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Preface to ”Microbiology of Fermented Foods and

Beverages”

Fermented foods are consumed all over the world and their consumption shows an increasing

trend. They play many roles, from preservation to food security, improved nutrition and social

well-being. Different microorganisms are involved in the fermentation process and the diversity of

the microbiome is high.

Fermented foods are food substrates that are invaded or overgrown by edible microorganisms

whose enzymes hydrolyze polysaccharides, proteins and lipids to nontoxic products with flavors,

aromas, and textures that are pleasant and attractive to the human consumer. Fermentation plays

different roles in food processing, including the development of a wide diversity of flavors, aromas,

and textures in food, lactic acid, alcoholic, acetic acid, alkaline and high salt fermentations for food

preservation purposes, biological enrichment of food substrates with vitamins, protein, essential

amino acids, and essential fatty acids and detoxification during food fermentation processing.

Theodoros Varzakas

Editor
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Fermented foods are consumed all over the world and show increasing trends. They play

many roles, from preservation to food security, improved nutrition and social well-being.

Different microorganisms are involved in the fermentation process and the diversity of the microbiome

is high.

Varzakas et al. [1] have reported on the different fermented vegetables worldwide and the

versatility of microorganisms involved. They highlighted soybean tempe and other soybean paste

products, sauerkraut, fermented olives, fermented cucumber and kimchi. Moreover, salting procedures

are well explained along with the role of lactic acid bacteria in fermented vegetables.

One of these types of microorganisms involved in fermented foods is lactic acid bacteria, which has

a strong antibacterial effect due to the production of bacteriocins [2].

Zabat et al. [3] utilized 16S rRNA amplicon sequencing to profile the microbial community

of naturally fermented sauerkraut throughout the fermentation process and analyzed the bacterial

communities of the starting ingredients and the production environment. They showed that the

sauerkraut microbiome is rapidly established after fermentation begins and that the community is

stable through fermentation and packaging for commercial sale.

On the other hand, yeasts such as Saccharomyces cerevisiae have been added in the dough of bakery

products to improve organoleptic properties and reduce spoilage. In this direction, the potential use of

L. plantarum UFG 121 in the biomass of the dough has been explored, as a biocontrol agent in bread

production and a species- or strain-dependent sensitivity of the molds was suggested to the same

microbial-based control strategy [4]. Moreover, Kara Ali [5] studied the production of the biomass of

S. cerevisiae on an optimized medium using date extract as the only carbon source in order to obtain a

good yield of the biomass. The biomass production was carried out according to the central composite

experimental design (CCD) as a response surface methodology.

Finally, Bell et al. [6,7], highlighted the role of fermented foods and beverages on gut microbiota

and debated for the need of transdisciplinary fields of One Health to enhance communication.

They addressed nutritional and health attributes and reported that they are not included globally in

world food guidelines. They also referred to some traditional African fermented products.

Fermented foods have well-known uses in human health and could help in the prevention of

chronic diseases from the general gut health, to immune support, skin health, cholesterol control and

lactose intolerance. More research is required in the direction of consumption of fermented foods,

their benefits and daily administration.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Changes in present-day society such as diets with more sugar, salt, and saturated fat, bad

habits and unhealthy lifestyles contribute to the likelihood of the involvement of the microbiota

in inflammatory diseases, which contribute to global epidemics of obesity, depression, and mental

health concerns. The microbiota is presently one of the hottest areas of scientific and medical

research, and exerts a marked influence on the host during homeostasis and disease. Fermented

foods and beverages are generally defined as products made by microbial organisms and enzymatic

conversions of major and minor food components. Further to the commonly-recognized effects of

nutrition on the digestive health (e.g., dysbiosis) and well-being, there is now strong evidence for the

impact of fermented foods and beverages (e.g., yoghurt, pickles, bread, kefir, beers, wines, mead),

produced or preserved by the action of microorganisms, on general health, namely their significance

on the gut microbiota balance and brain functionality. Fermented products require microorganisms,

i.e., Saccharomyces yeasts and lactic acid bacteria, yielding alcohol and lactic acid. Ingestion of vibrant

probiotics, especially those contained in fermented foods, is found to cause significant positive

improvements in balancing intestinal permeability and barrier function. Our guts control and deal

with every aspect of our health. How we digest our food and even the food sensitivities we have

is linked with our mood, behavior, energy, weight, food cravings, hormone balance, immunity,

and overall wellness. We highlight some impacts in this domain and debate calls for the convergence

of interdisciplinary research fields from the United Nations’ initiative. Worldwide human and

animal medicine are practiced separately; veterinary science and animal health are generally neither

considered nor inserted within national or international Health discussions. The absence of a clear

definition and subsequent vision for the future of One Health may act as a barrier to transdisciplinary

collaboration. The point of this mini review is to highlight the role of fermented foods and beverages

on gut microbiota and debate if the need for confluence of transdisciplinary fields of One Health is

feasible and achievable, since they are managed by separate sectors with limited communication.

Keywords: nutrition; probiotics; fermented foods; health benefits

1. Introduction

The microbiota exerts a marked influence on the host during homeostasis linked with metabolic

diseases in humans, but demonstration of causality remains a challenge [1].

Humans as hosts have co-evolved with microorganisms over millions of years, and each body

habitat has a unique set of microorganisms shaping its microbiota [2].
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These bacteria live on the skin, in the corners of the eyes, in the oral cavity, under fingernails,

and most importantly, in the guts. Several perinatal determinants, such as caesarean section delivery,

type of feeding, the use of antibiotics, gestational age or environment can affect the pattern of bacterial

colonization, resulting in gut dysbiosis. The establishment and development of the gut microbiota

over the lifecycle moved from the previous accepted dogma that the mammalian healthy placenta

and foetus were germ-free and considered to be sterile, and that these conditions were critical to the

developing newborn’s immune system, to the actual knowledge that in utero humans are now known

to harbour unique prenatal microbiomes [3,4].

Amniotic fluid may contain microorganisms, increasing the complexity of fetal microbiota,

and having implications for the long-term health and susceptibility to disease, as placental microbiota

could trigger immune responses in the fetus. Early gut microbiota settlement influences the maturation

of the infant’s immune system [5] and subsequent health, although the evidence in support of the

“in utero colonization hypothesis” is considered extremely weak by some authors [6].

Health authorities are now becoming fully aware that one cannot be considered to be in good

health without a well-balanced microbiota composition in the gut, our “forgotten organ” [7], and of

the fundamental role of a diverse and healthy gut microbiota on the subsequent maintenance of future

health and well-being of the host [8,9]. Indeed, although it is broadly mentioned that there are 10 times

more cells from microorganisms in our bodies than there are human cells [10], this claim has been

challenged, and others have estimated that the number of bacteria is similar to that of human cells [11].

Many species of bacteria, specifically those found in the invisible universe of the human

microbiota, e.g., composed of nonpathogenic commensal microbiota from the Firmicutes, Bacteroidetes,

Actinobacteria, Proteobacteria and Verrucomicrobia phyla [12], are unsusceptible to petri dish cultivation.

They can be successfully cultivated in association with other microbes, meaning in communities of

different bacteria species. But without being able to isolate them, research is difficult [13]. Commensal

microbiota gradually deteriorates in sick patients. Therefore, research is being conducted to generate

new technologies to study the rest of the human microbiome using advances in DNA-sequencing

technologies and associated computational methods [14]. Metagenomic sequencing of total fecal DNA

samples offers complementary support to classical microbiology, and enables researchers to access

previously-inaccessible genomic information from gut bacteria [15,16].

In recent years, a number of functional species and strains have been identified in human metabolic

diseases [17]. Gut bacteria can produce various bioactive metabolites which can be detrimental to

the host’s health, such as those with cytotoxicity, genotoxicity, or immunotoxicity [18], shifting the

paradigm of understanding the root cause of the onset and progression of several human metabolic

diseases [19].

Gut microbiota modulates the expression of many genes in the human intestinal tract [20],

including genes involved in immunity, nutrient absorption, energy metabolism, and intestinal barrier

function. It is important to understand genomic diversity of specific members of the gut microbiota if

precise nutrition-based approaches are to be realized [21].

In the oral use of live bacteria, there is more research concerning isolated probiotic commercial

supplements than there is work concerning health benefits of common fermented foods, since major

industries usually do not fund this type of research [22]. Many studies suggest that probiotics may

help with diarrhea or symptoms of irritable bowel syndrome, but strong evidence to support their use

for most health conditions is lacking in people with sepsis, and probiotics are no panacea [23,24].

Probiotics should not be universally given as a ‘one-size-fits-all’; most trials were based on

stool samples, which may not really reflect the bacteria living in the gut, as shedding takes place

continuously [25]. Besides, taking probiotics after treatment with broad spectrum antibiotics may

actually delay the return of normal gut microbiome, a new potential adverse side effect [26].

The One Health concept, introduced at the beginning of the 2000s [27], is a worldwide strategy

for promoting multidisciplinary partnerships and information in all facets of health care sciences,

perceiving the interrelationship between humans, animals, plants, and their common environment [28].
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By working with physicians, veterinarians, osteopathic physicians, dentists, pharmacists, nurses,

ecologists, wildlife professionals, and other scientific-health and environmentally-related specialists,

it will be possible to monitor and control public health threats and learn how diseases spread among

people, animals, and the environment [29].

The point of this mini review is to highlight if the requirement for multiconvergence of the research

fields of One Health (Human-Animal-Environment), the relationship between microbiota-nutrition

and fermented foods, and to underline the idea that future gut-brain research is feasible and achievable

(Figure 1).

 

imbalanced, it is hard for the body’s immune system to function properly [34]. There are also a 

Figure 1. A general picture of the One Health (Human-Animal-Environment) concept as a trans-disciplinary

effort. Contribution of the three branches of public health. Microbiota and human metabolic diseases,

animal health, and environmental epidemiology.

2. Microbiota and General Health

Having an active and natural variety of microorganisms in the gut may improve general

health [30]. The good, healthy bacteria make food more digestible through their enzymes, increased

vitamin synthesis, and the preservation of nutrients, and also help to reduce sweet cravings, maintain

the immune system, and benefit overall gut wellness [31].

The microbiome, consisting of microorganisms and their collective genomes, modulates the host

metabolic phenotype, and influences the host immune system. It is now well established that gut

bacteria are closely tied to immune health [32]. The gut microbiota regulates L-tryptophan metabolism

and identifies the underlying molecular mechanisms of these interactions [33].

A large majority of the immune system resides in the tonsils and gut, so when gut health is

imbalanced, it is hard for the body’s immune system to function properly [34]. There are also a number

of common factors in modern life that can throw human gut bacteria off, such as processed foods and

antibiotics. The use of antibiotics does have several short and long-term implications in the ecology of

the normal microbiota and gut motility [35].

Research on the health benefits of probiotics is still emerging, mainly from the food and beverage

industries and their commercial interests. In contrast, strong, independent scientific evidence to

support specific uses of probiotics for most health conditions is still lacking [36].

The administration of probiotics/prebiotics has been shown to alter the composition and

functionality of the gut microbiota [37]. Recent evidence indicates that the effects of probiotics are

likely to be different from one person to the next [38].
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In addition, probiotics might be ineffective, and possibly counterproductive, in restoring the

baseline gut microbiome after it has been altered by antibiotic treatment. Indeed, probiotics may not be

quite as good as was commonly thought, and they could even be harmful if taken after antibiotics [39].

Serious disorders such as obesity, anorexia, irritable bowel syndrome, autism, and posttraumatic

stress disorder—which have been thought to be solely psychological—share a common symptom:

a hypersensitivity to gut stimuli [40–42].

The role of environmental factors in the development of autism is a crucial and an important area

of research concerning how the environment influences and interacts with genetic susceptibility. Factors

such as parental age at conception, maternal nutrition, infection during pregnancy, and premature birth

are risk factors [43]. Autism (ASD, autism spectrum disorder), a developmental disorder characterized

by disturbance in language, perception, and socialization, with no exact known cause, is usually linked

with bioenergetic metabolism deficiency [44] and neuro-inflammatory conditions [45], and immune

system dysregulation and dreadful gut concerns may improve with better diet and fermented foods

(e.g., fermented raw coconut milk) [46,47].

Specific benefits from the direct dietary modulation of the human gut microbiota has been

described [48]. Despite the wide array of beneficial mechanisms deployed by probiotic bacteria and

fermented foods and beverages, relatively few effects have been supported by clinical data [49].

The interactions (Figure 2) between ingested fermented food and intestinal microbiota, and their

correlations to metabolomics profiles and health, represent an important perspective, and independent

research on health benefits is still emerging [50,51]. Microbiota is specific to each individual, despite

the existence of several bacterial species shared by the majority of adults. A diverse and propitious

microbial ecosystem (e.g., Bacteroides fragilis, Bifidobacterium spp. and Faecalibacterium spp.) favors

homeostasis, particularly at the level of the disease–immune dialogue [52,53].

— —
–

–

 

of a product’s storage tim

Figure 2. Interactions between dynamics of microbiota in humans, animals, and the associated

environment with disease occurrence, salubrity, and well-being.

3. Fermented Foods, Probiotics, Body and Mind

The use of fermentation in conserving food and beverage as a means to provide better taste,

improve nutrition and food safety, organically preserve foodstuffs, and promote health properties, is a

well-known ancient practice. The reasons for fermenting foods and beverages include improvements

of a product’s storage time, safety, functionality, organoleptic quality, and nutritional quality

properties [54]. Not only is this process beneficial for extending shelf-life, but also, fermentation

can enhance nutritional properties in a safe and effective manner [55].
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Many types of food groups, including dairy, vegetables, legumes, cereals, starchy roots, and fruits,

as well as meat and fish, can be fermented [56]. Fermented foods and beverages can comprise anywhere

from 5–40% of the human diet in some populations [57].

Phytochemicals, defined as the non-nutritive, naturally-occurring chemicals found in fruits,

vegetables, wholegrains, legumes, beans, herbs, spices, nuts, and seeds, are responsible for producing

physiological properties, as well as protecting against various environmental stressors of the plant crops.

There are more than one thousand known phytochemicals (e.g., lycopene in tomatoes, isoflavones in soy,

and flavanoids in fruits). The microbiota comes into contact with a wide variety of dietary components

that escape gut digestion and may be affected by phytochemicals [58].

Substantial confusion exists between fermented foods and beverages and the probiotic concept.

It is important to address the common misconception that fermented foods are the same thing as

probiotics [59]. They are not probiotics, although they may contain them, as their live microbial content is

undefined. The term “probiotic” was first coined [60] in 1974, and many authors have described the history

and the progress of probiotics and their different applications. Ilya Ilyich Metchnikoff, the Nobel Prize

winner in Medicine in 1908, was the first who observed the effect of what is called now “probiotic” [61].

FAO/WHO redefined the term “probiotics”, which is now widely accepted as constituting “live

microorganisms that, when administered in adequate amounts, confer a health benefit on the host” [62].

Different types of bacteria (e.g., Lactobacillus, Bifidobacterium, Streptococcus, Bacillus) and yeast or mold

(e.g., Saccharomyces, Aspergillus, Candida) are used as probiotics. Probably, the first real use of food

containing probiotics was fermented milk, but today we have to differentiate between probiotics and

probiotic-containing foods (e.g., fermented foods) [63]. The scope and appropriate use of the term

“probiotic” has been well clarified (Figure 3) [64].

–

is undefined. The term “probiotic” was first coined [60] in 1974

what is called now “probiotic” FAO/WHO redefined the term “probiotics”
“live microorganisms that, when administered in adequate amounts, confer 

a health benefit on the host” [62]. Different types of bacteria (e.g.

“ ”

 

Figure 3. Overall framework for probiotic products [64].

