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Preface

Extensive research in recent decades has helped decode the impact of diet on the gut 
microbiome, together with the microbial responses to nutritional components in our 
diet, which converge in a delicate and balanced choreography (when healthy) or 
disarray (when unbalanced or unhealthy). With over 20 years of research expertise 
in fermented food, probiotics, and the microbiome, we felt like the pieces of the 
nutritional- microbial puzzle had started to fit together: could it be possible that our 
gut microbiota needs “reseeding” and that reseeding is done by the foods we eat? 
Can food have a restorative role as a microbe provider for the gut microbiota?

Traditionally, fermented foods have been consumed by humans for millennia. 
This method of food preservation was discovered most probably by accident as a 
means to prevent spoilage and, unsuspectingly to the consumer, provided our ances-
tors with beneficial bacteria that repopulated the gut microbiota upon consumption. 
However, novel methods of production and conservation of food have severed the 
ties between the food we consume and the gut microbiota. As a consequence, there 
is a documented increase in the prevalence of autoimmune diseases and obesity, 
which has been correlated to a decreased diversity of gut microbes, while infectious 
disorders have decreased in the past decades.

This book offers an introduction dedicated to the environmental microbiome as 
the piece that completes the circle of life or the “nutrition continuum.” After the 
introduction, we have structured the book in three parts. The first one focuses on 
food and its associated microbes. From breast milk to fermented food, it is clear 
that food is responsible not only for providing nutrition to the host but also for 
“seeding” the gut-associated microbiota. The chapters in this part provide an over-
view of what is currently known about the microbes associated with breast milk 
and fermented food and recount traditional forms of food preparation with current 
industrial techniques in terms of the potential loss of microbial diversity associated 
with industrialization.

We dedicated the second part of this book to the mouth and its associated 
microbes. The mouth environment and the oral microbiota are clearly the gatekeep-
ers and main microbial contributors to the gut microbiota through food and shed-
ding of microbes. Moreover, the lack of a clear demarcation between the external 
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environment and the oral cavity has resulted in a unique environment, which hosts 
a complex and diverse microbiota. In addition, the technical accessibility of the oral 
microbiota to sampling has allowed significant advances in microbiome research 
that reveal clear relationships between oral and gut health.

The final segment of our book looks into the gut microbiota across ages, starting 
with the lifelong consequences of the infant’s initial colonization period, following 
with chapters on the gut microbiota during adulthood and aging. The next chapters 
attempt to answer questions regarding how we can beneficially modulate the micro-
biome with probiotics and prebiotics to rebalance a gut microbiota skewed by the 
modern practices of our Western society.

We are extremely grateful to the contributors of this book. Their outstanding 
intellectual contributions and scientific expertise made this project possible. We are 
also thankful to our colleagues, Apoena Ribeiro, Jason Arnold, Sue Dagher, and 
Hunter Whittington, for their critical reading of all or parts of the manuscript.

We live in a time where relevant scientific questions can be readily answered, 
thanks to available technologies. However, too often, discoveries and rational scien-
tific conclusions are not translated into policies that benefit humankind but instead 
relegated by political and economic decisions with costly consequences. We hope 
that this book conveys the importance of making good personal and collective deci-
sions in terms of nutritional behaviors that greatly affect human health.

Chapel Hill, NC, USA  M. Andrea Azcarate-Peril 
Chapel Hill, NC, USA   Roland R. Arnold 
Raleigh, NC, USA   José M. Bruno-Bárcena 
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Introduction: The Ancient Symbioses

I started off my career focused on social insects and the species that live with them. 
At the age of 19, I worked with James Danoff-Burg, then a graduate student at the 
University of Kansas, to study a group of beetles that live inside the colonies of 
Linepithema ants in the deserts of the southwest. Then the next year, I accepted a job 
working with Samantha Messier, then a graduate student at the University of 
Colorado, Boulder. Sam was studying a species of termite common in the forests of 
the Neotropics, Nasutitermes corniger. These termites are amazing for a variety of 
reasons, but one of them is the fact that the soldiers of Nasutitermes corniger have, 
in place of ordinary insect weaponry (spines, spines, stings, or mandibles), long 
noses. Out of these noses (nasutes), the soldiers shoot a mix of terpenes that is 
gooey and smells a bit like turpentine. This mix helps to defend the termites against 
ants and also anteaters. To me, as a then 19-year-old, that such elaborate chemical 
weaponry was to be found amid nonhuman societies was mind blowing. But spray-
ing turpentine is not the best trick of which Nasutitermes termites are capable, 
not hardly.

