up to 30 L;

Pilot bioreactors up to 300 L;

Industrial bioreactors up to 500,000 L (500 m3).

P 0N PR

2.1 Choice of installation location:

The bioreactors are located in premises, isolated and far from the
laboratory. In order to choose the location installation of a bioreactor, two specific

conditions must be taken into account:

e The preliminary examination of all risks of microbial pollution of air or
water.

e The possibility of having a sufficient quantity of water to ensure cooling
of the bioreactor.

The choice of bioreactor as to him is governed by several criteria:

e Type of microorganisms used, we distinguish: aerobic or anaerobic
bioreactors.

e Perfect contact between the liquid phase (the medium) and the solid phase
(the biomass).
Good transfer of material between the cell and the culture medium.
Good oxygen transfer.
Easy transfer of heat to the cells, then from the cells to the outside.
Easy collection of products.

Starting a bioreactor is controlled by the following parameters:

2.1.2.1 Sterilization:

29



Sterilization is done by heat treatment, using two methods:

v In-situ sterilization:
e Injection of water vapors at 121°C for 20 to 30 minutes

e Injection of superheated water (120°C to 140°C), duration varies
depending on the size of the bioreactor
e Heating of the enclosure by resistors

v' EXx-situ sterilization:

It concerns bioreactors in glass of small volume and is done by autoclaving.

2.1.2.2 @Gas injection:

Some microorganisms require carbon dioxide (CO?2) or dinitrogen (N2) for
their growth. These gases are stored in pressurized bottles and are introduced into
the bioreactor after passing through a sterilizing filter.

2.1.2.3 Temperature:

Cells generate energy in the form of heat during cultivation, causing
temperature variations. Therefore, we use a probe which detects these variations to

control the temperature suitable for growth.

Heating or cooling of the enclosure is ensured by an isolated water circuit

(system cooling) which is not in contact with microorganisms.

2.1.2.4 Pressure:

Some productions require putting the bioreactor under pressure, for this
manometer (pressure measuring device) are placed for permanent monitoring of

the pressure level in all parts of the installation.

2.1.2.5 The agitation:

This parameter is essential because it allows the culture medium,
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temperature and pH to be homogenized, which prevents cell aggregation.

3 Cultivation methods in a bioreactor:

There are three types of fermenters:

3.1 Discontinuous (or batch) mode.

In this type of fermenter, the system is closed and maintains a
constant volume. The tank is filled with the sterile culture medium,
then it will be inoculated with the industrial strain. The fermentation
takes place under stirring, and throughout the fermentation, the . ;
volume of the culture remains constant without additional

introduction of culture medium. However, neutralization reagents, or

even an anti-foam product, can be added (Carmaux, 2008) (Figure
Figure2:Batch type fermenter

2)- (discontinuous) (Carmaux, 2008).
A B
medium supply  continuous
tumed on at culture
Dlessthanpy  established
Chemostat coem £
Medium fed in at surface of . l R, S
coNstant rate; —p medium 'E= s /j’ g constant
this dilution rate )_ 5E /: :
determines p ¢ 52 i :
0 { '% E gl . steady
\k ;, § i : state
= 5|
all nutrients in -~ LY S = /batch
excess except culture volume kept & "7 p»* phase : 5
. forone \ J constant by overflow culture : : constant
limiting nutrient harvester device 0 T : T 0

The biomass concentration increases according to the microbial growth curve. At
the same time, the substrate is consumed by the microorganism and the concentration
of desired products (P) increases. At the end of the culture, the fermenter is emptied

and the desired product is extracted. (Oosterhuis et al, 2011) (Figure.3).
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3.1.1 Advantages of batch fermentation.
- The desired product can be collected at any time.

- The risk of contamination is low.
3.1.2 The disadvantages of batch fermentation.

- The latency time is very long.
- The duration of the exponential phase is very short, so the biomass and the

final product are produced in small quantities: limited yield.

3.2 Fed Batch (discontinuous and fed fermenter).

Figure3: Evolution of cell growth rate (X), relative to substrate conversion rates (S),
metabolite production (P), during an industrial fermentation (Oosterhuis et al,
2011).

In this type of fermentation, in order to reduce the time of the lag phase and
at the same time ensure a longer duration of the exponential growth phase, the culture
begins with the use of a small volume of culture medium called a foot. tank, which
will be inoculated with a microbial inoculum. When the microorganism reaches the
exponential growth phase, the sterile culture medium is introduced into the tank. The
feed rate is adjusted so that the substrate concentration is constant in the tank, and at
the same time without exerting an inhibitory effect on biomass production (Figure 4).
Fermentation is stopped as soon as the tank is filled with the culture medium. It should

be noted that the risk of contamination in this type of fermenter is higher (Evgenios

et al, 2020).
Sorfie  Appors acids o base
) d!air pour I'ing pH
Air
—B"— 2.1. Continuous fermentation.

AM 1

Fermentafion disconfine
nion alimantée non souinée
= par cuvée = par lol = batch

Figure 4: Fed Batch type fermenter (Evgenios
et al, 2020).
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In this type of fermentation, the exponential phase of i

microbial growth is permanently maintained, thanks to a . —‘;—:\-’-"" Lo
regular addition of new culture medium by a constant flow i !

rate, which allows a replenishment of nutrients and the < ‘ >
maintenance of pH; and at the same time an equivalent 8 ."_ ::.
quantity of added culture medium must be withdrawn, which " ; '.: Y |
helps avoid the accumulation of waste (Figure 5) (Sarkar et ;. o Lk o Prodon
al, 2003). N Yk e

Figure 5: Fed Batch type
fermenter (Sarkar et al, 2003).

Among the devices used, the turbidostat which is a culture fermenter in
continuous mode (Figure 6). Thanks to turbidimetric control, the concentration of the

culture medium is kept constant.