Probiotics are able to renew, restore, and grow affected tissues lining the digestive tract with

beneficial microorganisms neutralizing the harmful ones. Useful live microorganisms will regenerate

our microflora fermenting our food correctly and improving our health [65,66].

Despite the impact of fermented foods and beverages on gastro-intestinal well-being and diseases,

their health benefits or recommended consumption have not been widely translated to global inclusion

in world food guidelines [67]. When fermented foods and beverages are supplemented with probiotic

bacteria, they provide numerous extra nutritional and health characteristics [68].

Fermented foods and beverages are more popular than ever before, while research into the health

benefits of fermented foods is relatively new. Not all fermented foods contain live organisms; beer and

wine, for example, undergo steps that remove the organisms, and other fermented foods like bread are

heat-treated and the organisms are inactivated. The strain composition and stability of the microbes in

fermented foods is not well understood [69].

Fermentation generates adjustments in yeast and live microorganisms cultures in the absence

of air, but retains the enzymes, vitamins, and minerals in foods and beverages, which are usually

destroyed by processing [70]. The fermenting microorganism, bacteria or yeast, plays a precious role in
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the functional property of fermented foods and beverages [71]. One the biggest benefits of fermented

foods comes from the probiotics they might contain [72]. There are currently no authorized European

health claims for probiotics, and the application of probiotics is controversial, since the European

Food Safety Authority (EFSA) rejected all submitted health claims related to the term “probiotic”,

while accepting the term “live microorganism cultures” in yoghurt [73].

Traditional and modern dietary practices utilize fermented foods and beverages, contributing

significantly to the food chain value and belonging to a category of foods called “functional foods”

(e.g., probiotics, prebiotics, stanols and sterols) by having an additional characteristic, i.e., health-promotion

or disease prevention effect [74].

Fermentation converts sugars, in the absence of oxygen, into organic acids, gases, alcohols,

and carbon dioxide, and provides several benefits such as new and desirable tastes and textures,

enhancement of nutrients (e.g., linoleic acid; bioactive peptides), removal of toxic or undesirable

food constituents (e.g., phytic acid; bitter-tasting phenolic compounds), delivery of probiotic bacteria

(e.g., Lactobacillus delbrueckii subsp. bulgaricus; Streptococcus thermophilus), and inhibition of foodborne

pathogens [75,76].

Fermented foods and beverages are useful because they help provide a spectrum of probiotics

to foster a vigorous microbiome. Fermented foods with unidentified microbial content cannot be

considered probiotic suppliers. The two main effects of the daily consumption of fermented foods are

upon the immune system and upon metabolic function [77].

Dealing with fermented foods has parallels with One Health, since it involves the links between

human, animal, environment, foods and microbiota that impacts the organoleptic and physicochemical

characteristics of foods as well as human health [78].

There are well documented effects of how adverse early life influences on the gut-brain axis and the

use of fermented foods and beverages, mainly with probiotic bacteria, can restore a disturbance of the

normal luminal habitat, and so change the effects of the central nervous system on the microbiota [79].

Our guts control and deal with every aspect of our health. How we digest our food, and even

the food sensitivities we have are linked to our mood, behavior, energy, weight, food cravings,

hormone balance, and immunity [80]. The interaction of nutrients with the microbiota is essentially

what determines overall health. Eating and drinking fermented foods and beverages, especially

organic unpeeled and unpasteurized fruits and vegetables, improves the bioaccessibility and

bioavailability of food bioactive components, supplying dietary fibers and essential micronutrients

such as trace-elements and phytochemicals, together with enzymes, lactic acid bacteria, and organic

acids, all of which are crucial for good health [81].

Changes in the human colonic microbiota fingerprint are associated with the major causes of

morbidity and mortality worldwide, diabetes and cardiovascular diseases, due to imbalances between

beneficial and pathogenic bacteria [82].

Physiologically-active peptides with different functionalities are produced from food proteins

during fermentation and food digestion by lactic acid bacteria. In some fermented products, bioactive

peptides (e.g., immunoglobulins, antibacterial peptides, antimicrobial proteins, oligosaccharides, lipids,

and other “minor” components) have the potential to be used in the formulation of health-enhancing

nutraceuticals [83], and include short amino acid sequences that, upon release from the parent protein,

may play different physiological roles, including antioxidant, antihypertensive, antimicrobial, and

other bioactivities [84,85].

Fermentation may enhance the benefits of a wide variety of foods, dairy products, herbs,

and beverages, acting upon the absorption and activity of their secondary metabolites and chemical

elements [86]. However, it is not always possible to clearly distinguish the potential contribution of

the microbial content from that of the food matrix. There is recent evidence and consumer perception

of the health benefits of fermented foods and beverages [87], beyond the popular recognized effects

on the impairment of gastrointestinal function, namely, their relevance on gut microbiota, correlated
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to human health and to several infectious [88], inflammatory, and neoplastic disease processes [89],

as well as to brain functionality [90].

Despite disagreement among mental health practitioners and researchers pertaining to the

aetiology, categorization, and medical care of several mental disorders [91], current research regarding

fermented foods, the microbiome, and their effect on human health, particularly the global epidemic

of mental health [92], describes problems associated with the modern lifestyle, and with the western

diet being high in sugar and saturated fat [93].

The degradation of the intestinal mucous membrane, weakening the tight barrier against

the ingress of harmful substances, and the protection against a reaction to omnipresent harmless

compounds, is a primary cause of several disturbances [94].

Ingestion of vibrant probiotics, especially in fermented foods, is found to cause significant positive

improvements in balancing intestinal permeability and barrier function [95], with direct effects on

metabolic syndrome, atherosclerosis, inflammatory bowel diseases, and colon cancer [96] and indirect

effects on depression, anger, anxiety, and levels of stress hormones [97].

Young individuals with autism often have a reduced number of microorganisms in the gut [98],

and atypical digestive health conditions may occur, like chronic gastrointestinal and functional bowel

disorder, causing discomfort, diarrhea and bloating, abdominal pain and cramping, collectively

described as irritable bowel syndrome [99]. Children with autism spectrum, besides having a

genetic predisposition, show a disruption of the indigenous gut flora and an elevated number of

potentially pathogenic (toxin-producing) Clostridia in the gut [100,101]. The effectiveness of fermented

foods, mushroom biomass, and probiotics in relieving gut symptoms in autistic children has been

studied [102–104].

The involvement of the microbiota in inflammatory diseases may contribute to altered mood

via intestinal permeability, systemic and local lipopolysaccharide burden, and even direct-to-brain

microbial communication [105]. In future, insights based upon omics techniques will increase our

knowledge between pathogens and healthy strains, thereby explaining food ecosystems and their

dynamics [106,107].

4. Fermented Foods in Developing Settings

Around the world, each culture has its own distinctiveness in terms of food culture and heritage,

where fermented foods are included. In the developing world, for people living in poverty, the main

priority is not food hygiene, safety, and nutritive factors, as they consume less nutritious foods in

which chemical, microbiological, zoonotic, and other hazards may pose a health risk [108].

African traditional fermented foods and beverages have been used since ancient times.

Throughout the continent, there is great variety of fermented foods and beverages, mainly sour

porridges and drinks. Of the various types of fermentations used to obtain fermented foods and

beverages, lactic acid and alcoholic fermentations are the most popular in developing settings, where some

80% of the population still seek care from traditional healers who prescribe indigenous products.

In Africa, a continent which consumes high levels of lactic acid fermented products, estimates for

mental disorders and depression vary widely, but seemingly, such diseases are not less common than

in developed societies [109], although factors other than diet exist which may exacerbate conditions

such as socio-economic changes, urbanicity, alterations in dietary habits, and, more recently, sedentary

behavior among youth [110].

People from Sub-Saharan Africa, often plagued by civil conflicts, drought, floods, famine,

and disease, but with huge biodiversity of plants and herbs, tend to rely on traditional healers

who often interpret mental illness in terms of possession or curses, and tackle mental health by rituals,

but also by recommending traditional plants, herbs, fermented foods, and beverages [111,112]. Many

rural communities in Africa are totally reliant on traditional fermented foods as the primary source of

nutrition for nourishment, as well as for cultural traditional practices [113].
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In Mozambique and Zimbabwe, traditional fermented foods are used for weaning from the

age of four months. The commonest fermented food is known are mahewu, a traditional, fermented,

malted, sour, non-alcoholic maize or cassava thin porridge, sour milk and sour porridge [114,115].

The Tanzanian fermented gruel, togwa, has been found to protect against foodborne illnesses in regions

that have poor sanitation [116].

However, each person is unique in their needs and sensitivities. Most of us only think of

histamine when thinking of allergies. Indigenous fermented foods and beverages, as potential sources

of probiotics, may be very therapeutic for some, while others may have an intolerance to histamine

since there is no histamine free diet, and this amine, with many functions in the body, occurs naturally,

and is a neurotransmitter in the central nervous system [117].

Fruits and vegetables are easily perishable commodities in Africa due to their high water

activity and nutritive values. This phenomenon is more critical in tropical and subtropical countries,

whose climates favor the growth of spoilage causing microorganisms. It is in developing settings

in Africa, Asia [118], and Latin America [119,120] that perhaps the greatest need for probiotics and

fermented foods exist; however, for many reasons, this is not the case [121].

5. One Health Approach and International Organizations

Antimicrobial resistance is the ability of a microorganism (like bacteria, viruses, and some

parasites) to stop an antimicrobial (such as antibiotics, antivirals, and antimalarials) from working

against it. As a result, standard treatments become ineffective, infections persist, and may spread

to others.

Antibiotic resistance is one of the biggest threats to global health, food security, and development

today, and can affect anyone, of any age, in any part of the world. Bacteria, not humans or animals,

become antibiotic-resistant; the cause for this is mainly the way antibiotics are prescribed and used

without sales supervision and medical or veterinarian control. Tackling antibiotic resistance is a high

priority for the United Nations’ agencies FAO, and OIE, and the WHO, who are leading multiple

initiatives and global action plans.

The United Nations (UN) has become the foremost forum in addressing issues that transcend

national boundaries and cannot be resolved by any single country acting alone. While conflict

resolution and peacekeeping continue to be among its most visible efforts, the UN, along with its

specialized agencies, is also engaged in a wide array of activities to improve people’s lives around

the world—from disaster relief, through education and advancement of women, to peaceful uses of

atomic energy.

Despite great successes since 1953, the UN has, in the past and presently, experienced a number

of catastrophic failures, such as the war on sustainable development, global energy goals, refugee and

climate change policies, famine, poverty, war conflicts, drugs, diseases, security, terrorism, nuclear

proliferation, and human rights issues, and it has suffered disappointing setbacks or complete failures

in recent decades.

To improve sanitation and drinking water, the UN organizations FAO and OIE, and the WHO

have assumed joint responsibility for addressing zoonotic and other diseases of potentially high

socio-economic impact. These international UN organizations developed a Tripartite Concept Note

(One Health) setting a course of action and proposing a long term framework for global partnerships

which is oriented towards the coordination of global activities addressing health hazards and risks at

the human-animal-ecosystems crossroads [122].

The One Health European Joint Program (OHEJP) is a European Commission co-funded scientific

collaborative research program intended to help prevent and control food-borne and environmental

contaminants that affect human health through joint actions on foodborne zoonoses, antimicrobial

resistance, and emerging microbiological hazards [123].

Recognizing the health hazards and risks at the human–animal–ecosystems interface is a key

element of their assessments, communication, and management. The One Health approach is
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considered critical for the emergence of antimicrobial drug resistance and on attending prevalent

public health concerns, which comprise emerging infectious, parasitic, and zoonotic diseases [124].

Some 60% of human infectious diseases are of animal origin (zoonoses can be caused by bacteria, fungi,

mycobacteria, parasites, viruses, and prions); nearly 75% of emerging human infectious diseases in the

past three decades originated in animal-borne (even aquatic) diseases/pathogens [125]. Some 80% of

such agents can be used for potential bioterrorism and are also pathogens of animal origin [126].

Through strong partnerships with human, animal, environmental health and civil society

organizations and professionals, it is considered possible to stimulate advances concerning a safe

and secure world with fewer infectious disease threats to human security. But while this UN One

Health initiative has proven to be successful from an emerging and infectious disease perspective,

its value still needs to be proven in terms of the exchanges and interactions of different microbiomes

and elements of microbial communities’ transfer among humans, animals, and the environment [127].

6. One Health, Ecosystems and Veterinary Sciences

The development of new technologies to perform DNA sequencing has expanded studies on

entire microbial communities in humans, animals, and in the environment. The term “microbiota”

encompasses the entire complex ecosystem of gut microorganisms, the bulk of which reside mainly in

the colon. The terms “microbiome” or the metagenome of the microbiota comprise all of the genetic

material within a microbiota.

A complete understanding of human microbiomes in various body mucosa and surfaces requires

an evolutionary perspective. The coevolution of humans and microbiota has generated host-specific

microbiome structures and gut homeostasis of physiologic, metabolic, and antigenic diversity [128].

Population growth and economic development are leading to rapid changes in our global

ecosystems [129]. Health risks are also a result of broader pressure on ecosystems, from the depletion

and degradation of freshwater resources to the impacts of global climate change on natural disasters

and agricultural production [130]. There is increased connectivity between humans, domestic pets,

wildlife, farm animals, and real-world issues such as sanitation, economics, and food security.

Ecosystems, landscapes, and a One Health paradigm, including social-ecological holistic approaches

become increasingly important [131,132]. Such interactions require the integration of health science

disciplines that span the spectrum from personalized care to public health [133].

At the national and international levels, these domains are organized in different Ministries,

and there is an obstruction by professional corporatism which may impair the implementation of the

One Health approach by not pursuing to unify health-related research. Furthermore, overcoming

long-standing barriers of privacy and distrust among health professionals and political will are

necessary to enable the integration of different health systems [134].

Fermentation, as a human ecological process, begins with the symbiotic human relationship with

the microbial habitat [135]. Lifestyle, well-being, and even the survival of humans has been connected

to single-celled microorganisms, i.e., fungi (yeasts) and bacteria on fermentation ecosystems [136].

The concept of a whole ecosystem is unpopular, and many have abandoned the idea that ecosystems

have boundaries [137].

Gut microbes are extensively purged every one to two days and have the ability to double in

number within the space of an hour [138]. In future the ecology of human nutrition may be studied on

fermentation ecosystems models [139].

The One Health approach has been criticized for an excessive focus on emerging zoonotic diseases,

inadequate incorporation of environmental concepts and expertise, and insufficient incorporation

of social science and behavioral aspects of health and governance [140]. Barriers to implementing

this strategy include competition over budgets, poor communication, and the need for improved

technology [141].

At the national level, it is common to observe Veterinary Medicine, Animal and Veterinary Science,

Colleges of Veterinary Medicine, and Veterinary Public Health within the Ministry of Agriculture
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and not in the Ministry of Health; therefore the link between animal health and human health is

very precarious. Veterinary medicine is considered an Agrarian profession which does not include

the concerns of Health professionals on most criteria, including resources. Environmental health is

under the Ministry of Environment, and overall, this partition of responsibilities results in practical

difficulties in terms of implementing the collaboration of multiple disciplines and sectors working

locally, nationally, and globally to attain optimal health for people, animals, and the environment.

At the international level, agencies such as The European Centre for Disease Prevention and

Control (ECDC), The European Food Safety Authority (EFSA), the forum One Health European

Joint Programme (OHEJP), and others, follow the developments on zoonoses with the mission of

identifying, assessing and communicating current and emerging threats to human health posed by

these diseases, as well as zoonotic agents, antimicrobial resistance, and food-borne outbreaks. However,

the monitoring and surveillance schemes of most zoonotic agents are not harmonized between Member

States, adding to existing complexity.