The Nasutitermes soldiers, although endowed with great biochemical power, 
also have a weakness. They lack functional, chewing mouthparts. They cannot eat 
on their own and so rely on their brothers and sisters to feed them. But even after 
being fed by their brothers and sisters, the soldiers are still wanting in some nutri-
ents, particularly nitrogen. The soldiers cope with this problem by playing host to 
bacteria that fix nitrogen from the air—“From the air!” This was really too much for 
me to believe, a bit of nature inspired by magical realism, and yet it was true.1

What I would go on to study with Sam was whether the termite soldiers (and 
workers) rely more on their nitrogen fixing microbes when the wood they eat is low 
in nitrogen and when they are actively at war with anteaters. Here then was my 
actual job—I was to be the anteater. My role for three months at the La Selva 
Biological Station in Costa Rica was to attack the colonies of this very sophisticated 

1 Prestwich, Glenn D., and Barbara L. Bentley. “Nitrogen fixation by intact colonies of the termite 
Nasutitermes corniger.” Oecologia 49, no. 2 (1981): 249–251.
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termite with a very unsophisticated machete and see if, once attacked, they would 
produce more soldiers (they did), which, in turn, would fix more nitrogen (they did), 
thanks to their gut microbes.2

At that time, the idea that termites rely on gut microbes was not novel. The very 
first study of the role of gut microbes in nutrition was that of Joseph Leidy on the 
guts of termites, which was published in 1881.3 In the years since, it had been estab-
lished that the guts of termites are full of many kinds of microbes, be they bacteria, 
protists, symbioses between bacteria and protists or even archaea. These relation-
ships are, it had been shown by then, relatively fine-tuned to the life history of the 
termites. Grass-feeding termite species have different gut microbes from wood- 
feeding termite species, which, in turn, have different microbes from soil-feeding 
termite species.4 The bodies of termites have slightly diversified over the last hun-
dred and fifty million years, but their guts and the microbes in them have diversified 
greatly, including, in the case of Nasutitermes, the origin, evolution, and elaboration 
of relationships with nitrogen-fixing bacteria.

As a 19-year-old, it seemed obvious to me that if termites hosted microbes on 
which they depended, then other insects in the forests around me probably did as well 
(why wouldn’t they?) It also seemed reasonable to me, and I suspect to anyone study-
ing termites and their microbes, that so too did the birds and mammals I was not 
alone. Amid beer drinking and banjo playing at the research station where I studied 
termites, scientists speculated about whether the world was, if viewed through a 
microbial lens, one in which microbes carried out basically every process and some-
times, when they needed to, made animals carry them from place to place or, figura-
tively speaking, hold their sandwich.5 But none of these ideas, although in many 
ways obvious, were terribly mainstream. Microbial symbioses were being studied by 
insect biologists or animal scientists in agricultural colleges and land grant institu-
tions (like the one in which I now work).6 Such studies, we know in retrospect, would 
prove central to understanding the biological world. But they were not central to the 
fields of ecology and evolutionary biology. Nor were they especially central to the 
story of human health. Theses, great thick theses, need to be written about why sym-
bioses between microbes and their hosts, and the study of those symbioses, stayed in 
the margins for so long. Regardless of its cause the marginal status of the study of 
symbioses would eventually change. The role of microbes associated with animals 

2 Messier, Samantha Hope. “Ecology and division of labor in Nasutitermes corniger: The effect of 
environmental variation on caste ratios.” (1997): 2298–2298.
3 Leidy, Joseph. Parasites of the termites. Collins, Printer, 1881.
4 Ohkuma, Moriya, and Andreas Brune. “Diversity, structure, and evolution of the termite gut 
microbial community.” In Biology of termites: a modern synthesis, pp.  413–438. Springer, 
Dordrecht, 2010.
5 Dyer, Betsey Dexter. “Symbiosis and organismal boundaries.” American Zoologist 29, no. 3 
(1989): 1085–1093.
6 RE Hungate’s important work spanned both of these fields. He began with termites and moved on 
to ruminants. Hungate, R.  E. “The symbiotic utilization of cellulose.” Journal of the Elisha 
Mitchell Scientific Society 62, no. 1 (1946): 9–24.
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and plants would rise in prominence. This rise began in part due to the arrival of novel 
approaches to the study and the identification of microbes and sequencing-based 
approaches.

The availability of novel sequencing approaches (approaches made possible by 
using enzymes from microbes themselves, like those of Thermus aquaticus) changed 
everything. With new barcoding and metagenomics tools, it became possible to 
relatively quickly do an inventory of the kinds of life in a given place. In some sub-
fields, these new approaches could be combined with insights from earlier work on 
insects or domestic animals to jump-start discoveries. In other cases, the new wave 
of research began as if from scratch (even where antecedents). As tens and then 
hundreds and then thousands of studies accumulated, it became ever clearer that 
humans are covered with microbes, that humans are filled with microbes, and that 
human food too, much of it anyway, is rich with microbes. Of course, these insights 
were not really new. They were instead newly appreciated and, thanks to the new 
sequencing approaches (and the new waves of funding that they would usher in), 
were no longer marginal. The microbe was out of the bag (or out of the gut, as the 
case might be). Humans are, just like all the species, filled with species on which we 
depend. We are like the termites, just bigger and gassier. The study of insects, agri-
culture, ecology, evolution, and medicine began to acquire a new holism, a holism 
made possible by the ubiquitous importance of microbes.