> If the microbial load tends to increase too much, new medium is added in
order to dilute and return the microbial disorder to its initial value.
» If the microbial load decreases, there is a reduction in the supply of new

medium until growth returns to its initial value.

rrrrr

Ty e o

Figure6: A continuous bioreactor of the turbidostat type
(Lee et al, 2011).
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3.3 Scaling (or extrapolation) process: scale up.

Whatever the field of industrial microbiology applications, the transition from
laboratory Erlenmeyer flasks to industrial bioreactors remains a challenge. Hence the
idea of a scaling process, or scale up in English, which consists of transferring the
microbial culture, prepared in Erlenmeyer flasks in the laboratory, to small volume
laboratory bioreactors, then to pilot bioreactors, then the culture will be introduced
into an industrial fermenter (Figure 10). To ensure the success of the extrapolation,
the various physicochemical parameters are analyzed and then modified during each
step of the scale-up, because the physicochemical and enzymatic reactions of the
microbial cells, which occur inside the bioreactor vary. depending on the volume of
the reactor used. So, we seek to obtain the same yield, despite the increase in the
volume of the crop (Levin, 2001; Schmidt et al, 2005; Xing et al, 2009).

T T m )

LJLJ@J&J

I 1 ,
JEes) _I/ \ +- .!l 4

- W0 v L - e L
Yeast lipid production scale up based on lermenter Beoth rheclogy

Figure7:Scaling up process (Levin, 2001).
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1 Secondary metabolites obtained by microbial fermentation
“Pharmaceutical Products”

The role of microbiology in advancements in the pharmaceutical and medical
industry has led to great discoveries. The biochemical properties of microorganisms are in
fact exploited in numerous pharmaceutical processes such as the synthesis of antibiotics,

vaccines and other molecules of medical interest.
1.1 Antibiotics

Antibiotics are natural or synthetic substances which have the property of
inhibiting growth (bacteriostatic activity) or even destroying target bacteria (bactericidal
activity). Antibiotics are naturally produced by microorganisms (bacteria and fungi) during

their growth to survive in a competitive environment.

The immense therapeutic value of antibiotics has required the development of industrial
techniques for the production of these molecules. Antibiotics are most often manufactured
microbiologically, exploiting the metabolic activity of a few bacteria and fungi on an industrial scale.

1.1.1 Overall procedure for the industrial production of antibiotics:

The production and marketing of a new antibiotic must go through a series of studies at several
levels:

1 Preliminary studies to isolate and conserve strains of interest.

2.  Study of laboratory production by fermentation.

3 Analytical studies of physical and chemical properties.

4. Pharmacological studies of antimicrobial activities as well as toxicity and
therapeutic effect on animals.

5.  Study of industrial production for the implementation of manufacturing and
control methods.

6. Economic and commercial study.

1.1.2 Qualities sought in a new antibiotic:
For suitable medical use, the new antibiotic must present a number of qualities:

e The absence of toxicity.
e Solubility in water at acceptable pH.

e Stability.
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e The absence of pyrogens and histamine compounds.
e (Good tolerance.

e The absence of side effects on the cell, serum, red blood cells and
leukocytes.

1.2 Examples of antibiotic production:

Despite its discovery by Fleming in 1929, penicillin was not manufactured
industrially until 1941. Since that date, numerous researches have brought such
improvements that this production currently constitutes a highly efficient microbiological

process.

This antibiotic can be produced by many species of Penicillium and Aspergillus.
However, the first strain Fleming isolated, Penicillium notatum, produced only a small
amount of the antibiotic. In 1946, the NRRL (Northern Regional Research Laboratory,
USA) isolated a more productive species, Penicillium chrysogenum, which was then
improved by a series of mutations and selections. As a result, the variants used today
produce 55 times more Penicillin than the strain isolated by NRRL, and thousands of times

more than the one isolated by Fleming.

Penicillin is produced by fermentation in aerated and stirred vats. Penicillium are
capable of producing 5 types of penicillin (penicillin G, X, F, K and dihydropenicillin F).

However, penicillin G was favored due to the ease of its manufacture.

1.2.1.1 1.3.1. Tetracycline:

First discovered in 1948 by Duggar, tetracyclines constitute the most
economically important group of antibiotics thanks to their broad spectrum of activity and
low toxicity. Their synthesis has been mainly attributed to the species Streptomyces
aureofaciens, whose production capacities have been considerably increased by selective

isolations and induced mutations.
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Besides Streptomyces aureofaciens, many other species can produce tetracycline:
Streptomyces mediolanum, Streptomyces psammoticus, Streptomyces antibioticus,
Streptomyces viridifaciens, etc.

Tetracycline is produced by the fermentation process in aerated and agitated
stainless steel or aluminum fermenters. Manufacturing takes place in two stages: a growth

stage and a production stage. Fermentation generally lasts two days.

2 Vitamins

Vitamins are active organic substances essential in small quantities for the
metabolism of living organisms (growth factors). Man and higher animals cannot
biosynthesize vitamins, so they must find them in their food. However, the absence or
insufficiency of vitamins in the diet leads to the appearance of very serious deficiency

diseases.

I.1. Production of vitamins by microorganisms:

Microorganisms are capable of synthesizing vitamins from several compounds
widespread in nature, hence the interest in the industrial application of this property in the

manufacture of some types of vitamins.

However, the production of vitamins by microorganisms is generally low and
these factors do not accumulate in the culture medium. Therefore, the manufacture of
vitamins by chemical processes proves to be more economically and practically
advantageous.

However, we can see that yeasts (Saccharomyces cerevisiae and Candida utilis)
constitute an important source of vitamins and produce a vitamin complex called "complex
B" (B1, B2, B3, B5, B8, B9) which is used in industry. human and veterinary
pharmaceuticals.