7. Concluding Remarks

Fermented food microbiology is an excellent model that is deeply connected to the dynamics that

shape the human microbiota in different body sites. Perceiving microbial community interactions,

essential for the threat of global antimicrobial resistance, will help to reveal, via a holistic approach,

the unknown secrets of the human microbiome and the interactions which greatly influence multiple

forms of human health, nutrition, well-being.

The relevance and potential of fermented foods and beverages, with contrasting and inconclusive

results, and advocacy for their inclusion into dietary guidelines, depend on future clinical research.

The limitations and inconsistencies in the current body of evidence mean that, presently, no definitive

conclusions can be drawn on the potential health benefits of fermented products.

It is not easy to apply trans-inter-multi-disciplinary research required by the One Health approach

due to its complexity, but the associated human-animal-environmental microbiota and health threats

and risks demand that many challenges and handicaps must be overcome. After two decades,

One Health still needs to prove its use and its ability to be applicable in parallel with the present bold

reforms which are underway among major United Nations departments in order to more effectively

respond to global crises, streamline activities, increase accountability, and ensure effectiveness.
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Abstract: Despite recent interest in microbial communities of fermented foods, there has been little

inquiry into the bacterial community dynamics of sauerkraut, one of the world’s oldest and most

prevalent fermented foods. In this study, we utilize 16S rRNA amplicon sequencing to profile

the microbial community of naturally fermented sauerkraut throughout the fermentation process

while also analyzing the bacterial communities of the starting ingredients and the production

environment. Our results indicate that the sauerkraut microbiome is rapidly established after

fermentation begins and that the community is stable through fermentation and packaging for

commercial sale. Our high-throughput analysis is in agreement with previous studies that utilized

traditional microbiological assessments but expands the identified taxonomy. Additionally, we find

that the microbial communities of the starting ingredients and the production facility environment

exhibit low relative abundance of the lactic acid bacteria that dominate fermented sauerkraut.

Keywords: sauerkraut; microbiome; fermentation; probiotics; high-throughput sequencing

1. Introduction

Sauerkraut, a fermented food made primarily from cabbage, is one of the most well-known

varieties of fermented food, dating back to the Roman Empire. Historically, it served as a source of

nutrients during the winter months when fresh food was scarce, as proper fermentation preserves

the nutritive value of cabbage while creating desirable sensory properties [1,2]. It is most commonly

associated with Central and Eastern European cultures, though it can be found in Western European

cuisine as well. Sauerkraut is thought to have been part of the American diet since the country’s

founding, usually as a cooking ingredient, side dish, or condiment. Its popularity declined beginning in

the 1930s as a result of shifting consumer preferences and a lack of product uniformity [1,3]; however,

advances in food fermentation science and modern consumer interests have brought sauerkraut

renewed popularity in recent years. Today, both mass-produced and artisanal preparations of

sauerkraut are widely sold in the United States.

Sauerkraut production and characteristics are largely dependent on the resident microbial

community and the fermentation conditions [4]. Though the microbial composition of sauerkraut

can vary during the initial stages of fermentation, appropriate fermentation conditions such as

temperature and relative ingredient concentration ensure that lactic acid bacteria (LAB) are the

dominant microorganisms in the final fermented product. These LAB are of critical importance for
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successful fermentation; they produce the organic acids, bacteriocins, vitamins, and flavor compounds

responsible for many of the characteristic sensory qualities of fermented foods, including extended

shelf life, flavor, and nutritional content [5–8]. Additionally, certain LAB have been purported to act

as probiotics that contribute to human health and microbiome stability [9,10]. Though these claims

have not yet been fully substantiated by scientists, this perspective has contributed to recent increased

consumer popularity and consumption in the United States [11].

Canonical sauerkraut fermentation begins with the initial proliferation of Leuconostoc mesenteroides,

which rapidly produces carbon dioxide and acid. This quickly lowers the environmental pH, inhibiting

the growth of undesirable microorganisms that might cause food spoilage while preserving the color of

the cabbage [12]. The action of L. mesenteroides changes the fermentation environment so that it favors

the succession of other LAB, such as Lactobacillus brevis and Lactobacillus plantarum [12]. In traditional

sauerkraut production, this process proceeds at 18 ◦C for roughly one month [12]. The combination of

metabolites that these organisms produce leads to favorable sensory qualities—the unique flavors,

aromas, and textures associated with fermented foods—in the final product [12,13]. The temperature

of fermentation also plays an important role in terms of color, flavor, and preservability [12].

Historically, the important species in sauerkraut fermentation were considered to be L. mesenteroides,

L. plantarum, and L. brevis, which is supported by recent studies [12,14]. In the event of abnormally

high heat or salinity, Enterococcus faecalis and Pediococcus cerevisiae are thought to play a role in

the fermentation process [12]. However, these observations were drawn from studies that used

culture-based techniques to isolate bacteria, which are inherently biased due to their inability to

capture the range of non-culturable bacteria. Recent studies have also identified the genus Weissella as

important to early fermentative processes [14].

Recent advances in high-throughput sequencing technology have created the potential for

highly accurate, culture-independent characterization of the sauerkraut microbiome. The advent

of 16S rRNA amplicon sequencing technology has made it possible to systematically analyze the

sauerkraut microbiome before, during, and after fermentation. Sauerkraut fermented at warmer

temperatures has historically been considered to be of lower quality than sauerkraut fermented

at low temperatures; however, current methods of industrial production are turning towards

warm-temperature fermentation because it dramatically shortens production time.

Here, we analyze the taxonomic composition of sauerkraut fermented at room temperature over

a 14-day fermentation period. Overall, the taxonomic composition of this sauerkraut is in line with the

taxonomic composition observed in sauerkraut fermented in the traditional cold temperature range,

suggesting that warm-temperature fermentation may be a viable option for producing a sauerkraut

with a bacterial community structure that is in line with sauerkraut produced by a more traditional

cold-temperature fermentation. This may be of particular interest to industrial and commercial

producers, who would be able to speed their production process without sacrificing the taxonomic

composition that is at the heart of consumer interest in probiotics and fermented foods.

2. Materials and Methods

2.1. Sauerkraut Preparation and Sampling Methods

Sauerkraut for this study was sampled from a single 50 lb batch prepared for commercial sale

during June 2017 in a facility located near Providence, Rhode Island. Cabbage was salted to a

concentration of 2.25% before the addition of caraway seeds (<1% by weight). Ingredient samples

were collected in triplicate during a normal production run; 0.5 g of each ingredient were placed

into 1.5 mL Eppendorf tubes containing 500 µL of nuclease-free water. The batch of sauerkraut

was sealed into airtight plastic drums for the fermentation period. Fermentation was conducted at

approximately 21 ◦C. Successful fermentation was determined by a final pH below 3.6. Fermentation

samples were collected in triplicate using Pasteur pipettes from the fermenting sauerkraut at Days

0, 2, 7, 10, and 14. Samples are not true biological replicates, since all triplicates came from the same
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batch of fermenting sauerkraut; this is a limitation of our study, and future studies should examine

the consistency of microbiome dynamics between batches. Packaged, jarred sauerkraut from this

producer was purchased from a commercial distributor and processed alongside fermentation samples

for microbiome analysis of the finished product.

To sample the production environment, the production table, the industrial sink, and the floor of

the production facility were swabbed in triplicate with flocked sterile swabs; these were then stored

individually in Zymo Research DNA/RNA Shield Lysis Tubes (Zymo Research, Irvine, CA, USA; Cat:

R1103). To sample the air in the facility, empty Petri dishes were left uncovered around the facility

throughout the duration of the fermentation period. On Day 14, the Petri dishes were swabbed in the

manner described above. After collection, all samples were immediately transported to the laboratory

on ice and stored at −80 ◦C until processing.

2.2. DNA Extraction, 16S Library Preparation, and Sequencing

The sauerkraut, environmental, and ingredient samples were processed using the ZymoBIOMICS

DNA Microprep Kit (Zymo Research, Irvine, CA, USA; Cat: D4305) according to the manufacturer’s

instructions in order to extract DNA. Using the Earth Microbiome Project 16S Illumina Amplicon

Protocol, we targeted the V4 hypervariable region of the bacterial 16S rRNA gene using an

806Rb reverse primer (GGACTACCAGGGTATCTAATCC) and a barcoded 515F forward primer

(CAGCAGCCGCGGTAAT) [15–19]. PCR amplicons were generated using Phusion High-Fidelity

polymerase (New England BioLabs, Ipswich, MA, USA) under the following conditions: 98 ◦C for

3 minutes, followed by 35 cycles of 98 ◦C for 45 s, 50 ◦C for 60 s, and 72 ◦C for 90 s, and ending with a

final elongation at 72 ◦C for 10 minutes.

PCR amplicon concentrations were analyzed using the Qubit 3.0 Fluorometer and the dsDNA-HS

kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.

Equal amounts of amplicons from each sample were pooled, concentrated, and gel purified using the

Machery-Nagel NucleoSpin Gel and PCR Clean-Up kit (Machery-Nagel, Düren, Germany, Cat: 740609)

according to the manufacturer’s instructions. The pooled samples were submitted to the Rhode Island

Genomics and Sequencing Center at the University of Rhode Island (Kingston, RI, USA) for quality

control and sequencing. Amplicons were paired-end sequenced (2 × 250 bp) on an Illumina MiSeq

platform using a 500-cycle kit with standard protocols.

2.3. Rarefaction and Sequencing Analysis

The raw paired-end FASTQ reads were demultiplexed using idemp (https://github.com/yhwu/

idemp/blob/master/idemp.cp) and imported into the Quantitative Insights Into Microbial Ecology 2

program (QIIME2, ver. 2017.9.0, https://qiime2.org/). Raw reads were subsequently deposited into

the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database

under the SRA accession SRP145097. The Divisive Amplicon Denoising Algorithm 2 (DADA2) was

used to quality filter, trim, de-noise, and merge the data. Chimeric sequences were removed using the

consensus method. A feature classifier in QIIME2 trained with the SILVA 99% operational taxonomic

unit (OTU) database and trimmed to the V4 region of the 16S was used to assign taxonomy to all

ribosomal sequence variants. Contaminating mitochondrial and chloroplast sequences were filtered

out of the resulting feature table. The remaining representative sequences were aligned with MAFFT

and used for phylogenetic reconstruction in FastTree. Finally, diversity metrics were calculated using

the QIIME2 diversity plugin and visualized with Prism (ver. 7.0a, GraphPad, La Jolla, CA, USA).

After quality filtering and preprocessing, we determined that 8 of our 37 sequenced samples had

fewer than 650 reads, which we deemed insufficient for statistically powerful diversity analysis, and

thus a potential source of bias. We therefore removed these read-poor samples from downstream

alpha and beta diversity analysis. Five of the discarded samples were distributed, one each, across

different ingredient and environmental sample types. Given low variation between the remaining two

replicates in these sample types, we feel the two replicates are sufficient for publication. The other three
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read-poor samples were the triplicate fermenting samples from Day 0. These samples were dominated

by contaminating chloroplast reads, which were computationally removed. The remaining bacterial

reads were sufficiently low that they presented a problem for alpha and beta diversity measurements.

The low abundance of bacterial reads in Day 0 samples and our other samples is likely a reflection of

the intrinsically low bacterial abundance of those communities. While this does limit the potential

scope of our conclusions, it is an inevitable result of working with low abundance communities. This

is reflected by the absence of Day 0 in Figures 1 and 2. To visualize the bacterial community at the

Day 0 time point, we used a less restrictive cutoff for sample inclusion in our taxa bar plots—250

reads (Figure 3). This allowed us to recapture all three replicates from Day 0 and gain insight into the

structure of these communities in the absence of diversity analysis.

3. Results

Alpha diversity values of the environment, ingredients, and fermenting sauerkraut were measured

by both the Shannon diversity index and Faith’s phylogenetic diversity. These values reveal a

reduction in bacterial diversity for fermenting sauerkraut as compared to the starting ingredients

and environment (Figure 1). However, we observe contrasting alpha diversity patterns between the

Shannon diversity and the Faith’s phylogenetic diversity metrics during the fermentation process.

The Shannon diversity index indicates a successive increase in alpha diversity of sauerkraut over time

while Faith’s phylogenetic diversity suggests a constant low alpha diversity. We attribute this to the

fact that the Shannon diversity index segments closely related and possibly overlapping LAB into

separate taxa. This generates a false appearance of diversity. By contrast, Faith’s phylogenetic diversity

index uses branch lengths as the basis for assigning diversity metrics, and does not separate LAB with

the same level of granularity. Nevertheless, the low level of diversity in the fermenting product shown

by both plots is likely the result of selective pressures in the fermentation environment, including low

pH, anaerobic conditions, and high salinity. This indicates successful fermentation.

—
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Figure 1. Alpha diversity measures of the sauerkraut, ingredient, and environment samples.

(A) Shannon index; and (B) Faith’s phylogenetic diversity (PD). Error bars represent standard error of

the mean.

Next we employed principal coordinates analysis (PCoA), with the unweighted UniFrac distance,

to visualize the differences in community structures between our samples (Figure 2). The samples

exhibited clear clustering by sample type—raw ingredient, environment, or fermentation time
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point—indicating that the bacterial communities present have significant variation from one another.

This is expected for the environmental samples versus raw ingredients or fermentation time points, but

was surprising for the raw ingredients versus the fermenting sauerkraut. The Day 0 sample derived

from the initial ingredient mixture is much more similar to the Day 14 sauerkraut community than it is

to the raw ingredients (Figure 2). This suggests that the selective pressures intrinsic to fermentation

have strong and immediate impacts on the bacteria found on and in the raw ingredients.
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Figure 2. PCoA depicting the unweighted UniFrac distance between fermenting sauerkraut,

environment, and ingredient microbiome samples.

To further characterize the bacterial community found in each of the collected samples, we

examined the taxonomic structures of our bacterial communities at the order and genus levels (Figure 3).

At the order level, we see differences in bacterial composition between the raw ingredient samples,

the environmental samples, and the fermentation samples (Figure 3A). The raw ingredient and

environmental site categorizations are fairly similar to each other. Sea salt differs slightly from the

cabbage and caraway seed, which may be because salt is not a plant product and it likely presents a

strong halophilic selection pressure. Overall, these two categories of samples are markedly different

from the bacterial communities found during fermentation. The Day 0 sample contains significantly

more bacterial taxa than the subsequent time point samples, and illustrates a precipitous drop in

the number of bacterial species present over the first 48 hours of fermentation. The most abundant

bacterial order in the Day 0 fermentation sample is Pseudomonadales, which is also a high abundance

order in all of the environmental samples. This suggests that the environment plays some role in

establishing the initial bacterial community of the combined ingredients. After two days, the most

abundant bacteria present are of the Lactobacillales order, which is expected in the case of successful

fermentation. This pattern persists throughout fermentation and jarring.

At the genus level, we find many of the same trends hold (Figure 3B). The three ingredient

samples look the most similar at this level, with Halomonas common to and prevalent in all three of the

samples. The environmental samples continue to show similarity, and the lack of similarity between

the environmental samples and the Day 0 fermentation samples persists here as it did at the order level.

LAB dominate the other fermentation samples as they did at the order level, with Leuconostoc and
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Lactobacillus as the dominant genera. This is in line with the results published by Pederson and Albury

1969, which showed Leuconostoc and Lactobacillus as main players in the sauerkraut fermentation

process [12].

—
—

–

cà muối

Figure 3. Relative abundance of bacterial taxa in the fermenting sauerkraut, ingredient, and

environmental samples at the (A) order and (B) genus levels. Only the top seven taxa from the

fermenting and ingredients/environment sample groupings are shown.