In addition to yeasts, other microorganisms also have the property of producing
mixtures of various B vitamins such as Bacillus polymyxa, Bacillus megatherium and
Aspergillus aerogenes. For most vitamins, microbiological production is associated with the
addition of precursors to the culture medium. Table 01 presents some examples of vitamins

produced by microorganisms.
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Table 1: Examples of vitamins produced by microorganisms

Thiamine (vitamin B1) Ashbya  gossypii;  Torula utilis
Sacharomyces cerevisae;
Eremothecium ashbyii

Riboflavin (vitamin B2) Clostridium acetobutylium; Ashbya
gossypii; Eremothecium ashbyii ;
Pichia miso

Cobalamin (vitamin B12) Bacillus megaterium; Streptomyces
olivaceus; Pseudomonas
denitrificans; Propionibacterium
shermanii

Retinol (vitamin A) Blakeslea trispora; Rhodotorula

gracilis; Dunaliella sp.

Calciferol (vitamin D) Saccharomyces cerevisiae;
Aspergillus niger

Tocopherol (vitamin E) Euglena gracilis

2.1 Examples of vitamin production:

Riboflavin, also called vitamin B2, plays a fundamental role in the formation of
ATP. It is found in microorganisms linked to certain nucleotides to constitute FMN
(riboflavin mononucleotide) or FAD (riboflavin adenine dinucleotide).

Many microorganisms are capable of synthesizing this vitamin in very large
quantities exceeding their requirements and which therefore accumulate in the culture
medium. In fact, microorganisms produce excess riboflavin in the event of abnormal

formation of toxic purines in the environment in order to eliminate this compound.

I1.2.1. Cobalamin (vitamin B12):

Cobalamin, also called vitamin B12, is an essential vitamin for the normal functioning
of the brain (it participates in the synthesis of neurotransmitters), the nervous system and the
formation of blood. It is involved as a cofactor in cellular metabolism, more particularly in the
synthesis of DNA and fatty acids as well as in energy production.

Vitamin B12 can only be produced by microorganisms, including bacteria and
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Ascomycetes. Therefore, the industrial production of this vitamin by microbiological

means has taken on considerable economic importance.

II. Amino acids

Amino acids are the main constituents of proteins. They are vital molecules and

their contribution to the functioning of the body is crucial.

Man and higher animals are not capable of synthesizing amino acids and must
therefore find them in their food. However, food products of plant origin contain only very

low levels of essential amino acids such as lysine, methionine or tryptophan.

II.1. Production of amino acids by microorganisms:

A large number of microorganisms have the property of producing the amino acids
necessary for the synthesis of their proteins and their growth from carbohydrates and
mineral salts (Table 2).

Table 02: Examples of amino acids produced by microorganisms

Aspartic acid Bacillus megaterium; Pseudomonas

Alanine Pseudomonas; Corynebacterium;
Brevibacterium

Arginine Corynebacterium glutamicum;
Brevibacterium flavum

Glutamic acid Corynebacterium glutamicum;
Brevibacterium; Micrococci

Lysine Brevibacterium lactofermentum;

Saccharomyces ; Candida

Methionine Corynebacterium glutamicum;
Rhodotorula; Candida

Phenylalanine Brevibacterium lactofermentum;
Flavobacterium spp; Micrococci
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The industrial production of amino acids by microbiological means is expanding
and is currently of great social and economic importance. These methods have managed

to compete with classical chemical synthesis techniques.

In addition, the microbiological route makes it possible to directly produce the L
forms of amino acids, usable by mammals, unlike chemical methods which can only

provide racemic compounds.

I1.2. Example of glutamic acid production:

Glutamic acid (glutamate) is not an essential amino acid for humans or animals.
However, it is widely used in the food industry as a condiment or as a flavor corrector.
Glutamate is also one of the most active neurotransmitters in the brain. It can be extracted
from natural sources, such as beet molasses, soy flour, or gluten, but in quantities

insufficient to meet demands.

The industrial production of glutamic acid can be carried out according to two
main processes:

2.1.1.1 The single-stage process:

In this process, the amino acid is produced directly by a single microorganism.
The synthesis of the carbon chain of the amino acid is carried out from intermediate
products of carbohydrate metabolism (glycolysis, pentose phosphate pathways and Krebs
cycle): Glucose is exidated to form citrate which is then oxidized to acid a-ketoglutaric
acid. Glutamic acid is subsequently produced from a-ketoglutarate using glutamate
dehydrogenase.

The strains used in this process are Miccus glutamicus, Corynebacterium
glutamicum, Brevibacterium flavum, Brevibacterium lactofermentum and Brevibacterium

divaricatum.

2.1.1.2 The two-stage process:

This process consists of first preparing o-ketoglutaric acid microbiologically,
which is then transformed into glutamic acid, either using a second microorganism or

enzymatically.
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This process is also of considerable industrial importance, due to the fact that the
intermediate product, o-ketoglutaric acid, is easily obtained by well-studied
microbiological techniques. It can be produced by several kinds of microorganisms from

glucose, a source of mineral or organic nitrogen and mineral salts.

3 Vaccines:

3.1 Composition of vaccines:

The vaccine is an antigenic preparation, made from bacteria or complete viruses, their
constituents (nucleic acids, polysaccharides, proteins) or their products (toxins), of which the
capacity to produce the disease is reduced or removed while retaining that of inducing a

protective immune response (immunogenicity).

In addition to the antigen (active ingredient), vaccines contain two classes of
components which participate in the formulation of the final product:

The adjuvant, which has the role of stimulating and directing the immune
response.

The stabilizing agent, responsible for maintaining the properties of
the product over a long period of time under defined conditions.

3.2 Production of vaccines:

The production of vaccines on an industrial scale boomed during the second half
of the 20th century. The manufacturing process of vaccines is longer and more complex
than that of other drugs, since the raw materials are biological substances and living
microorganisms that require delicate handling and strict control to ensure the quality of the

final product.

Vaccine manufacturing includes two main stages: biological manufacturing and

pharmaceutical manufacturing.

3.3 Organic manufacturing:
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The aim of this step is to constitute a “reserve” of the target bacteria or virus. The
strains in this bank must be highly stable and free of mutations to guarantee the quality of

the final product.

The strain is cultured in a bioreactor. The culture of a viral strain is closely linked

to cell culture, due to the inability of viruses to multiply outside living cells.

Fermentation takes place under rigorously controlled conditions (time,

temperature, pH, agitation, aeration, oxygen content, etc.).

After the growth time, the bacterial or viral antigen is harvested from the culture

medium by centrifugation or filtration.
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This operation reduces the volume to be purified. It is based on the concentration
of the antigen by fractionation with salts (calcium salts) or solvents (ethanol) and/or by

ultrafiltration using filter membranes of well-determined molecular porosity.

This step involves removing all impurities from the manufacturing process. It
makes it possible to isolate the antigen and separate it from the other components included
in the crude extract. The purification technique is based on the distinct physicochemical
characteristics of the antigens (chromatography, centrifugation, precipitation, solvent

extraction, etc.).

This operation consists of removing the pathogenicity of microorganisms by
physical (heat) and chemical (formalin) processes while preserving their immunogenic
capacity, thus obtaining the active ingredient.

The resulting antigen will be used as an active substance for the pharmaceutical
production of the vaccine. It will undergo successive treatments (formulation, distribution,
freeze-drying, crimping, candling, packaging, batch control and release) in order to

produce the finished product.

4 Enzymes

Enzymes are biological catalysts of a complex protein nature. They are purified

from various raw biological materials.

4.1 The interestin enzymes in bioprocesses:
Enzymes are widely used in bioprocesses and advantageously replace synthetic

chemicals thanks to:
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Their biodegradability.

e Their low energy consumption.
e Their high specificity.

¢ Reducing waste and the risk of pollution.

4.2 Production of enzymes by microorganisms:
Given the availability of microorganisms and their exponential growth, only

microbial enzymes produced by fermentation have experienced significant expansion and
are thus prepared industrially. In fact, more than half of the enzymes used industrially come
from fungi or yeast and around a third are of bacterial origin.

Generally speaking, an enzyme-producing microorganism must provide good
enzyme production in a minimum of time and be able to grow on less expensive substrates.
Extracellular enzymes are often preferable to endocellular ones (the extraction of which is
difficult to achieve).

Each microorganism produces, generally in small quantities, numerous enzymes
involved in cellular mechanisms (Table 3). However, some enzymes are produced in much
larger quantities by certain microorganisms (for example, for the degradation of complex

molecules such as cellulose, starch, or proteins).

Table 02:Examples of enzymes produced by microorganisms

Invertase Saccharomyces cerevisae;
Kluyveromyces lactis; Aspergillus
usamii

Lipase Mucor  javanicus; Lucor  mihei;

Rhizopus arrhizus; Aspergillus effusus

Pectinesterase, Pectin lyase, Aspergillus  usamii; Aspergillus  wentii;
Polygalacturonase Aspergillus niger; Penicillium funiculosum
a-amylase Bacillus licheniformis; BacillusAspergillus

niger subtilis; Aspergillus oryzae

Glucose isomerase Streptomyces albus;  Actinoplanes
missouriensis; Bacillus coagulans

Lactase Kluyveromyces fragilis; Kluyveromyces
lactis
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Production media, whether synthetic or complex, must contain the nutrients necessary
for microbial growth and production (energy, carbon, nitrogen, phosphorus, sulfur, vitamins,
etc.)

The fermenters used can reach volumes of 100 to 200 m3. Depending on the
enzymes and processes, fermentation lasts from 30 to 150 hours. It is done in a rich
environment, where the physicochemical parameters are continuously regulated: oxygen,
pH, temperature, addition of anti-foam. In addition, the measurement of enzymatic activity
is carried out at regular intervals.

The enzyme produced can be excreted into the culture medium (extracellular
enzymes) or present inside the cell (intracellular enzymes). Depending on the requirement, the

commercial enzyme can be crude or purified. In addition, it can be in solid or liquid form.
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Chapter 03 bis industrial fermentation products
1 Products of industrial fermentation.

1.1 Proteins of Single Cell Origin (SCP).

We call “Proteins of Unicellular Origin” (PUO), or Single Cell Proteins (SCP), any
microbial biomass rich in proteins intended for human or animal food. SCP are not pure
proteins, but also contain carbohydrates, lipids, nucleic acids, mineral salts and vitamins
(Nasseri et al, 2011).

2 The reason for the global need for proteins of single-cell origin.

Protein sources are mainly covered by animal proteins, represented mainly by meat of
different types, however, due to its high price, the diet of many countries has a serious deficit
in animal proteins, and the search for new Protein resources is one of the concerns of these
countries. Therefore, the motivation for the use of SCP in human food is mainly aimed at
overcoming undernutrition in these countries, and therefore makes it possible to satisfy their
protein needs. In countries where there are no serious problems of undernutrition, the use of
SCP in human food is very limited, and it is rather intended for animal feed. (Ravindra et al,
2000).

3 Microorganisms used for the production of SCP

Generally, four types of microorganisms are used. These are microalgae, bacteria,
yeasts and filamentous fungi. Below are some examples (Gervasi et al, 2018):
e The yeasts generally used as SCP are mainly: Saccharomyces cerevisiae: used

mainly as a food additive.

e Candida uses: after inactivation by heating, it is used as a nutritious food, since it

is rich in proteins and in free amino acids, and has a light meaty flavor.

e The mold, Fusarium venenatum, is used in the production of Quorn, which is a
brand of mycoprotein-based meat substitute with a taste resembling chicken meat. (Reihani et
al, 2019).

e Cyanobacteria can be used as food supplements, for example spirulina, produced mainly
from the species, Arthrospira platensis Or Arthrospira maxima. Spirulina is rich in proteins (60%

protein) and vitamins, as well as mineral salts and trace elements (Avila-Leon, et al, 2012).
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4 Criterion for choosing a microorganism for SCP production

Before being used as a source of SCP, the microorganism must meet certain criteria,
in fact, it must be (Nangul et al, 2021):

e Non-pathogenic

e Possessing a high protein level.

e High growth rate;

e Ease of harvesting;

e Good resistance to variations under production conditions.