4. Discussion

Overall, our results show that, despite the warmer and more rapid temperature fermentation

process used to produce the sauerkraut analyzed here, the bacterial community is in line with that

of more traditional, colder fermented cabbage products. Over the first 48 hours of fermentation, the

microbial community of sauerkraut experienced a precipitous drop in the number of bacterial taxa

present, likely due to the strong selective pressures of high salinity and acidity in the fermentation

environment. Over the remainder of the fermentation period, LAB remained the dominant organisms

present in the community. Both patterns are indicative of successful fermentation.

Perhaps more surprising were the relationships between the microbial communities of the starting

ingredients, the fermentation environment, and the fermenting sauerkraut. The major LAB found in

fermenting sauerkraut were present only in extremely low levels in the starting ingredients, which

may suggest that only trace amounts of LAB are necessary to initiate fermentation. It is also possible

that the abundance of fermentative sauerkraut LAB found around the production facility—especially

in the air—might contribute to the inception of the fermentative community, acting as a starter culture.

The presence of LAB in the environment may also be a direct result of sauerkraut being fermented

within it. These hypotheses require further investigation.

Previous studies have used culture- and sequencing-based methods to elucidate the fermentative

microbial community of sauerkraut. Culture-based methods have shown that the major LAB involved

in sauerkraut fermentation are E. faecalis, L. mesenteroides, L. brevis, P. cerevisiae, and L. plantarum;

while sequencing-based methods highlight the Lactobacillus and Leuconostoc species in addition to

Weissella [11,13]. Our results using 16S rRNA sequencing paralleled these expectations and expanded

on previous knowledge, identifying Leuconostoc, Lactobacillus, and Enterobacteriaceae in addition to a

variety of LAB not previously detected, such as Lactococcus.

Our results are also in line with the canonical microbial communities of other fermented vegetable

foods. Xiong et al. found that Lactobacillus and Leuconostoc species were the primary bacteria in

the fermentation of Chinese sauerkraut, pàocài [20]. Numerous studies have shown that the kimchi

bacterial community is dominated by Weisella, Lactobacillus, and Leuconostoc species [21–23]. A study
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of traditional Vietnamese fermented vegetables, such as mustard and beet ferment (dua muoi) and

fermented eggplant (cà muối), found a predominance of Lactobacillus species in fermentation [24].

Our results suggest that warmer and more rapid production can yield fermented sauerkraut with

a similar microbial community to sauerkraut produced by traditional fermentation methods. This may

mean that a quick-fermented process is a viable option for industrial production of fermented cabbage

foods. This may be of interest to commercial producers, as it would allow them to speed and scale-up

production without sacrificing the integrity of the fermentative bacterial community, which is central

to the purported probiotic benefits of sauerkraut and other fermented foods.

While the analyzed communities were roughly similar to previously published sauerkraut data,

we cannot yet claim that the products are identical or that the production processes are interchangeable.

There are multiple metrics—physical, sensory, and nutritive—that were not investigated as part of this

study and could possibly vary between the two types of sauerkraut. We anticipate that diminished

appearance, shelf life, taste, and nutritive value of warmer fermented sauerkraut could negatively

impact its commercial viability. Therefore, additional studies and measurements of these qualities are

required before widespread commercial implementation of this fermentation technique.
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Abstract: Bread is a staple food consumed worldwide on a daily basis. Fungal contamination of

bread is a critical concern for producers since it is related to important economic losses and safety

hazards due to the negative impact of sensorial quality and to the potential occurrence of mycotoxins.

In this work, Lactobacillus plantarum UFG 121, a strain with characterized broad antifungal activity,

was analyzed as a potential protective culture for bread production. Six different molds belonging

to Aspergillus spp., Penicillium spp., and Fusarium culmorum were used to artificially contaminate

bread produced with two experimental modes: (i) inoculation of the dough with a commercial

Saccharomyces cerevisiae strain (control) and (ii) co-inoculation of the dough with the commercial

S. cerevisiae strain and with L. plantarum UFG 121. L. plantarum strain completely inhibited the growth

of F. culmorum after one week of storage. The lactic acid bacterium modulated the mold growth

in samples contaminated with Aspergillus flavus, Penicillium chrysogenum, and Penicillium expansum,

while no antagonistic effect was found against Aspergillus niger and Penicillium roqueforti. These results

indicate the potential of L. plantarum UFG 121 as a biocontrol agent in bread production and suggest

a species- or strain-depending sensitivity of the molds to the same microbial-based control strategy.

Keywords: antifungal; bioprotection; bread; Lactobacillus plantarum; phenyllactic acid; Aspergillus;

Penicillium; Fusarium

1. Introduction

Bread, obtained by baking a fermented dough of cereals flour, water, and other ingredients,

is ancient and, due to its nutritional properties and low price, is a staple of many diets and an

essential contributor of energy and nutritional intake in both developed and developing countries [1,2].

Microbial alteration of bread is a critical concern for bakeries, and it is mainly attributable to the

development of spoilage molds. Apart from significant economic losses due to the negative impact on

sensory properties, the occurrence of filamentous fungi poses a safety hazard for human health due to

the potential ability of some fungal strains to produce mycotoxins [3,4]. Moreover, fungal spoilage

control is critical for the extension of the shelf life of bakery goods, especially from an industrial

perspective [5]. Traditionally, the shelf life of bread has been extended by the addition of chemical

preservatives such as ethanol and weak organic acids, mainly propionic, sorbic, benzoic, and acetic

acid and their salts [6]. As an alternative, physical methods such as microwave and infrared radiation

and innovative packaging technologies have been exploited to reduce fungal developments in bakery
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products [7]. However, a strong societal demand, supported by public authorities, has urged more

eco-friendly approaches mainly relying on the use of essential oils and antagonistic microorganisms as

preservation tools [8]. In this context, lactic acid bacteria (LAB) have the greatest appeal as biocontrol

agents due to their status of food-grade microorganisms [9,10]. The antifungal ability of some LAB

strains is owed to the production of secondary metabolites, mainly including lactic acid and other

organic acids, phenolic compounds, carbon dioxide, ethanol, hydrogen peroxide, fatty acids, acetoin,

diacetyl, and cyclic dipeptides [11–13]. Moreover, synergistic interactions among different bioactive

molecules could substantially increase the overall LAB antimicrobial activity [14]. Sourdough is a

valuable and comprehensive source of antifungal and mycotoxin-controlling compounds synthesized

by LAB during fermentation [15–17]. In the last few years, several LAB strains belonging to

the species Lactobacillus amylovorus, Lactobacillus reuteri, Lactobacillus brevis, Lactobacillus plantarum,

Lactobacillus rossiae, and Lactobacillus paralimentarius have been proposed as starter protective cultures

to enhance the shelf life of bread [18–22]. Antifungal properties against bakery product spoilage

molds have also been shown by Propionibacterium cultures [23]. Moreover, the ability of antagonistic

yeasts to control fungal contamination in bread has been investigated in Meyerozyma guilliermondii

and Wickerhamomyces anomalus [24,25]. In particular, Penicillium roqueforti was delayed until 14 days of

storage in bread produced with a combination of these antifungal yeasts and of a specific L. plantarum

strain [25]. Furthermore, proteinaceous compounds from different food matrices or legumes flour

hydrolysates could be used as ingredients in the bakery industry to enhance the antifungal properties

of sourdoughs [26,27].

In this work, a strain of L. plantarum previously characterized for its antifungal potential [28] was

investigated for its ability to control the growth of six different species of filamentous fungi belonging

to three different genera in artificially contaminated bread after one week of storage.

2. Materials and Methods

2.1. Microbial Strains and Growth Conditions

Lactobacillus plantarum UFG 121 was available at the Laboratory of Industrial Microbiology of

the University of Foggia (Foggia, Italy) and routinely grown in de Man Rogosa Sharpe (MRS) broth

(Oxoid, Basingstoke, UK) at 30 ◦C for 24 h.

Six filamentous fungi, namely Penicillium roqueforti CECT 20508, Penicillium expansum CECT

2278, Penicillium chrysogenum CECT 2669, Aspergillus niger CECT 2805, Aspergillus flavus CECT 20802,

and Fusarium culmorum CECT 2148 were provided by the Spanish Type Culture Collection (CECT,

Paterna, Spain). Fungal cultures were plated on malt extract agar (Oxoid) and incubated at 24 ◦C for

5 days.

The commercial fresh yeast Saccharomyces cerevisiae “Lievital” (Lessafre, Marcq-en-Baroeul, France)

was resuspended in sterile saline solution, streaked on plates of yeast extract, peptone, dextrose (YPD,

Oxoid), and incubated at 30 ◦C for 48 h. Then, a single colony was resuspended in YPD broth and

incubated at 30 ◦C.

2.2. Dough and Sourdough Preparation

Cells at exponential phase of S. cerevisiae and L. plantarum UFG 121 were recovered by

centrifugation (5000× g, 5 min), washed twice with sterile saline solution, and resuspended in sterile

water. For sourdough preparation, microbial starters were inoculated at a concentration of about 108

and 106 cfu g−1 for L. plantarum and yeast respectively, in a mixture of wheat flour type “0” Manitoba

(initial moisture of 11.9% w/w, supplied by Lo Conte, IPAFOOD, Ariano Irpino, Italy) and water

(37.5% w/w) containing sucrose (6%), NaCl (3% w/w), and animal fats (3% w/w). A dough control

sample was inoculated only with the commercial yeast at a final concentration of about 106 cfu g−1.

The fermentation was carried out at 30 ◦C for 18 h.
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2.3. Bread Production

Bread was obtained in a pilot plant according to the methods ACC10-10B29 modified by

Capozzi et al. [29]. Briefly, the sourdough was subject to kneading for 10 min, followed by fermentation

for 90 min at room temperature. The sourdough was then aliquoted in samples of about 250 g each and

fermented for another 90 min. Afterwards, samples were put into apposite shapes to attain specific

dimensions (11 cm × 25 cm × 7 cm) and submitted to a final fermentation step of 90 min at room

temperature. Bread was obtained after the dough was baked in an oven at 220 ◦C for 40 min. The bread

was cut in half in order to repeat each experimental condition in duplicate.

2.4. Artificial Contamination of Bread

A preparation of fungal spores was obtained by brushing with a sterile swab the plate surface

of each five-day-grown mold. Spores were resuspended in sterile distilled water and concentrated

at 8 × 104 spores mL−1. Artificially contaminated samples were obtained by spraying 15 mL of the

spore solution on the surface of the bread. Samples were immediately packaged using polyethylene

terephthalate bags and stored for 7 days at room temperature. At this time, the in vivo antagonistic

activity against each tested mold was qualitatively determined by comparing the area contaminated by

the spoilage fungi in bread fermented with the starter yeast or co-fermented with L. plantarum UFG 121.

Results were expressed according to the following scale: no/low (−), moderate (+), high (+ +), and very

high (+ + +) inhibition activity, if the area covered by each filamentous fungi in bread co-fermented

with UFG 121 strain was reduced in the ranges 0–25%, 25–50%, 50–75%, and 75–100%, respectively.

2.5. Sensorial Quality

The sensorial analysis was carried out at our laboratory by a panel of six panelists before the

artificial contamination of the samples with the spoilage molds. Panelists were previously trained in

order to recognize and score the analyzed quality descriptors. Samples were coded with a random

3-digit number in order to minimize subjectivity. The sensorial attributes evaluated were overall

appearance, aromatic profile, off odor, color, softness, and texture. Every attribute was scored on

a 1–5 hedonic scale, where 1 = atypical, undesirable, and 5 = typical, desired. Sensorial trials were

performed on six samples for each treatment.

2.6. Statistical Analysis

The quality descriptors analyzed in the sensorial trials were subjected to one-way analysis of

variance (ANOVA). Pairwise comparison of treatment means was achieved by Tukey’s procedure, with a

significance level of p ≤ 0.05, using the statistical software Past 3.0 (University of Oslo, Oslo, Norway).

3. Results

3.1. Production of Bread Co-Fermented with a Protective L. plantarum Strain

Bread samples were produced by fermentation of the dough with a commercial yeast commonly

used in breadmaking, or by its co-inoculation with L. plantarum UFG 121, a strain with a characterized

antifungal activity [28]. A preliminary qualitative analysis was performed during the breadmaking

process in order to detect if the employment of the protective strain L. plantarum UFG 121 as a

starter culture could affect the bread production from a technological and/or sensorial point of view.

As reported in Figure 1, some differences were observed among samples inoculated with the

commercial yeast starter or co-inoculated with UFG 121 strain. In particular, after 18 h of the

fermentation step, the dough was apparently softer when fermented with S. cerevisiae compared

with the co-inoculation approach using the protective L. plantarum strain (Figure 1A). In contrast,

the sourdough developed a more complex aromatic profile when co-fermented with UFG 121 strain.

In agreement with this finding, after kneading the dough fermented using the yeast starter, the dough
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was more compact and elastic and therefore easier to break and to produce the desired shape.

Co-fermentation with yeast and L. plantarum resulted in a sourdough with an inhomogeneous texture,

which could be disadvantageous for subsequent processing (Figure 1B). However, no important

differences were detected after the final fermentation, since both samples were well compacted and

leavened with a smooth surface (Figure 1C). After all samples were baked, similar features in terms of

color, softness, and texture were apparent. However, samples co-inoculated with L. plantarum UFG 121

presented more pronounced alveolation (Figures 1D and 2). Moreover, sensorial analysis indicated the

absence of off odors in both breads, while the aromatic profile of the bread inoculated with L. plantarum

UFG 121 scored higher than the control bread. In general, the overall appearance of the bread obtained

via UFG 121 co-fermentation was perceived as slightly better by the panelists.

 

“Lievital” (left pictures) or co

“Lievital” (triangle,

according to Tukey’s test ( ≤ 0.05).

Figure 1. Dough fermented by S. cerevisiae “Lievital” (left pictures) or co-fermented with L. plantarum

UFG 121 (right pictures) after (A) first fermentation step for 18 h at 30 ◦C; (B) kneading and shaping;

(C) the final fermentation step for 90 min at room temperature; and (D) baking and cutting.

“Lievital” (left pictures) or co

“Lievital” (triangle,

according to Tukey’s test ( ≤ 0.05).

Figure 2. Sensory attributes of bread obtained by fermentation with S. cerevisiae “Lievital” (triangle,

dashed line) or co-fermented with L. plantarum UFG 121 (circle, continuous line). Reported values

are means of six independent replicates, and they are expressed by using a hedonic scale from 1 to 5

(1 = atypical, undesirable; 5 = typical, desired). Means with different letters are significantly different

according to Tukey’s test (p ≤ 0.05).

3.2. Analysis of the Protective Potential of L. plantarum UFG 121 in Artificially Contaminated Bread

With the aim to evaluate the potential of L. plantarum UFG 121 as a culture protective against

typical molds on bakery products, bread samples were artificially contaminated by spraying a

concentrated spore suspension onto the bread slices. After one week of storage, the in vivo antagonistic
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activity against each tested mold was qualitatively determined by comparing the area covered by

the spoilage fungi in the two tested experimental modes: (1) bread fermented with the commercial S.

cerevisiae and (2) co-fermented with L. plantarum UFG 121 (Figure 3). As shown in Figure 3, after one

week of storage the surface of the control bread artificially contaminated were always wholly covered by

the molds. In contrast, different scenarios were observed when bread samples were co-fermented with

L. plantarum UFG 121. In particular, no inhibition was found in bread samples artificially inoculated

with A. niger and P. roqueforti that appeared completely contaminated by both the molds (Figure 3A,B).