5 Industrial production of SCP

5.1 Cultivation conditions.

The ideal ratio for the different sources of carbon, nitrogen and phosphorus, entering
into the composition of the culture medium for the production of SCP, must be equal to 100 /5
/ 1. The incubation temperature is generally between 30 and 35°C, depending on the
microorganism, while the pH must be maintained between 4.0 and 5.5. A critical parameter is
the dissolved oxygen concentration. For aerobic fermentations, the medium should be 40%

saturated with oxygen. (Waites et al, 2009).

5.2 Fermentation and purification of SCP

After sterilizing the culture medium, biomass production is carried out in a fermenter.
The SCP are then recovered by multiple centrifugations, then stored in barrels, or are dried to

obtain a powder free of any living cells. (Ghanem, 1992).

2. Advantages and disadvantages of SCPs.

Use of microorganism as a protein source of unicellular origin has certain advantages
compared to protein sources of animal or plant origin (Nasseri et al, 2011) :
e Rapid growth rate, compared to livestock.

e High protein content (30-80% of dry weight);

o The possibility of using a wide range of cheap (inexpensive) substrates,
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including organic waste, for their growth.
e Requires little space and little water, compared to breeding.

e Helps solve an environmental problem.
e SCP production is independent of climatic variations.

A few disadvantages that may accompany the use of SCP as a protein source

(Fabregas and Herrero, 1985) :

e They can produce toxins or other harmful metabolites.

o The nucleic acid content of SCP limits their use in human food. Indeed, a large
consumption of nucleic acids raises the concentration of uric acid in the blood plasma. There is
then a risk of precipitation of urea in the tissues and joints, which results in symptoms similar

to gout disease.

) The metabolites produced by microorganisms are divided into two categories:
primary metabolites and secondary metabolites, depending on the phase in which they are

produced.

6.1 Primary metabolites:

o Primary metabolites are produced during the phase of exponential growth at
the time of cell division. They are produced in abundant quantities by essential metabolic

pathways that are common in many living organisms.

. Primary metabolites often arise from energy metabolism and are involved in
cell growth and development, such as amino acids (protein synthesis), carbohydrates
(energy source and cell wall synthesis), and lipids ( energy source and synthesis of cell

membranes)
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° In industrial fermentation, the primary metabolites of interest may arise from
anabolism or catabolism. The first are mainly amino acids and vitamins produced for food or
pharmaceutical purposes, while the latter are mainly alcohols, solvents and organic acids used
in the food or chemical industry (Table 01).

Table 1:Some examples of primary metabolites

Metabolite Producer microorganism Industrial interest
Organic acids
Lactic Lactobacillus - Manufacturing fermented foods
acid
- Preservative
Acetic Acetobacter aceti - Manufacturing of vinegar
acid
- Preservative
Citric Aspergillus niger - Food additive
acid

- Pharmaceuticals and cosmetics

Alcohols

Ethanol Saccharomyces cerevisiae - Fuel
- Solvent industrial
Butanol Clostridium acetobutylicum -Industrial solvent
Amino acids

Glutamic Corynebacterium glutamicum - Flavor enhancer
acid
Lysine Brevibacteriumlactofermentum - Food supplement

Vitamins
Cobalamin Propionibacteriumshermanii - Dietary supplement
(B12)
Riboflavin(B Eremothecium ashbyii - Dietary supplement
2)

6.2 Secondary metabolites:

Secondary metabolites, for their part, are produced late during the stationary
phase, and even sometimes during the decline phase. They are produced in small
quantities and are not directly involved in the fundamental physiological processes of
the body.

These metabolists are obtained by particular metabolic pathways exclusive to
a few species and which usually give them a survival advantage in the natural

environment, such as: antibiotics, growth factors and enzymatic inhibitors (table 02).
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Table 2:Some examples of secondary metabolites

Metabolite Producer microorganism Industrial interest
Penicillin Penicillium chrysogenum - Antibiotic
Streptomycin Streptomyces griseus - Antibiotic
Benzaldehyde Trametes suaveolens - Almond aroma

6.3 Reminder: microbial growth:

During growth, there is, on the one hand, a depletion of the culture medium in
nutrients and, on the other hand, an enrichment in metabolic by-products, as well as in

growth waste.

Microbial growth includes 5 phases (figure 1):

1. Latency phase: the growth rate is zero (1 = 0). This is the time needed
for the bacteria to adapt to the new substrate (synthesis of the enzymes
necessary for growth).

2. Exponential growth phase: growth rate reaches peak(pu=max). The
growth rate is constant and the bacteria doubling time is the shortest.

3. Slowdown phase: the growth rate declines. There is an exhaustion
of the culture medium, an accumulation of waste and the beginning
of autolysis of the bacteria.

4. Stationary phase: the growth rate becomes zero (u = 0). Bacteria
begin to synthesize metabolites to better resist damage.

5. Decline phase: the growth rate is negative (u < 0). All nutritional
resources are exhausted. There is accumulation of toxic metabolites. A
reduction in viable organisms and cell lysis occurs under the action of
endogenous proteolytic enzymes. However, growth persists through

the release of metabolites during cell lysis.

53



N r éries
ombre de bactérie 1. Phase de latence

A ¥ I 2. Phase de croissance
' exponentielle
. Phase ralentissement
. Phase stationnaire
. Phase de déclin

h b W

» Temps

Figurel:The microbial growth curve

7 Primary metabolites obtained by microbial fermentation.

7.1 Amino acids.

Many microorganisms can synthesize amino acids from inorganic nitrogen compounds
via industrial fermentation processes. These amino acids are mainly used as food supplements
for human or animal nutrition. However, several amino acids are used as ingredients in
pharmaceutical and cosmetic products, and in the chemical industry for the manufacture of
polymers, for example glutamic acid, lysine, and tryptophan. (Demain et al, 2008).