A moderate in vivo antagonistic activity was detected against P. chrysogenum and P. expansum whose

growth was limited in samples obtained with UFG 121 strain (Figure 3C,D). In contrast, a higher

protective effect was observed in samples contaminated by A. flavus in which only approximately

20% of the bread surface was covered by the spoilage (Figure 3E). Interestingly, no development of

F. culmorum was observed, suggesting that the employment of L. plantarum UFG 121 during bread

fermentation was a successful strategy to thoroughly inhibit F. culmorum growth (Figure 3F).

“Lievital” (left pictures) or co

Antifungal activity was expressed as no/low (−), moderate (+), high (+ +), and very high (+ + +), when 
– – – –

Figure 3. Bread obtained by fermentation with S. cerevisiae “Lievital” (left pictures) or co-fermented

with L. plantarum UFG 121 (right pictures) after one week of storage at room temperature and artificially

contaminated with A. niger CECT 2805 (A); P. roqueforti CECT 20508 (B); P. chrysogenum CECT 2669 (C);

P. expansum CECT 2278 (D); A. flavus CECT 20802 (E); F. culmorum CECT 2148 (F). Antifungal activity

was expressed as no/low (−), moderate (+), high (+ +), and very high (+ + +), when the contaminated

area was reduced in the ranges 0–25%, 25–50%, 50–75%, and 75–100%, respectively.
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4. Discussion

In the present study, six different molds belonging to Aspergillus spp., Penicillium spp.,

and Fusarium culmorum were used to artificially contaminate bread produced by fermentation of the

dough with a commercial S. cerevisiae, or by its co-inoculation with L. plantarum UFG 121. The fungal

strains were selected because they are representative molds of bread spoilage [30] and they have an

ability to produce mycotoxins. In particular, A. flavus CECT 20802 produced aflatoxins B1, B2, M1,

M2; F. culmorum CECT 2148 fusarine C; P. roqueforti CECT 20508 was able to synthesize PR toxin;

while P. expansum CECT 2278 was responsible for the production of patulin and citrinin. In the present

study, L. plantarum UFG 121, previously characterized for its broad antifungal activity against these

mold strains [28], was investigated as a protective culture for bread production.

The employment of LAB strains with antagonistic activity has been widely proposed as an

innovative green strategy to fight spoilage filamentous fungi in order to enhance the shelf life of

bakery products [24,31–33]. In general, the antifungal effect has been attributed to the production

of some secondary metabolites during the fermentation of sourdough [11]. Therefore, according to

previous studies [24,34], in this work, a fermentation step of 18 h was performed in order to allow the

UFG 121 strain to enrich the sourdoughs with bioactive antifungal compounds. However, differences

between the control samples and the bread obtained by co-fermentation with L. plantarum UFG 121

were qualitatively detected as the bread was made that might have affected the production process.

Nonetheless, as previous reported by Coda et al. [25], co-fermentation of the dough with yeast and

selected LAB resulted in bread showing good chemical and textural features, including elasticity, color,

and alveolation. Moreover, an improvement in terms of complexity of the aromatic profile was noted

in the bread co-fermented with UFG 121. In agreement with this finding, Makhoul et al. [35], analyzing

pro-technological microbe/matrix interactions during food fermentation, reported a greater impact of

the microbial fraction on the volatile organic compounds of bread. However, the present work is only

a preliminary study that should be further complemented by the analytical determination of the main

physico-chemical parameters as well as the impact of a protective LAB culture on the organoleptic

profile of the bread [36,37].

In our previous study, we found that the preservative potential of L. plantarum UFG 121 was

mainly due to the production of lactic acid and phenyllactic acid [28]. Phenyllactic acid production

by L. plantarum has been linked to the antifungal activity against fungal strains isolated from bakery

products belonging to species of Aspergillus, Penicillium, and Fusarium [38]. Similarly, an increase in the

shelf life of bread obtained by fermentation with L. plantarum CRL 778 and artificially contaminated

with Penicillium spp. has been found to be related to the synthesis of acetic and phenyllactic acid as well

as lactic acid [20]. Moreover, organic acids including phenyllactic acid from a strain of L. amylovorus

have been found to be responsible for a higher shelf life in gluten-free breads [21]. Lactic acid,

phenyllactic acid, and two cyclic dipeptides found in sourdoughs fermented by L. plantarum FST 1.7

have been identified as the main antifungal compounds able to retard the growth of F. culmorum and

Fusarium graminearum on bread [18].

In a similar way, in the present study, F. culmorum CECT 2148 was completely inhibited in bread

fermented by L. plantarum UFG 121. The in vitro assays performed suggest that CECT 2148 was the

most sensitive mold when exposed to UFG 121 cell-free supernatant [28]. Moreover, this result has

been confirmed in situ, since fermentation by UFG 121 and artificial contamination with CECT 2148

(after thermal stabilization) increased the shelf life of an oat-based formulation from less than one

week to the second week of cold storage, indicating that a strong bioprotection could be provide

by antifungal compounds produced in a 16 h fermentation step [28]. In contrast, fermentation with

L. plantarum UFG 121 had no effect in countering the growth of P. roqueforti CECT 20508 and A. niger

CECT 2805, but reduced bread contamination by the remaining tested molds to different extents.

Interestingly, these results were only partially predicted by the in vitro assays [28], suggesting that

interactions with the commercial yeast, process parameters, and/or the food matrix might modulate

the antagonistic activity of selected LAB against fungal strains. Therefore, further investigations are
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required to establish the effectiveness of the antifungal compounds, their synergistic interactions,

and the complex microbial and physico-chemical relationships occurring in the food environment.

5. Conclusions

In recent years, several studies have aimed to enhance the shelf life and safety of bakery products

by analyzing the antifungal potential of protective microbial starter cultures and the corresponding

sourdough. However, most of these works have been performed using only one or a few mold strains

as fungal indicators. In this study, although with a preliminary experimental plan, we analyzed the in

situ bioprotection effectiveness of a L. plantarum strain against a representative panel of six different

mold species belonging to three different genera generally recognized as being mainly responsible

for the natural contamination of bakery foods. Our results indicated in these molds a species- or

strain-dependent sensitivity to the same microbial-based control strategy, suggesting that a new

generation of mixed starter protective cultures, active against different fungal species, might be better

able to globally extend the shelf life of baked goods.
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Abstract: This review examines different nutritional guidelines, some case studies, and provides

insights and discrepancies, in the regulatory framework of Food Safety Management of some of

the world’s economies. There are thousands of fermented foods and beverages, although the

intention was not to review them but check their traditional and cultural value, and if they are

still lacking to be classed as a category on different national food guides. For understanding the

inconsistencies in claims of concerning fermented foods among various regulatory systems, each

legal system should be considered unique. Fermented foods and beverages have long been a part of

the human diet, and with further supplementation of probiotic microbes, in some cases, they offer

nutritional and health attributes worthy of recommendation of regular consumption. Despite the

impact of fermented foods and beverages on gastro-intestinal wellbeing and diseases, their many

health benefits or recommended consumption has not been widely translated to global inclusion

in world food guidelines. In general, the approach of the legal systems is broadly consistent and

their structures may be presented under different formats. African traditional fermented products

are briefly mentioned enhancing some recorded adverse effects. Knowing the general benefits

of traditional and supplemented fermented foods, they should be a daily item on most national

food guides.

Keywords: fermented foods; nutritional guidelines; legislation; national food guides

1. Introduction

Human nutrition begins with milk. Fermented milk products have been recognized as healthy

foods since ancient times. Fermentation processes and products are believed to have been developed

9000 years ago in order to preserve food for times of deficiency, improve flavor, and reduce poisonous

effects. Recommendations for the consumption of certain nutritious foods date back to the Hippocratic

Corpus of Ancient Greece [1]. Thousands of different fermented foods and beverages are still unknown

outside the native area in which they have been produced for centuries, many going back even before

recorded history [2]. Fermented foods and beverages pass through a process of lacto fermentation in

which natural bacteria or yeasts feed on the sugar and starch in the food creating lactic acid.

The list of fermented products is extremely vast and the diversity derives from the heterogeneity

of traditions found in the world, the cultural preference, different geographical areas where they

are produced and the staple and/or by-products used for fermentation. The most popular involve

beverages such as wine, beer, cider and foods such as yoghurt, cheese, soya, beans, fish, meat, cabbages,

among others. In many instances, it is highly likely that the methods of production were unknown
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and came about by chance, and were passed down by cultural traditional values to subsequent

generations [3].

Modern food is submitted to many processing methods such as pasteurization, affecting its

nutritional value by reducing vitamins, fiber, minerals, essential fatty acids and amino acids. Food

security can be enhanced in poor rural areas with fermented products, generating income in a

small-scale family farm in developing countries [4]. The importance of fermentation is reflected

by the amount and variety of foods and beverages traded not only for the benefits on nutrition and

health-promoting effects but also for preservation, safety, and their peculiar appreciated sensory

attributes [5].

The exploration of the microbial communities and enzymes of fermented products has been

extensively reviewed [6]. At the genus level, Lactobacillus is usually the most abundant genus, followed

by Lactococcus, Enterococcus, Vibrio, Weissella, Pediococcus, Enterobacter, Salinivibrio, Acinetobacter,

Macrococcus, Kluyvera and Clostridium.

A better knowledge of microorganisms and fermentation at a molecular level is still required to

support and develop the production of sustainable fermented food with high nutritional characteristics.

A metagenomic approach has enabled identification of novel microbiome profiles and exploration

of microbial compositions in a range of traditional fermented foods while bypassing the need for

cultivation, allowing the identification of a vast array of microorganisms never previously isolated in

culture [7].

2. Sustainable Development and Fermented Food Hygiene in Africa

Food preservation increases the range of raw materials and by-products that can be used to

produce edible food products and remove anti-nutritional factors, rendering food safe to eat by

humans and animals. Fermentation is a cheap way of preserving perishable raw materials, accessible

to even the most marginalized people. Utilizing small-scale fermentation contributes to economic

and social benefits and sustainable development of families and communities [8]. Poor hygiene or

improper post-handling fermentation limits shelf-life and becomes dependent on information from

developed countries and technology transfer [9].

Regulators will only be convinced on causal relationships existing between fermented

foods/beverages and health benefit or eventual risk, through the development of scientific dossiers,

which is only feasible by industrialized producers [10].

Fermented foods may be recommended for improving the health and nutritional quality of

traditional African foods and regular inclusion of fermented products as part of the daily diet would

be desirable. However, lack of knowledge and understanding toward fermented food preparation

may limit their usage.

Hazard Analysis and Critical Control Point (HACCP) studies in Africa of some fermented

products have demonstrated that, depending on the process and the hygienic conditions observed

during preparation, some fermented foods, e.g., togwa—fermented cereals prepared in Tanzania—may

pose a safety risk [11].

Accidents may occur. For example, in 2015, at least 75 people died and some 180 fell ill, including a

toddler, in the north-west of Mozambique, from apparent poisoning after consuming during a wedding

party traditional fermented beer (made of sorghum, bran, corn, sugar, with Schizosaccharomyces pombe

yeast, which belongs to the division Ascomycota, which represents the largest and most diverse

group of fungi) known as “pombe” (Swahili word for beer). The exact cause of the contamination was

later connected with bacterium Burkholderia gladioli and two produced toxins, bongkrekic acid and

toxoflavin [12].

These safety concerns relating to pathogenic bacteria or chemical intoxicants produced by

contaminating microorganisms, yeasts or moulds on a fermented food were also demonstrated by the

deaths and risks of esophageal cancer reported by the consumption of fermented milk products from

40



Foods 2017, 6, 65

Kenya including Mursik (a cow or goat´s milk fermented in a calabash gourd), Kule naoto, Amabere

amaruranu and Suusa [13–15].

3. Fermented Foods and Probiotics

Fermented foods belong to a category of foods called “functional foods that are known to have a

positive effect on health” [16]. Probiotics are the bacteria used to ferment traditional foods, and they

are the most reported and researched. Thus, fermented foods and probiotics are closely related and

co-exist despite the increased commercial interest in probiotics due to the health attributes associated

with them [17]. However, the efficacy of probiotics is enhanced when taken in the form of fermented

food rather than as probiotics alone [18].

Microbial food cultures have directly or indirectly come under various regulatory frameworks in

the course of the last decades. Several of those regulatory frameworks put emphasis on “the history of

use”, “traditional food”, or “general recognition of safety”. Traditionally fermented foods are highly

beneficial because they supply natural probiotics, now recognized as crucially important for immune

health. Fermentation is an inconsistent process—almost more of an art than a science—so commercial

food processors developed techniques to help standardize more consistent yields [19].

Fermentation is an anaerobic process converting sugars by bacterial enzymes to alcohol or by

yeasts into lactic acid. Fermented foods are described as palatable and wholesome and are generally

appreciated for several attributes: their specific unique flavors, aromas, textures, and improved cooking

and processing properties. These characteristics of fermented foods are enhanced by virtue of the

metabolic activities of the enzymes secreted by microorganisms [20].

Probiotics incorporate mainly fermented dairy foods. While EU permits animal production claims

for feed probiotics, the USA and Canada do not. Regulators now accept several modes of action of

probiotics, not just gut flora modulation [21], increasingly demanding safe strains [22]. An inventory

of microorganisms used in food fermentations covering a wide range of food matrices is also required

(dairy, meat, fish, vegetables, legumes, cereals, beverages, and vinegar) [23].

Various indigenous fermented foods containing probiotic bacteria have been part of local diets in

Africa due to reported medicinal properties they possess [24]. Consumers must be made aware of the

problems concerning raw materials and additives used in food and beverage processing as well as the

possible harmful effects of employing genetically modified microorganisms in the fermentation process.

Further development of traditional fermented foods with added probiotic health features would be

an important contribution towards reaching the goals of eradication of poverty and hunger, reduction

in child mortality rates and improvement of maternal health in Africa [25]. Probiotic consumption

may have a positive effect on psychological symptoms of depression, anxiety, and perceived stress in

healthy Western human populations [26].

Fermented foods have been inching into the spotlight lately as more and more consumers

learn about their inherent probiotic health benefits. The two main health effects from fermented

dairy consumption are immune and metabolic positive responses, especially with the addition of

probiotic organisms.

4. Public Policy: Regulations, Laws, Opinions and Guidelines

The General Food Law Regulation in the European Union (EC No. 178/2002) establishes the

European Food Safety Authority (EFSA) and lays down procedures in matters of food safety, including

later the principle of risk analysis.

Access to sufficient and safe food is a basic requirement for human health. In the past decades,

the increased complexity of the food supply chain has contributed to the global emergence of food

safety incidents. Indeed, over the past decades, a series of food safety incidents (e.g., BSE- Bovine

Spongiform Encephalopathy in the 90’s) have shown serious shortcomings in legal systems worldwide

(e.g., law enforcement, lack of appropriate response mechanisms, control systems) [27].
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It was the lack of risk communication and risk management (comprehensive/integrated approach)

that brought the weaknesses of the legal food system to light and provided a new approach to food

safety emerged (Figure 1) [28,29].
               

 

                       

                           
                       

           
                             
                                   
                               
   

                       
                     
                       
                       
                               

                               
                                   
 

                     

   
 

           
 

         
       

Risk Communication

Figure 1. Integration of risk evaluation, communication and management by the EFSA.

In addition to legislation, producers of traditional fermented food and beverages are also being

increasingly obliged to meet various legislative requirements. These may take various forms including

taxes and “certification of origin”.

The challenges of implementing measures to safeguard safety and quality in the real world are

numerous. There is a notable role for ongoing training and education of all those involved as to

the importance of quality and standards not only for successful trade, but also in terms of social

responsibility [30].