In the rest of the course, we will discuss the example of the industrial production of

glutamic acid.

7.2 Example of the industrial manufacture of glutamic acid.

Glutamic acid is a non-essential amino acid, produced industrially in the form of
Monosodium Glutamate (MSG, E621). This molecule is used mainly as a food additive to
enhance the taste of several food products, because it is responsible for the umami taste. (Ikeda,
2003).

1.1. The main microbial strains used.

Glutamic acid-producing bacteria include species that all belong to the Actinobacteria
phylum, including Arthrobacter, Brevibacterium, Corynebacterium, Microbacterium and
Micrococcus. They are Gram-positive bacteria, immobile, strictly aerobic, auxotrophic for
biotin (Tatsumi, 2012).
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The industrial strains used for the production of glutamic acid are mutants of the
species Corynebacterium glutamicum, Corynebacterium callunae, Brevibacterium flavum and
Brevibacterium lactofermentum. In order to overcome the constraints encountered during the
industrial production of glutamic acid, several steps are followed. (Hermann et al, 2003;
Ikeda, 2013) :

e Genetic modification of industrial strains which mainly aims to block the
metabolic pathways which lead to the biosynthesis of undesirable by-
products.

e The inhibition of the regulatory mechanism of glutamic acid production by
feedback inhibition, in fact, in wild strains of Corynebacterium glutamicum, when the final
product accumulates and reaches a desirable final concentration, the cytoplasmic production
of the glutamic acid is inhibited by the feedback inhibition mechanism,

e Decrease the activity of the enzyme complex, a-ketoglutarate dehydrogenase,
also called, oxoglutarate dehydrogenase complex (OGDC), which are Krebs cycle enzymes,
catalyze the conversion reaction ofa-ketoglutarateAtsuccinyl-CoA (Figure 2).

‘ooc\/\[(coo' —OOCWS\COA
+CoA-SH + NAD- — NADH + H* +CO; +

0
a-Cétoglutarate Succinyl-Cod

Figure2:Conversion reaction of a-ketoglutarate to succinyl-CoA (lkeda, 2013).
Indeed, the production of glutamic acid is catalyzed by the enzyme glutamate

dehydrogenase (Figure 3), which uses oxoglutarate as a substrate (a-ketoglutarate), which is a

Krebs cycle intermediate (Ertan, 1992).

Oxoglutaric il NH; R Gltamatedehydrogenase > L-gluramic i +N AD(P)+ p H20

Figure3: Reaction of the formation of L-glutamic acid (Ertan, 1992).

In order to direct the metabolism of mutant strains towards an overproduction of
glutamic acid, the activity of the enzyme, oxoglutarate dehydrogenase (OGDC), decreases
under conditions limiting biotin, which allows an accumulation of a-ketoglutarate and therefore

leads to an improvement in the production yield of glutamic acid. It is important to note that
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the optimal concentration of biotin to produce glutamate is between 2 and 5 pg/L (Schultz et
al, 2007).

As glutamic acid biosynthesis is cytoplasmic, and mutant strains do not secrete
glutamate, a range of treatments are used to make cells more permeable and facilitate the release
of the amino acid into the external environment. These treatments include:

o The limitation of biotin during glutamic fermentation is the cause of the
decrease in the level of membrane phospholipid, which has the effect of increasing the ratio
of saturated fatty acids/unsaturated fatty acids, which is the cause of glutamate excretion
(Gutmann, 1992).

o The addition of penicillin appears to be used during the industrial production
of glutamic acid. Indeed, penicillin inhibits peptidoglycan biosynthesis in producing
strains, which causes an enlargement of cell size, and at the same time, causes an
improvement in the yield of glutamate production. (Kim et al, 2010).

o Treatment with surfactants, especially with Tween 40, in fact, it was
observed that final concentrations of 80 g/L in glutamate were obtained by the C.

glutamicum strain, using Tween 40 (Kim et al, 2009; Hoischen and Kramer, 1990).

Fermentation is carried out in stainless steel fermenters with a maximum capacity of
450 m. The carbon sources used are generally glucose or sucrose. Sugar cane or beet molasses
can also be used. The nitrogen source (ammonium salts, urea or ammonia) is fed slowly to avoid
inhibition of L-glutamate production (Hirasawa et al, 2016).

The culture is kept shaking under aerobic conditions, at a temperature of 30-37 °C,
depending on the microorganism used. To avoid decreasing the pH of the culture medium, as
L-glutamate is excreted into the medium, the pH is maintained between 7 to 8. The duration of
fermentation is normally between 35 to 40 h. and reached glutamic acid levels in broth of 80
g/L (Delaunay et al, 1999).

Purification of glutamic acid involves centrifugation to remove microbial biomass.
The pH of the supernatant is gently lowered, by hydrochloric acid, to the isoelectric point of L-
glutamic acid (pH = 3.2). The L-glutamic acid crystals are then recovered by centrifugation,

then washed several times. MSG is prepared by adding sodium hydroxide solution to crystalline
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I-glutamic acid followed by recrystallization (Schultz et al, 2007).
8 Organic acids.

Organic acids are organic molecules having acid groups (COOH) in their carbon
skeleton. Most organic acids have an agri-food application, and are mainly used as
preservatives, flavoring, acidulant and antioxidant. Among the main organic acids useful to

humans, we find: citric acid, acetic acid, lactic acid and propionic acid (Sauer et al, 2008).

8.1 Definition and use of citric acid.
Citric acid, or citrate, is an organic acid, present in abundance in lemon, hence its

name. It is widely used in the food industry, in the form of a food additive (number E330), as
an acidulating and flavoring agent in drinks, confectionery, sour candies and other foods. Citric
acid can have other non-food applications, especially medical and pharmaceutical (Max et al,
2010).