The U.S. Food and Drug Administration (FDA) published (September 2010) the 75FR50268,

“Draft Guidance for Industry: Acidified Foods”, which provided recommendations on manufacturing,

storage, packaging, distribution processes, and appropriate quality control procedures for acid foods,

acidified foods, and fermented foods. However, in December 2015 (80FR81550), they withdrew

partially the draft guidance because many of the topics addressed are presently being dealt with in

other documents. The FDA does not regulate fermented foods since they have not found any cases of

food illnesses [31]. A comparison of key elements between EU and the USA is given below (Table 1).
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Table 1. Comparison key elements of the EU–US food regulatory systems.

In Brief

 

 

 

 

“Precautionary principle”
Fundamental part of

risk management
Concept not endorsed as a basis

for policy making

Societal, economic, ethical or
environmental concepts

Taken into account in risk
management decision in line with

consumer right to information
and choice

”Other factors” considered as
barriers to trade

Approach to ensuring food safety
Integrated “farm-to-fork”

approach
Safety mostly verified at the end of

the process

Food risk evaluation
Full scientific assessment by the

EFSA for regulated products such
as GMO’s and additives

Largely relies on companies’ own
private assessment

EFSA, European Food Safety Agency; GMO, Genetic Modified Organisms.

5. The Case of Fermented Soybean Extracts in Europe

Japanese cuisine, one of the healthiest foods in the world, reflected in the high life expectancy

(83 years), is known to use fermented foods such as “Natto” which is sticky, smelly and slimy but still

the most popular of Japan’s traditional health foods.

Japan Bio Science Laboratory (JBSL) submitted in Europe a request on May 2014, under Article

4 of the Novel Food Regulation (EC No. 258/97) [32], to place on the market a fermented soybean

extract (Nattokinase NSK-SD®), obtained by adding beneficial bacteria Bacillus natto to soybeans, as a

novel food (NF). On December 2014, the competent authority of Belgium forwarded to the European

Commission its initial assessment report, which came to the conclusion that the fermented soybean

extract met the criteria for acceptance of a NF defined in Article 3 (1) of Regulation (EC) No. 258/79.

On 6 January 2015, the Commission forwarded the initial assessment report to the other Member

States (MS).

However, several of the MS submitted comments or raised objections. The concerns of a scientific

nature raised by the MS on this fermented food can be summarized on their effects on hematological

parameters, in particular on blood coagulation. One case report [33] was identified, in which a patient

on antihypertensive agents and low-dose aspirin for secondary stroke prevention experienced an acute

cerebellar hemorrhage and cerebral micro bleeds after concomitant consumption of this fermented

soybean extract.

In accordance with Article 29 (1) (a) of Regulation (EC) No. 178/20024, the European Food Safety

Authority (EFSA) was asked to carry out an additional assessment for the fermented soybean extract as

an NF in the context of Regulation (EC) No. 258/97. The EFSA considered the elements of a scientific

nature in the comments raised by MS and a Scientific Opinion was produced [34] concluding that the

fermented soybean extract was safe under the intended conditions of use as specified by the applicant.

6. The Case of Gluten and Celiac Disease

Another good example is Celiac disease, a hereditary, chronic inflammatory disorder of the small

intestine, which has no cure, associated with gluten intake. In the U.S. Federal Register [35], a final rule

was published defining the term “gluten-free” and establishing the requirements for the voluntary use

of that term in food labeling. The final rule (21 CFR 101.91) is intended to ensure that individuals with

celiac disease are not misled and are provided with truthful and accurate information with respect to

foods so labeled.
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There is still uncertainty in interpreting the results of test methods on a quantitative basis that

equates the test results to an equivalent amount of intact gluten. Therefore, alternative means are

necessary to verify compliance with the provisions of the rule for fermented and hydrolyzed foods,

such as cheese, yogurt, vinegar, sauerkraut, pickles, green olives, beers, and wine, or hydrolyzed plant

proteins used to improve flavour or texture in processed foods such as soups, sauces, and seasonings.

7. The Homemade Foods Bill in the USA

A regulation (HB 1926) in Texas addresses genuine concerns about the risks of the food and

expanded distribution. The bill addresses food safety concerns in a scale-sensitive manner, allowing

for safe home food production and sales. This benefits not only producers, but also consumers, who

receive improved access to healthy, locally produced foods while still providing realistic opportunity for

home production, allowing home preparation of foods such as tamales, canned vegetables, fermented

foods, and perishable (potentially hazardous) baked goods. Sales would be allowed anywhere in the

state, including through mail order and internet sales, as long as the producer and consumer were

both in Texas.

Farmers who have unsold vegetables at the end of a farmers’ market may send those vegetables to

their customers, and home bakers can work with grocery stores or other retail outlets to sell their goods

giving a huge boost for small businesses. Home processors would be subject to regulatory provisions.

A new Homemade Food Law in California (AB 626), the largest agricultural producer and exporter

in the United States, was introduced in 2017 but may ultimately be designed to meet the needs of big

tech companies above the needs of home consumers and other stakeholders [36].

8. Fermented Foods and Mycotoxins

Food contamination with mycotoxins is a major problem in Africa. There is no doubt that

fermentation and its products have lots of benefits. However, the fact still remains that some of the

microorganisms used in the fermentation of food may become harmful under certain undesirable

conditions. Microbial spores and mycotoxins such as those associated with Aspergillus flavus, Aspergillus

oryzae, Penicillium roqueforti and other fungal toxins, such as those associated with Fusarium, are

known to be lethal at moderate to high dosage. These toxins are produced when fermentation

conditions are compromised and poor hygiene of food sources for fermentation persists during

production, as happens in many African countries. Clostridium botulinum is an example of bacteria that

causes poisoning in fermented foods and could be quite hazardous. Post fermentation contamination

of products may affect the physiology of the products thereby becoming disruptive to health and

deleterious to life. In order to prevent mycotoxin contamination of a fermented food, it is necessary to

use a mycotoxin-free raw material and to prepare it in good sanitary and hygiene conditions [37].

9. Nutritional Guidelines and Consumer Expectations

Nutritional guidelines around the world come in many different formats, illustrated as pyramids,

pie charts, text and tables, yet they are similar in terms of content [38]. Despite the wide spectrum

of shapes representing food guides from around the globe, these guides use very similar methods in

presenting their concepts of the ideal dietary pattern [39]. Each of these guidelines gives consumers a

selection of recommended food choices (food groups) as well as a recommended daily amounts that

consumers should ingest to maintain optimum health [40].

The present short review tries to provide some insights into the existing regulatory framework

of Food Safety Management of some of the world’s economies. Although these systems do not only

differ significantly with regard to their legal culture (traditional) and legal historical background, there

is a strong variation of their socio-cultural background and traditions. For now, one must exclude

fermented fish from Food Guides since in parts of China an increased risk of squamous cell carcinoma

of the esophagus was recorded in habitual consumers of fermented fish sauce [41] or high levels of

histamine, as demonstrated in Egypt [42].
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Contrary to European and USA legal systems, which are relatively young, China’s legal system

knows a long history that can be traced back to 563 BC based on morality. On April, 2015, the Standing

Committee of China’s National People’s Congress revised the 2009 Food Safety Law of the People’s

Republic of China (Food Safety Law). The revised law came into effect on October 2015.

European Law itself is not a national legal system as Chinese Law is. Neither does it relate

to a common federal law system such as in the USA. In Europe, each country has its own national

legal system. In practice, discrepancies in food safety incident response can be identified in the way

these legal systems deal with food safety incidents, and, as a result, in the development, design and

characteristics of the regulatory framework at stake.

In general, the approach of the legal systems is broadly consistent with the assessed International

(FAO/WHO) framework channeled through the Codex Alimentarius Commission (CAC) in their work

to develop international food standards and guidelines [43].

Europe’s food safety policy is characterized by its legal embedded preventive approach [44].

Moreover, another interesting aspect that should be taken into account in the matter of legal culture in

relation to Europe is the concept of “cultural pluralism” and the characterizations thereof in the field

of Food Safety Law. The “International Commission for Research into European Food History” was

founded in Germany in 1989, and it deals with the history of food and nutrition in Europe since the

late eighteenth century [45].

In Russia, there are “Requirements for Ferments and Enzyme Preparations” (article 12) and

“Requirements as to Facilities for Ferment and Probiotic Microorganism Production” (articles 13 and

26) within a very comprehensive Federal Law [46], where the need of Fermented Food for Mandatory

Certification of ready to use foods or Conformity Declaration of raw materials is clear.

10. Some National Food Guides

The Chinese dietary guidelines were first published in 1989 and revised in 2007. China uses the

‘Food Guide Pagoda’ (Figure 2), which is divided into five levels of recommendations.
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Figure 2. Food guide pagoda.

In Switzerland, in order to reduce trade barriers with the European Union, the Swiss food law has

been adapted to the European law (Figure 3). Some Swiss special provisions for the reason of health

protection persist. For example, a positive list of health related allegations for food and the obligation

for self-supervision, and reporting and licensing requirements [47].
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Figure 3. The Swiss food pyramid and children’s nutrition disk (A), the pyramid; (B), the plate

for children.

In the USA (Figure 4) and Canada (Figure 5), food guidelines mention yogurt and kefir, but there

is no emphasis on them being fermented foods, nor is there inclusion of fermented foods as a healthy

category [48].

               

 

   

                                 
 

                                 
                                   

   

  
                         Figure 4. The USA MyPyramid food guide. USDA, Unites States Department of Agriculture.
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Figure 5. The Canadian food guide.

The United Kingdom (Figure 6) published its first set of dietary guidelines in 1994, and they

have been regularly updated since then. Their Food Guide is still presented as a plate, and there is no

category of fermented food. The “Eatwell Guide” (2017) has been recently approved [49].

               

 
           

                               
                                   

                           

                       

                                 
                       

Figure 6. The UK food guide. Comparison with the previous food guide.

The Swedish and Norwegian models (Figure 7) for healthy eating, also in the form of a plate,

have no section allotted to dairy products or any fermented foods [50,51].
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SWEETS 
• Drinks, Snacks, Desserts 

GRAINS 

STARCHY VEGETABLES 
• Potatoes, Corns, Carrots, Beets 

FRUITS 
• Apple, Orange, Grapes, Berries 

RAW NUTS 

GOOD 

CAUTION 

 

STOP 

PROTEINS 
• Meats (Chicken, Beef, or Pork) 

• Fish or Seafood 

• Egg Whites 

GREEN LEAF VEGETABLES 

Figure 7. The Scandinavian food guide.

The Australia New Zealand Food Authority produced Standards Code in 2014 (Figure 8), the

standard related to Fermented Milk Products, including yoghurt; however, this was repealed in March

2016 (Table 2). Phytosterol, phytostanols and their esters may only be added to yoghurt in defined

clear conditions of package size (200 g), percentage fat (1.5%) and total sterol added (the total plant

sterol equivalents content added should be no less than 0.8 g and no more than 1.0 g per package) [52].

               

 

 

           

                           
                         

                               
                                 

                                     
   

                                 
                 

   
         
     

           

 

           Figure 8. The Australian food guide.

Table 2. In fermented milk and the fermented milk portion of a food containing fermented milk, each

component or parameter must comply with the value specified.

Component or Parameter Value

Crude protein minimum 30 g/kg
pH maximum 4.5

Microorganisms used in the fermentation minimum 106 cfu/g
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In Japan, like in most countries, it is enhanced that every food group should be taken daily in

moderation in order to achieve a well-balanced diet, but it does not specifically highlight fermented

foods as a category (Figure 9) [53].
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Figure 9. The Japanese food guide. SV= servings.

The one exception in Asia is India, whose pyramid of four levels explicitly encourages the

consumption of fermented foods (Figure 10). The National Institute of Nutrition’s 2010 “Dietary

Guidelines for Indians” suggests specifically to pregnant women that they should eat more whole

grains, sprouted grams and fermented foods [54].

With few exceptions, fermented foods are generally absent as a recommended category of food

for daily intake in Food Guides, reflecting a failure to appreciate the benefits resulting from the process

of fermentation, which have been supported by numerous studies [55].

Findings in The Netherlands, Sweden and Denmark emphasize the need to differentiate the types

of dairy products, fermented and non-fermented, with regards to their health benefits, instead of

promoting all dairy products, as is the case with many food guides [56–58].

The primary expectation of the general consumer today is that governments make sure proper

measures are in place to ensure food sold is safe to eat. Hence, food is something we all consume;

therefore, the safety of food is an issue valued and to which attention is widely drawn. To this end,

several factors influence how an event is approached including the number of people ill, the severity

of the illness, the distribution and volumes of food, whether the contaminant is known or unknown,

and the international and trade implications.

Moreover, how people react to risks is mediated by many factors, including how risk information

is perceived, how we react to social and cultural influences and how choices are structured [59], and

the latter influences the legal construction designed to manage risks. What might be handled as a

routine incident in one country may be considered a crisis in another [60].
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Figure 10. The Indian food guide.

There are many alternatives for reinforcing healthy eating, such as the Mediterranean, Latin

and Asian Pyramids. They use specific cultural eating patterns to offer evidence-based advice for

healthy eating. A traditional Mediterranean diet (Figure 11), considered as the best balanced diet to

follow, is high in fruits, vegetables, nuts, unrefined grains and olive oil, with a moderate intake of fish,

alcohol, and a low intake of meat and dairy products, which is inversely associated with total and

cardiovascular mortality [61].               
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Figure 11. The Mediterranean diet pyramid.
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The Portuguese Food Guide, issued in 1977, revised in 2003, is a food wheel divided into segments

representing seven food groups (Figure 12). Water is in the center of the Food wheel in order to

highlight the importance of hydration balance [62].
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1-3 servings 

4–11 servings 

1.5–4.5 servings 

2–3 servings 

1-3 servings 

3–5 servings 

Figure 12. The Portuguese food wheel guide.

11. A Comparison of Inclusion of Fermented Products in Different Guides

Evaluating dietary guidelines from various countries can help identify their strengths and

limitations, yet such assessments are lacking due to the complexity involved. Trying to compare

qualitatively current population-level dietary recommendations and pictorial food guides issued by

government or nutrition agencies across nutrition transition stages (early, ongoing, and transitioned)

is almost an impossible task.

The recommendations for consumption of foods or dietary practices within main categories of

food groups, nutrients, or beverages, including lifestyle, nutritional, cooking, or eating habits is an

intricate process. Some 55 major nutrients are reasonably well characterized and their required levels

of intake calculated; however, the subject becomes quite complex if taking into account the amount

of phytonutrients involved in plants (over 100,000)—one of the reasons nine servings of fruits and

vegetables a day are recommended. Milk or fermented milk products may block the absorption of

phytonutrients, some of which are considered essential.

Below (Table 3) we attempt to provide a short comparison summary among few countries.

Table 3. Fermented products within food-based dietary guidelines in some countries.

Country Yoghurt (Included in Dairy Products) Alcoholic Fermented Beverages

China - -
Switzerland + in moderation

USA + in moderation
Canada + -

UK + -
Australia + in moderation

Japan + -
Sweden + -
Portugal + in moderation

+, existent; - non existent.

51



Foods 2017, 6, 65

12. Conclusions and Recommendations

The present global regulatory framework is confusing and limiting. Science is developing and

many exciting new technologies will continue to transform the world and improve human welfare.

The market is imaginative and not discouraged by the limitations of the science.

Foods prepared by fermentation, aside from those well known in the West, will increase in amount

and use spreading to other parts of the world, including the developed Western countries, as they

contribute to the diversity of gut microbiota and indirect impact on mental health. The knowledge

about the microbial ecology of food and beverage ecosystems is essential in order to understand the

production process.

Over the past decades, the increased complexity of the food supply chain has contributed to

global emergence of food safety incidents. As a result, reform of Food Safety Management regulation

throughout the food supply chain has been gaining momentum in legal systems worldwide. To this end,

discrepancies in food safety incident response can be identified amongst legal systems. The reasons

for these discrepancies reside in different models for prediction of permissible levels, non-complete

information about risks and in differences in sampling procedures. The very notion of risks, as well as

the understanding and evaluation of particular risks, reflect and shape the values, preferences and

prejudices of a society and therefore country differences.

The FDA in the USA and the EFSA in Europe acknowledge that many proposed rules, if

finalized, may have a significant economic impact on a substantial number of small entities and

may impair fair and open trade among different continents and countries. Many challenges still

remain regarding the establishment of dietary guidelines integrating education, agriculture, health,

environment and industry.
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Abstract: This work aims to study the production of the biomass of S. cerevisiae on an optimized

medium using date extract as the only carbon source in order to obtain a good yield of the biomass.

The biomass production was carried out according to the central composite experimental design

(CCD) as a response surface methodology using Minitab 16 software. Indeed, under optimal biomass

production conditions, temperature (32.9 ◦C), pH (5.35) and the total reducing sugar extracted

from dates (70.93 g/L), S. cerevisiae produced 40 g/L of their biomass in an Erlenmeyer after only

16 h of fermentation. The kinetic performance of the S. cerevisiae strain was investigated with three

unstructured models i.e., Monod, Verhulst, and Tessier. The conformity of the experimental data fitted

showed a good consistency with Monod and Tessier models with R2 = 0.945 and 0.979, respectively.

An excellent adequacy was noted in the case of the Verhulst model (R2 = 0.981). The values of kinetic

parameters (Ks, Xm, µm, p and q) calculated by the Excel software, confirmed that Monod and Verhulst

were suitable models, in contrast, the Tessier model was inappropriately fitted with the experimental

data due to the illogical value of Ks (−9.434). The profiles prediction of the biomass production with

the Verhulst model, and that of the substrate consumption using Leudeking Piret model over time,

demonstrated a good agreement between the simulation models and the experimental data.

Keywords: Saccharomyces cerevisiae; biomass; date extract; optimization; response surface methodology;

kinetic models

1. Introduction

For thousands of years, micro-organisms have been spontaneously used in human food

preparation. However, scientists did not initiate studying these living beings until the appearance of

the microscope in 1680. Among microorganisms widely studied and used in diverse biotechnological

applications, the yeast S. cerevisiae was mentioned [1–3]. This yeast species was known formerly for its

particular exploitation in the production of wine, beer and bread. Recently, it has been used as a “cell

factory”, able to synthesize a large spectrum of bioactive molecules as recombinant proteins, antibiotics

and bioethanol [4–7]. Algeria records a remarkable lack in beet and cane molasses production, indeed,

it imports about 18,000 and 13,000 tons per year of each one, respectively, and also imports the

yeast strain S. cervisiae used as a baker’s leaven [8]. However, Algeria has an enormous potential of

dates [9,10]. In addition, the production of S. cerevisiae biomass from a low quality date variety could
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constitute an economic carbon source, especially considering that the production of dates is a bountiful

in Algeria. The main objective of the present work is to study the optimization of S. cerevisiae biomass

production, using date extract as a sole carbon source.

The traditional technique used for optimizing a multivariable fermentation process is difficult

and does not take the alternative effects between components into consideration [11,12]. Recently,

many statistical experimental design methods have been employed in bioprocess optimization [13–16].

Among these, the central composite experimental design (CCD) is the most suitable for identifying the

individual variables to optimize a multivariable system [17,18]. This method was used to optimize

many fermentation process, such as acids, antibiotics, enzymes, biomass and ethanol production

by several micro-organisms types [19–22]. Furthermore, it was used in design, analysis, and in

unit operations. The advantages of this method are the reduction of the number of experiments,

reagents, time, financial input and energy [23]. The present work was conducted following these

steps: (a) selecting the optimum conditions of three parameters (temperature; initial pH, and sugar

concentration extracted from dates) to obtain a high yield of S. cerevisiae cells growth using a surface

response methodology; (b) exploit the date extract as the sole carbon source for the production of

S. cerevisiae at optimized conditions; (c) predict the biomass production process by unstructured

kinetic models.

2. Materials and Methods

2.1. Origin and Reactivation of theYeast S. cerevisiae

The yeast used in this study has a commercial origin in fact, it is produced by the factory Lesaffre.

The lyophilized form of S. cerevisiae was chosen due to several advantages, such as its availability,

rapid growth, resistance to contaminants, easy cultivation, ability to consume most sugar and high

yield production. The yeast was reactivated on agar plates containing YPGA medium composed of

yeast extract 10 g/L, peptone 10 g/L, glucose 20 g/L, agar 20 g/L with a pH 6, incubated at 30 ◦C for

24 h. After development, the yeast was analyzed by macroscopic and microscopic characteristics in

order to confirm its aspect.

2.2. Preparation of Dates Extract

The date variety used in this study is very widespread in the south-eastern region of Algeria. It is

the dry variety Mech-Degla. This variety has a sub-cylindrical shape, slightly narrowed at its tip. It is

lightly beige-tinted. The epicarp is wrinkled, shiny and brittle. The mesocarp is not very fleshy of a dry

consistency and fibrous texture (Figure 1) [8]. The choice of this variety is justified by its abundance

at the national level, low market value, ease of preservation (dry date) and richness in sugars. This

variety is therefore a favorable substrate for the yeast growth and development.
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Figure 1. Dates Mech-Degla.

To prepare the date extract, 1 kg of this date is washed, peeled and placed in 5 L of distilled water

and then boiled at 100 ◦C for one hour in order to extract the sugars. The obtained extract is filtered
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through muslin to remove the large particles, and then the solution is centrifuged at 5000 rpm for 5

min. The supernatant obtained constitutes the date extract [24].

2.3. Preparation of Culture Medium Based on the Dates Extract and Inoculums

The method cited by Kocher and Uppal [25] was used with minor modifications. The obtained

date extract from the above preparation was supplemented by mineral salts: magnesium sulfate 0.44 g,

urea 12.70 g, and ammonium sulfate 5.30 g. Finally, the medium was distributed in an Erlenmeyer

of 250 mL with a ratio of 100 mL per flask and sterilized at 120 ◦C for 20 min. The pre-culture was

obtained by inoculating two colonies of the yeast S. cerevisiae in 250 mL shake flasks containing 100 mL

of dates extract, mentioned above. The pre-culture was incubated at 30 ◦C for 3 h, and used further as

inoculums for the yeast biomass production.

2.4. Statistical Design of Experiments

2.4.1. Factor Selection and Organization of Experiments

The organization of the experiments was carried out using the experimental design obtained

by the central composite experimental design (CCD). Three independent variables were selected

(temperature, initial pH and concentration of sugars extracted from dates). Table 1 shows the domain

of study with coded levels and real values of studied variables.

Table 1. Coded levels and real values of studied variables.

Variables

Coded Levels

−α −1 0 +1 +α

Real Values

X1 = Temperature (◦C) 27 29 33 37 39
X2 = Initial pH 2.4 3.6 5.5 7.3 8.6

X3 = concentration of sugars (g/L) 1 44.1 107.5 170.9 214

In the central composite design, the −1 and +1 correspond to the lower and the higher level, respectively. The
value 0 represents the central value of the rangeand α has the value of 1.68 (α = 4√Nf, where Nf is a number
of experiments).

The CCD matrix employed for three independent variables is given in Table 2. Each column

represents the different variables (factors) and each line represents the different experiments (20).

Table 2. The central composite experimental design (CCD) matrix for different variables (coded levels).

Experiments
Coded Levels

X1 X2 X3

01 −1 −1 −1
02 +1 −1 −1
03 −1 +1 −1
04 +1 +1 −1
05 −1 −1 +1
06 +1 −1 +1
07 −1 +1 +1
08 +1 +1 +1
09 −1.68 0 0
10 +1.68 0 0
11 0 −1.68 0
12 0 +1.68 0
13 0 0 −1.68
14 0 0 +1.68
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Table 2. Cont.

Experiments
Coded Levels

X1 X2 X3

15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0
19 0 0 0
20 0 0 0

The CCD matrix is composed of a complete factorial design, 23; two axial points on the axis of each design variable
at a distance of α = 1.682 from the design center and 5 points at the domain center. The actual experimental values
corresponding to the coded levels used for the creation of the experiment matrix are presented below (Table 3).

Table 3. Actual values for the three independent variables.

Experiments
Actual Values

Temperature (◦C) Initial pH Sugars Concentration (g/L)

01 29 3.6 44.1
02 37 3.6 44.1
03 29 7.3 44.1
04 37 7.3 44.1
05 29 3.6 170.9
06 37 3.6 170.9
07 29 7.3 170.9
08 37 7.3 170.9
09 27 5.5 107.5
10 39 5.5 107.5
11 33 2.4 107.5
12 33 8.6 107.5
13 33 5.5 1
14 33 5.5 214
15 33 5.5 107.5
16 33 5.5 107.5
17 33 5.5 107.5
18 33 5.5 107.5
19 33 5.5 107.5
20 33 5.5 107.5

2.4.2. Effect Estimation

The real values X have been calculated according to Equation (1).

X =
x − x0

∆x
(1)

Where X, is the coded value for the independent variable, x, is the natural value, x0, is the natural value

at the center point and ∆x, is the step change value (the half of the interval (−1 +1)). The mathematical

model describing the relation between dependent and independent variables for this process has the

quadratic form for the experimental design used:

Yi = β0 + β1X1 + β2X2 + β3X3 + β11X1
2 + β22X2

2 + β33X3
2 + β12X1X2 + β13X1X3 + β23X2X3 (2)

where Yi, is the predicted response (in our case, the Biomass production (g/L); β0, is offset term; β1,

β2, β3 are the linear effects (showing the predicted response); β11, β22, β33 are the squared effects β12,

β13, β23 are the interaction terms and X1, X2, X3 are the independent variables. The calculation of the

effect of each variable and the establishment of a correlation between the response Yi and the variables

X, were performed using a Minitab 16 software (Minitab, Inc., State College, PA, USA).
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2.4.3. Statistical Analysis

The statistical analysis was performed using analysis of variance (ANOVA), in order to validate

the square model regression. It included the following parameters: coefficient of determination R2

Student test (t); Fisher test (F); and p-value. In our study, the statistical significance test level was set at

5% (probability (p) < 0.05).

2.5.Validation of Biomass Production in Optimum Medium

In order to confirm the optimized conditions obtained by the central composite design, an

experiment was carried out on 250 mL shake flasks. To do this, 100 mL of date extract (mentioned

above) was seeded with 11 mL of the yeast pre-culture and the pH of the medium was adjusted to 5.35

(optimum value). Shake flasks were sterilized at 120 ◦C for 20 min, and incubated at 32.9 ◦C (optimum

value) for 18 h.

2.5. Analytical Techniques

2.5.1. Determination of Total Reducing Sugars

The total reducing sugars were determined according to the method of Dubois et al. [26], with

minor modifications. The sample was filtered, and 1 mL of it was transferred to a glass tube. Then

0.6 mL of 5% (w/v) phenol and 3.6 mL of 98% sulfuric acid were added. The mixture was shaken and

incubated at room temperature for 30 min; sugar gives a cream yellow whose intensity is proportional

to the amount of total sugars. The absorbance was measured at 490 nm. A calibration curve was

established using glucose as the standard.

2.5.2. Determination of Biomass Concentration

The measurement of biomass was followed by estimation of cell dry weight, expressed in g/L.

one mL of yeast culture was centrifuged at 5000 rpm for 5 min. The supernatant obtained was washed

twice with water and dried by incubation at 105 ◦C until at a constant weight [27].

2.6. Modeling

Unstructured kinetic models using Monod, Verhulst, and Tessier [28] (Table 4) have been

implemented to fit the experimental data. Kinetic parameters (µmax, Ks and Xm), were determined

using the curve fitting method of each model. The fitness evaluation of experimental data on cell

growth by models was performed using Excel software (Microsoft, Redmond, WA, USA).

Profile Prediction of Biomass and Substrate Concentration

To predict the experimental profile of biomass of S. cerevisiae during time fermentation, the

integration of the Verhulst model was used to give a sigmoidal variation of X as a function of t, which

may represent both an exponential and a stationary phase (Equation (3)):

X =
X0eµmt

{1 − (X0/ Xm)(1 − eµmt)} (3)

In addition, the substrate model (Leudeking Piret) as described below (Equation (4)) was also

applied to predict an experimental profile for total reducing sugars consumption by S. cerevisiae

during time.

− dS

dt
= p

dX

dt
+ qX (4)

where p = 1/YX/S and q is a maintenance coefficient.
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Table 4. Unstructured kinetic models to determinate the kinetic parameters.

Kinetic
Models

Equations Linearized Form Description Symbols

Monod µ = µmax
S

S+KS

1
µ

= KS
µmax

1
S + 1

µmax

Monod kinetic model is a substrate
concentration dependent.

µ: is the specific growth rate (h−1).
µmax: is the maximum specific growth rate (h−1).
KS: is the half-saturation constant (g/L).
S: is the concentration in limiting substrate (g/L).
X: is the biomass concentration (g/L).
Xm: is the Maximum biomass concentration (g/L).

Verhulst µ = µmax(1 − X
Xm

) µ = µmax − µmax

Xm
X

Verhulst kinetic model is an unstructured model depends
on biomass concentration.

Tessier µ = µmax
(

1 − e−KsS
)

ln µ = 1
Ks

S + ln µmax
Tessier is an unstructured model for a substrate
concentration dependent.
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Equation (4) is rearranged as follows:

− dS = p dX + q
∫

X(t)dt (5)

Substituting Equation (3) in Equation (5) and integrating with initial conditions (S = S0; t = 0) give

the following Equation:

S = S0 − pX0







eµmt

{

1 −
(

X0
Xm

)

(1 − eµmt)
} − 1







− q
Xm

µm
ln{1 − X0

Xm

(

1 − eµmt
)

} (6)

3. Results and Discussion

Microbial growth is influenced by the culture medium constituents and the physico-chemical

factors in particular, temperature, pH, and substrate concentration. Indeed, in the present study, the

temperature, the initial pH and the concentration of the carbon source (total sugars extracted from

dates) were supposed to optimize the biomass production of S. cerevisiae using the central composite

experimental design. The biomass concentration over 16 h of fermentation varied with the change in

temperature, initial pH and sugar concentration (Table 5).

Table 5. The central composite design for biomass production.

Experiments

Coded Levels Real Values (Yi): Biomass (g/L)

X1 X2 X3
Temperature

(◦C)
Initial

pH
Concentration
of Sugar (g/L)

Observed
Mean Values *

Predicted
Values

01 −1 −1 −1 29 3.6 44.1 24.07 23.99
02 +1 −1 −1 37 3.6 44.1 15.99 17.45
03 −1 +1 −1 29 7.3 44.1 25.70 27.80
04 +1 +1 −1 37 7.3 44.1 15.79 20.98
05 −1 −1 +1 29 3.6 170.9 28.40 25.05
06 +1 −1 +1 37 3.6 170.9 29.86 29.59
07 −1 +1 +1 29 7.3 170.9 20.78 21.16
08 +1 +1 +1 37 7.3 170.9 23.51 25.42
09 −1.68 0 0 27 5.5 107.5 22.61 24.06
10 +1.68 0 0 39 5.5 107.5 26.20 22.15
11 0 −1.68 0 33 2.4 107.5 26.00 28.21
12 0 +1.68 0 33 8.6 107.5 32.72 27.90
13 0 0 −1.68 33 5.5 1 25.37 21.09
14 0 0 +1.68 33 5.5 214 24.04 25.71
15 0 0 0 33 5.5 107.5 40.00 40.07
16 0 0 0 33 5.5 107.5 40.00 40.07
17 0 0 0 33 5.5 107.5 40.00 40.07
18 0 0 0 33 5.5 107.5 40.00 40.07
19 0 0 0 33 5.5 107.5 40.00 40.07
20 0 0 0 33 5.5 107.5 40.00 40.07

* Each experiment was carried out twice and the average value is used here.