8.2 Industrial microorganisms producing citric acid.

Many microorganisms, can be used to produce citric acid, including:

e Bacteria: Bacillus licheniformis and Bacillus subtilis (Xu et al, 2005).
e Molds: Aspergillus niger, Aspergillus awamori, Aspergillus foetidus, and
Penicillium restrictum (Show et al, 2015).

e Yeasts: Candida lipolytica, Candida intermedia, and Saccharomyces
cerevisiae

(Yalcin et al, 2010).
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However, global industrial production is ensured by the mold Aspergillus niger, due
to its ease of handling, and its ability to ferment a variety of inexpensive substrates, as well as
their high citric acid production yields (Papagianni, 2007).

8.3 Natural biosynthesis of citric acid.

Citric acid is a Krebs cycle metabolic intermediate, resulting from the condensation of
the acetyl residue (2 carbons) of acetyl-CoA on oxaloacetate (four carbons) to form citrate (six
carbons), with release of CoA, the reaction is catalyzed by the enzyme citrate synthase (Figure
4) (Szczodrak, 1981):

/O
c2 H,0 CoA-SH CH2_C\
A - “
CH:;—C\ + ():([_C()() ‘TH—' HO—C—COO
S-CoA CH,—C00 CH,—C00
Acetyl-CoA Oxaloacetate Citrate
c4 cé

Figure4:Reaction of the formation of citric acid (Szczodrak, 1981).

In industry, in order to accumulate citrate, the reaction of conversion of citrate to cis-
aconitate must be blocked. This is achieved by inhibiting aconitase, the enzyme that catalyzes
this reaction. Inhibition of this enzyme can be done in several ways, including (Ramakrishnan
et al, 1955; Kubicek and R6hr, 1985):

o The elimination of iron ions (Fe+2), in fact, the aconitase enzyme uses
iron ions as a cofactor, so if we eliminate iron from the industrial culture medium, the
enzyme will automatically be blocked. Iron ions can be eliminated by adding certain iron

chelating agents such as: fluorocitrate.

o The genetic modification of Aspergillus niger strains, by causing
mutations in the gene responsible for the biosynthesis of the aconitase enzyme, in order to

have transgenic strains devoid of this enzyme.

8.4 The industrial culture medium used for the production of citric acid.
The process of industrial fermentation of citric acid involves the cultivation of the

mold, A. niger, in aerobic conditions, in a culture medium which must contain:
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e A source of carbon.
The carbon source could be starch, starch hydrolyzate, sugarcane juice, glucose,

sucrose or molasses. In industry, the most used source of carbon is molasses. In order to have
a good production yield of citric acid, the sugar concentration in the culture medium must be at
least 140 g / L (14%) (Ikram et al, 2004).

e A source of nitrogen.
Are generally ammonium salts, especially, ammonium sulfate, ammonium

nitrate...etc, which are generally supplied at concentrations of 0.1 to 0.4 g/L (Papagianni et
al, 2005).

e Mineral salts.
Mineral salts, especially Fe+2, must be removed from the culture medium, because the

latter inhibits the formation of citric acid beyond a critical concentration. The elimination of

mineral salts is carried out by ion exchange chromatography (Choudhary et al, 1966).

e The pH.
In order to initiate the growth of Aspergillus niger, the initial pH of the culture medium

is generally between 5 and 7. Then, it must be maintained below 2, this has the advantage of
controlling contamination and inhibiting the formation of oxalic acid and gluconic acid
(undesirable products) (Papagianni et al, 2005).

8.5 The stages of industrial production of citric acid.

8.5.1 Fermentation.
The industrial production of citric acid can be done either by surface fermentation or

by submerged fermentation:

8.5.2 The surface fermentation process:
This method involves placing the sterile culture medium, which is usually molasses,

in shallow (5 to 20 cm deep) aluminum or stainless-steel trays, placed in a sterile enclosure
(Kilig et al, 2002).
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8.5.3 The submerged fermentation process:

More than 80% of the world's citric acid production is produced by submerged
fermentation in fermenters of 200 to 900 m? volume. Fermenters are corrosion resistant, usually
made of stainless steel. (Darouneh et al, 2009).Unlike surface fermentation, the sterile culture
medium is seeded by vegetative cells, and no longer by spores of the A. niger mold. The culture
IS kept stirring at a temperature of 30°C and a pH which does not exceed pH=3.5. Fermentation
lasts five to fourteen days and reaches a yield of approximately 18.0 kg/m3 per day (Khan et
al, 1990).

8.5.4 Precipitation, extraction and purification of citric acid.
After fermentation is completed, citric acid purification begins with the separation of

fungal mycelium, by filtration or centrifugation, from the culture medium. The solution
obtained is heated then mixed with lime (CaO) to form a precipitate of calcium citrate
(Ca3(C6H507)2). This is separated by filtration, then treated by dilute sulfuric acid to generate
citric acid plus a precipitate of calcium sulfate (gypsum). The latter will be eliminated by
filtration. The citric acid solution obtained will be decolorized by the activated carbon then
evaporated to produce citric acid crystals. These crystals are recovered by centrifugation, then
dried and packaged (Vandenberghe et al, 1999).
The stages of industrial citric acid fermentation are summarized in Figure 5.
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Figureb: Steps in the production of citric acid.
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Chapter 04: Food Products

A large number of microorganisms are exploited in the food industry. These
contribute to the preparation of foods, to the improvement of their organoleptic
properties and even to their preservation, thanks to the particular metabolic abilities
that they possess.

1 Fermented food

Fermentation has always been a common way of preserving and processing
food. The range of products concerned is very wide. It includes many foods

traditionally obtained by natural fermentation and, now, industrially processed.

Fermented foods are foods transformed by microorganisms aerobically or
anaerobically. These foods make up 20-40% of our diet and have been around for

millennia.

Depending on the type of fermentation, there are several categories of

fermented food products:

1.1 Dairy products:

These are the most widely consumed fermented foods in the world. Milk is
composed of various substances, including fats, which are stabilized by a protein,

casein, and carbohydrates represented mainly by lactose.