Using the results obtained in diverse experiments, the correlation gives the influence of

temperature (X1), initial pH (X2) and total sugar concentration (X3) on the response. This correlation

is obtained by Minitab 16 software and expressed by the following second order polynomial

(Equation (7)):

Yi = 40.074 −0.568X1− 0.090X2 + 1.373X3 − 5.999X1
2 − 4.248X2

2 − 5.893X3
2 − 0.070X1X2 + 2.772X1X3 − 1.925X2X3 (7)

Table 6 shows the coefficient regression corresponding with t and p-values for all the linear,

quadratic and interaction effects of parameters tested. A positive sign in the t-value indicates a

synergistic effect, while a negative sign represents an antagonistic effect of the parameters on the

biomass concentration [29].
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Table 6. Estimated regression coefficients of t and p-values of the model.

Terms Coefficients Square Error t-Value p

β0 40.0744 1.3912 28.806 0.000
β1 −0.5684 0.9230 −0.616 0.552
β2 −0.0907 0.9230 −0.098 0.924
β3 1.3739 0.9230 1.488 0.167
β11 −6.0000 0.8985 −6.677 0.000
β22 −4.2481 0.8985 −4.728 0.001
β33 −5.8939 0.8985 −6.559 0.000
β12 −0.0700 1.2060 −0.058 0.955
β13 2.7725 1.2060 2.299 0.044
β23 −1.9250 1.2060 −1.596 0.142

R2 = 91.1%, R2 (adj) = 83.16%, S = 3.41104, PRESS = 884.951.

The examination of Table 6 shows that all coefficient regression of the quadratic terms are

statistically significant p ≤ 0.05 and negatively affect the biomass production (Figure 2). In contrast all

coefficient regression of linear and interaction terms were statistically not significant p > 0.005, except

the interaction term X1X3, which is significant p = 0.044 and has a synergistic effect on the response

(Figure 2).
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Figure 2. Variable effect signification on a biomass production.

The analysis of variance (ANOVA) of the coefficient regression for the cell growth production

(Table 7) demonstrates that the model is significant due to the F-value of 11.43 and the low probability

p value (p = 0.000). Generally, the F-value with a low probability p-value indicates a high significance

of the regression model [30].

Moreover, the coefficient of determination (R2) measures the fit between the model and

experimental data. Figure 3 was also determined to evaluate the regression model. In this study, the

obtained value of R2 is 0.911 approximate to 1, which justifies an excellent consistency of the model [31].

On the other hand, the obtained R2 implies that 91.1% of the sample variation in the cell growth is

attributed to the independent variables. This value indicates also that only 8.86% of the variation is

not explained by the model.
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Table 7. Analysis of variance (ANOVA).

Source DF Seq SS Adj SS Adj MS F p

Regression 9 1196.65 1196.65 132.961 11.43 0.000
Linear 3 30.30 30.30 10.101 0.87 0.489

A 1 4.41 4.41 4.412 0.38 0.552
B 1 0.11 0.11 0.112 0.01 0.924
C 1 25.78 25.78 25.779 2.22 0.167

Square 3 1075.17 1075.17 358.390 30.80 0.000
A*A 1 379.27 518.80 518.799 44.59 0.000
B*B 1 195.28 260.07 260.071 22.35 0.001
C*C 1 500.62 500.62 500.618 43.03 0.000

Interaction 3 91.18 91.18 30.393 2.61 0.109
A*B 1 0.04 0.04 0.039 0.00 0.955
A*C 1 61.49 61.49 61.494 5.29 0.044
B*C 1 29.64 29.64 29.645 2.55 0.142

Residual
Error

10 116.35 116.35 11.635

DF: degrees of freedom; Seq SS: sequential sum of squares; Adj SS: adjusted, sum of squares; AdjMS: adjusted, mean
of squares F: Fischer’s variance ratio; P: probability value.
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The analysis of variance (ANOVA) of the coefficient regression for the cell growth production

(Table 7) demonstrates that the model is significant due to the F‐value of 11.43 and the low

probability p value (p = 0.000). Generally, the F‐value with a low probability p‐value indicates a high
significance of the regression model [30].
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B 1 0.11 0.11 0.112 0.01 0.924
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Square 3 1075.17 1075.17 358.390 30.80 0.000

A*A 1 379.27 518.80 518.799 44.59 0.000

B*B 1 195.28 260.07 260.071 22.35 0.001

C*C 1 500.62 500.62 500.618 43.03 0.000

Interaction 3 91.18 91.18 30.393 2.61 0.109

A*B 1 0.04 0.04 0.039 0.00 0.955

A*C 1 61.49 61.49 61.494 5.29 0.044

B*C 1 29.64 29.64 29.645 2.55 0.142

Residual Error 10 116.35 116.35 11.635

DF: degrees of freedom; Seq SS: sequential sum of squares; Adj SS: adjusted, sum of squares; AdjMS:

adjusted, mean of squares F: Fischer’s variance ratio; P: probability value.

Moreover, the coefficient of determination (R2) measures the fit between the model and

experimental data. Figure 3 was also determined to evaluate the regression model. In this study, the

obtained value of R2 is 0.911 approximate to 1, which justifies an excellent consistency of the model

[31]. On the other hand, the obtained R2 implies that 91.1% of the sample variation in the cell growth

is attributed to the independent variables. This value indicates also that only 8.86% of the variation is

not explained by the model.

Figure 3. The fit between the model and experimental data of cell growth.

According to the literature, the study proposed by Boudjemaet al. [22] was carried out using a

design of experiment to describe the batch fermentation of bioethanol and biomass production on

sweet cheese whey by Saccharomyces cerevisiae DIV13‐Z087C0VS. The results showed a good
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Figure 3. The fit between the model and experimental data of cell growth.

According to the literature, the study proposed by Boudjemaet al. [22] was carried out using a

design of experiment to describe the batch fermentation of bioethanol and biomass production on sweet

cheese whey by Saccharomyces cerevisiae DIV13-Z087C0VS. The results showed a good agreement with

experimental data (a low probability p value ≤ 0.000 and a good correlation coefficient (R2 = 0.914%),

which confirms a high significance of the regression model. In addition, the study carried out by

Bennamoun et al. [32] showed that the optimization of the medium components, which enhance the

polygalacturonase activity of the strain Aureobasidium pullulans, was achieved with the aid of the same

method used in the present study (response surface methodology). The obtained results showed a

significance of the method used in comparison with the experimental data; a very low p value (0.001)

and a high coefficient of determination (R2 = 0.9421).

The optimization of the response Yi (Biomass production) and the prediction of the optimum levels

of temperature, initial pH and sugars concentration of fermentation were obtained. This optimization

resulted in surface plots (Figure 4) and an isoresponse contour plot (Figure 5).
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Figure 4. Surface plot for the effect of different parameters on biomass production.           
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Figure 5. Isoresponse contour plot for the effect of the studied variables on biomass production.

These figures show that there is an optimum, located at the center of the field of study. In addition,

the use of the minitab optimizer will give exact values of the optimum operating conditions of the

process (Figure 6).
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Figure 6 shows the maximum biomass production by S. cerevisiae (40.162 g/L) corresponding to

coded values of temperature (−0.0170), pH (−0.0510) and sugar concentration (0.1189).These values

are equivalent to real values of 32.9 ◦C, 5.35 and 70.93 g/L, respectively. Jiménez Islas et al. [27]

obtained the highest cell concentration of S. cerevisiae ATCC 9763 (7.9 g/L) after 26 h when the strain

grew at 30 ◦C and pH 5.5.

The validation of the baker’s yeast biomass concentration and total reducing sugar consumption,

over time, at optimized conditions, are presented in Figure 7. In the beginning, the biomass

concentration increased with a decrease in the sugar level, reaching the maximum (40 g/L) at 16 h of

fermentation, which confirms the biomass obtained by the CCD predictions (40.1620) (Figure 6). After

this period, the diminution of a biomass concentration was observed, which could be explained by the

sugar consumption, which ran out after18 h of fermentation.
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Figure 7. The biomass production (�), and total reducing sugar consumption (N) over time at

optimized conditions.

The same results were obtained by Nancib et al. [33], where the production of biomass from

baker’s yeast S. cerevisiae on a medium containing date byproducts was 40 g/L. Khan et al. [34] used

six different strains of S. cerevisiae in fermentation medium containing date extract (with 60% sugars),
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in addition to 2 g/L ammonium sulfate and 50 mg/L biotin. Their results showed that the theoretical

yields were about 42.8%. In addition, Al Obaidi et al. [35] studied two substrates i.e, date syrup

and molasses for the propagation of baker’s yeast strain S. cerevisiae on a pilot plant scale. The

results showed that higher productivity of baker's yeast was observed when date extract was used.

Other results were obtained in several studies using an alternative substrate of fermentation. In

fact, the optimal biomass production (6.3 g/L) was depicted at 24 h using Saccharomyces cerevisiae

DIV13-Z087C0VS on a medium containing sweet cheese as a sole carbon source [22]. On the other

hand, the production of baker’s yeast from apple pomace gives a yield of 0.48 g/g [36]. Therefore, it

was concluded from these studies that the medium containing the date extract as a sole carbon source

is an excellent fermentation medium for baker’s yeast production.

The results of the kinetic parameters of S. cerevisiae growth with the different kinetic models based

on the curve fitting method are presented in Table 8.

Table 8. Kinetic parameters of S. cerevisiae growth and substrate utilization using unstructured models.

Kinetic Models Parameters Estimation

R2 Ks (g/L) µmax (h−1) Xm

Monod 0.945 0.228 0.496 -
Verhulst 0.981 - 0.376 15.04
Tessier 0.979 −9.434 0.408

The curve fitting of cell growth using the Monod model (1/µ versus 1/S) is presented in Figure 8.

Based on the results obtained in Table 8 for this model the µmax and Ks were evaluated as 0.496 h-1

and 0.228 g/L, respectively. These values indicate a rapid cell growth due to the high value of the

specific growth rate and an elevated affinity between substrate consumption and cell growth thanks

to the small half-saturation constant. In this case, R2 was also fitted on 0.945. According to the

results obtained, the Monod kinetic model is an appropriate model to make the kinetic performance of

this strain.
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Figure 8. The Lineweaver Burk linear plot fitting the experimental data using the Monod kinetic model.

Figure 9 illustrates the linear curve fitting (µ versus X) to examine the reliability of cell kinetic

performance via the Verhulst model. The analysis of the results obtained showed that the experimental

data of the cell growth and substrate consumption in batch system have an excellent fitness with this

model (R2 = 0.981). The maximum specific growth rate (µmax) and the maximum concentration of

biomass (Xm), were 0.376 h−1 and 15.04 g/L respectively (Table 8). Higher values of these parameters

indicated a rapid growth of the biomass which confirms the goodness of fit of the Verhulst model.
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Figure 9. A plot fitting the experimental data using the Verhulst kinetic model.

The kinetic behavior fitness of S. cerevisiae with the Tessier kinetic model is illustrated in Figure 10.

The coefficient of correlation R2 equal to 0.979 and the estimation parameters (µmax and Ks) shown in

Table 8 were 0.408 and −9.434 respectively. The examination of the cell growth fitting curve with the

Tessier kinetic model showed that, even though they were appropriate R2 and µmax values, the model

is not suitable with the experimental data due to the illogical value of the half-saturation constant

(negative Ks).
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Figure 10. A plot fitting the experimental data using the Tessier kinetic model.

The comparison between the three kinetic models tested in this study showed that the Verhulst

kinetic model with R2 = 0.981 was the best and most appropriate model to explain S. cerevisiae growth

and substrate utilization. Approximate results were obtained by Ardestani and Shafiei [37], who

proved that the Verhulst kinetic model with R2 equal to 0.97 was the most appropriate to describe the

biomass growth rate of S. cerevisiae. In contrast, Ardestani and Kasebkar [38], applied an unstructured

kinetic model of Aspergillus niger growth and substrate uptake in a submerged batch culture and have

confirmed that Monod and Verhulst kinetic models were not in an acceptable range to fit a growth of

Aspergillus niger.

A profile of biomass and total reducing sugar concentration during fermentation time is compared

to the values predicted by the equations model obtained in Figure 11.
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Figure 11. The comparison between predicted (�), experimental data (�) for biomass production of

baker’s yeast; and predicted (∆), experimental data (N), for total reducing sugar consumption.

At the beginning of the fermentation, values of biomass between predicted and experimental data

were approximately the same. However, after 10 h and until the end of the fermentation, the difference

was remarkable. In fact, the values relative to biomass were inferior compared to the values predicted

by the Verhulst model. The correlation coefficient is 0.992. As for total reducing sugar concentration,

the values obtained by the Leudeking Piret model were lower than those predicted in the first 7 h

only. After this period, total reducing sugar values were almost identical. The correlation coefficient

is 0.984. In addition, the parameter values of p and q were optimized using the experimental data

for substrate based on the square minimized between observed and predicted data. Excel software

illustrated the values of p = 2.1235 and q = −0.0256 h−1. On the basis of these results, good correlation

coefficients showed that the proposed Verhulst model and the Luedeking Piret model were adequate

to explain the development of biomass production process on date extract. According to the literature,

the study proposed by Kara Ali et al. [39] was carried out using the logistic empirical kinetic model

and Leudeking Piret model to describe batch fermentation of P. caribbica on inulin. The results showed

a good agreement with the experimental data (R2 = 0.91) for cell growth and (R2 = 0.95) for substrate

consumption. In addition, the values of p and q were 14.735 and −0.077 1/h, respectively, thus, the

model equations were found to represent an appropriate kinetic model for successfully describing yeast

cell growth in batch fermentation. Another kinetic study proposed by Zajšek and Goršek [40] which

used the unstructured models of batch kefir fermentation kinetics for ethanol production by mixed

natural microflora confirmed that the growth of kefir grains could be expressed by a logistic function

model, and it can be employed for the development and optimization of bio-based ethanol production

processes. Furthermore, the study of Pazouki et al. [41] which illustrated the kinetic models of cell

growth, substrate utilization and bio-decolorization of distillery waste water by Aspergillus fumigatus

UB260. This study confirmed that the Logistic equation for the growth and the Leudeking Piret kinetic

model for substrate utilization were able to fit the experimental data (R2 = 0.984). The coefficient

equation were also calculated (p and q) their values were 1.41 (g/g) and 0.0007 (1/h) respectively.

4. Conclusions

Microbial fermentation is complex and it is quite difficult to understand its complete details

process. The central composite design (CCD) proposed in this study seems pertinent to describe the
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optimum biomass production of S. cerevisiae. A second order polynomial model was developed to

evaluate the quantitative effects of temperature, pH and reducing sugar concentration in order to

discover the optimum conditions for the biomass production from date extract. According to the

experimental results, a maximum biomass concentration of 40 g/L was obtained at the optimum

condition of temperature (32.9 ◦C), pH (5.35) and total reducing sugars (70.93 g/L).

In addition, among three unstructured kinetic models, both Monod and Verhulst models represent

the experimental data of biomass production kinetics; nevertheless, the Verhulst model was the most

suitable model to signify the baker’s yeast production on date extract medium.
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