Caseins make up the majority of milk proteins. They are present in the form
of micelles composed by the association of different caseins held together by
calcium phosphate. These micelles are suspended in the aqueous phase of the milk
and their destabilization by acidification leads to its coagulation. This is called

lactic technology.
The milk is then inoculated with lactic ferments (lactic acid bacteria) which
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transform lactose into lactic acid, thus causing the acidification of the milk and its
coagulation.

This coagulation will have various consequences: it modifies the texture,
taste and quality of the milk. The pH is also reduced, which limits the growth of
unwanted bacteria and therefore the conservation of milk. As for them, lactic acid
bacteria multiply and produce compounds which are at the origin of the

organoleptic properties of fermented dairy products.

1.2 Yogurt:

Yogurt results from the fermentation of milk by two lactic acid bacteria,

Streptococcus thermophilus living in symbiosis with Lactobacillus bulgaricus.

The production of yogurt goes through several stages:

1. Pasteurization of milk (heating to 72°C for 15 seconds) to
eliminate pathogenic germs.

2. Seeding with lactic ferments (Streptococcus thermophilus and
Lactobacillus bulgaricus) after cooling to 43°C which is the optimal growth
temperature for lactic acid bacteria.

3.  Steaming, where the milk is potted for 3 hours, which allows
the ferments to develop and transform the milk as follows:

. S.thermophilus grows first and causes an acidification of the environment
up to 0.8% lactic acid. This acidity level will inhibit the growth of S. thermophilus and
promote the growth of L. bulgaricus.

. The growth of L. bulgaricus will increase the acidity of the medium

further up to 1.5-2% leading to coagulation of milk.

Notice: The lactic acid bacteria must still be alive when the yogurt is
consumed, which allows for better digestion and better transit. The content of
viable ferments upon marketing must be greater than 107 germs/g of product, with

a ratio of 1/1 between the two bacterial species.
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1.3 Cheeses:

Cheeses have been known for thousands of years and have more than 2000
varieties. This diversity is due to the variety of milks used, the nature of the
ferments inoculated and the treatment applied to the curds.

In cheese making, milk coagulation results from the combination of the
microbiological action of the ferments and the enzymatic action of rennet
(coagulant made up of enzymes, notably chymosin). The manufacturing steps are

as follows:

1.  Pasteurization of milk.

2. Addition of lactic ferments and rennet.

3. Transfer of milk into molds for its steaming and thus its coagulation
by the action of ferments and enzymes.

4.  Draining the formed curds to reduce their water content (fresh and
white cheeses are consumed directly after this step).

5. Unmolding of the cheese and salting either by surface sprinkling or by
brine (immersion in a saturated sodium chloride solution).

6. Refining of cheeses, which corresponds to a maturation period allowing
the physico-chemical evolution of the organoleptic characteristics (taste and flavor),

color and particular texture.

1.4 Lacto-fermented vegetables:

Lactic fermentation is not only used to preserve dairy products, it also
allows the preservation of mushrooms and vegetables of all kinds: cabbage, beets,
carrots, beans, onions, etc. This technique consists of preserving vegetables by
promoting the development of lactic acid bacteria which acidify the environment

and thus inhibit the growth of other undesirable organisms.

For fermentation to take place, lactic acid bacteria must be provided with

all the conditions necessary for their development:

. Vegetables must provide sugar, B vitamins and mineral salts.
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. Fermentation takes place in an anaerobic environment, so oxygen
must be driven out of the environment.

. Vegetables are most often covered in salt water (salt inhibits the
bacteria responsible for decomposing vegetables).

. The temperature must be between 18 and 22°C at the start of

fermentation.

Fermentation then takes place in 3 phases:

1. Pre-fermentation: lasting 2-3 days where many species of
microorganisms develop, causing vegetables to decompose
and soften (to make them less tough).

2. Fermentation: which begins when the level of lactic acid
bacteria increases compared to other microorganisms.

3. Storage: when the pH drops below 4. Undesirable
microorganisms are no longer able to develop and new aromas

are revealed.

The vegetables can then be stored for at least a year even if the temperature
rises above 10°C. This method of preservation is therefore not only economical
since it does not require any energy input but also good for health because lactic
acid bacteria produce many vitamins in parallel and lactic acid has many digestive

properties.

1.5 Fermented meat:

Meat products of various origins (cattle, poultry, fish, etc.) are prepared in
different ways and presented in several forms (hams, sausages, etc.) and despite
their great diversity, they all undergo fermentation at a certain stage of their

production.

The fermentation processes applied to meats are most often carried out by
strains of Lactobacillus, the development of which contributes to the maturation of
the product and its acidification which causes the progressive disappearance of

contaminating microorganisms.
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The microbial quality of finished products is also due to various specific

manufacturing operations: cooking, acidification, drying, salting, etc.

1.6 Bread:

The leaven for making bread is made up of strains of the Saccharomyces
cerevisiae yeast which is cultivated aerobically to promote the production of CO:
which will cause the dough to swell through the formation of air bubbles. In
addition, sourdough modifies the structure of gluten and produces the characteristic
flavors of bread.

The activity of the yeast begins as soon as it is incorporated into the dough

and stops 5 minutes after the start of cooking:

. During aerobic kneading, cells multiply rapidly. Then during proofing
(1st fermentation), the yeast ferments and produces CO: but also a lot of alcohol, which
evaporates but contributes to the development of aromas alongside a reduction in pH
(acidification).

. After 1 hour of activity, the pre-existing simple sugars in the flour are
consumed. It then continues its action thanks to the maltose coming from the
hydrolysis of starch.

. During the preparation (2nd fermentation), the production of CO; is
greater, it increases further during the first minutes of cooking up to 50°C where the

yeast is inactivated.

Notice: Certain breads are produced by specific sourdoughs made up of

mixed cultures of lactic acid bacteria and yeast.
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