But there was a problem. In the years between the first studies of the gut microbes 
in termites and the re-recognition of the value of the microbes on and in our bodies 
and in our food, we had, collectively as humans, made a mistake—a very big mis-
take, a no good, stinking, terrible mistake. The mistake we made was simplifying 
the microbial communities present in our lives, dramatically. We overused antibiot-
ics for diseases that were not bacterial. We used antimicrobials in settings where 
soap would have been used. We closed our windows and sealed out plant- and soil- 
associated microbes. We also increasingly shifted to processed food, in which wild 
microbes were rare, as were those associated with fermentation, and in their place 
were an abundance of microbes adapted to do well in freezers and refrigerators. To 
use the language of ecologists, these changes changed our Western baseline, they 
changed the condition of the body and daily life of the average person, they changed 
it so much that it sometimes made it difficult for us to tell exactly what is wrong. 
Rare chronic diseases, diseases related in one way or another to changes in the 
microbes in our lives, became common. Crohn’s disease, inflammatory bowel dis-
ease, multiple sclerosis, allergies, asthma, and maybe even autism all fall within this 
circus of terrible modern maladies.

Some features of the future of the study of our bodies, our microbes, and our new 
chronic maladies seem predictable. It seems predictable, for instance, that the 
microbes we need in our environment, on our food, and in and on our bodies will be 
shown to depend both on our genes and on our lifestyles. It seems predictable that 
there will not be one kind of “healthy microbiome” but many instead. This, after all, 
is what was found with the termites. When the termites had less access to wood with 
lots of nitrogen, they needed (and typically hosted) more nitrogen-fixing bacteria. 
When they went to war, whether against real anteaters or against my machete, they 
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needed more nitrogen-fixing bacteria. We should not expect our own bodies to be 
any simpler, and, indeed, given the great diversity of human genetic backgrounds 
and experiences, we are likely to be much, much more complex.

This book attempts, in light of our broad human story, and in light of a particular 
moment in the history of science, to consider what we know right now about 
microbes, health, and nutrition. It considers the microbes of the mouth, microbes in 
food, gut microbes, and our wellness. The authors in this book do not all agree with 
each other about just which set of microbes benefit us and when. They do not all 
agree with each other about many features of our bodies, microbes, and wellness—
as it should be. We do not yet understand enough about ourselves to understand the 
simple answers, and so instead what we have begun to develop are kinds of regulari-
ties, things that seem to be mostly, but not always, true. Fermented food, when still 
alive, seems to offer health benefits—often but not always. The Western diet, rich in 
sugar, seems to lead to microbes in mouths that are less healthy and more likely to 
cause cavities—often but maybe not always.

The book is, as far as I know, the first of its kind, the first to think about what it 
would look like to eat food that benefits us and our beneficial microbes. Or rather, it 
is the first of its kind for humans. In this way, one of the most beautiful things about 
what this book offers is that it draws humans back into the rest of life. It reminds us 
that we are not only connected to and dependent upon the microbes that we ingest 
or fail to ingest and rub upon but also that this condition unites us with every other 
species of animal that has ever lived. We humans are special in our consciousness, 
in our ability to think about problems, and we actively make decisions about the 
change we would like to make. But in a microbial context, we are also unusual in 
that we need this book. For three hundred million years, animals acquired the 
microbes they needed without problem, from their food and their environments, 
without need to figure out how to do so. We are uniquely the species that has altered 
our environment and our diet so completely that we need to study how to do what 
other species do without thinking. This book then is the beginning of the grounding 
we need in order to remember how to be like the other species and remember, in 
other words, how to be microbially whole.

Natural History Museum of Denmark Rob R. Dunn 
Copenhagen, Denmark 
Department of Applied Ecology
North Carolina State University
Raleigh, NC, USA
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 Introduction

Human milk is the gold standard for infant nutrition during the first months of life 
since it is perfectly adapted to the nutritional requirements of the baby; it contains a 
plethora of biologically active components, including immunoglobulins, chemo-
kines, growth factors, cytokines, bioactive lipids, oligosaccharides, microRNAs, 
hormones, immune cells and microorganisms, among others (Hennet and Borsig 
2016). Human milk composition varies among individuals and it is contingent on 
several factors, such as mother’s genotype, geographical location, gestational age, 
maternal health status, diet and time of lactation (Cabrera-Rubio et al. 2012; Andreas 
et al. 2015; Feng et al. 2016; Kumar et al. 2016; Gomez-Gallego et al. 2016; Ruiz 
et al. 2017). Therefore, the composition of human milk adapts dynamically to the 
variable needs of the baby along the first months of life. Globally, these complex 
and dynamic compositions promote a healthy growth and development of the infants 
(Mosca and Giannì 2017). This recognition has prompted all national and interna-
tional organizations focused on health, infancy, pediatrics, nutrition or epidemiol-
ogy to recommend exclusive breast-feeding during at least the first 6 months of life; 
thereafter, infants should receive nutritionally adequate and safe complementary 
foods while breastfeeding continues for up to 2 years of age or beyond (World 
Health Organization 2003).

The short- and long-term health-promoting effects of breastfeeding have been 
known for decades and apply both to developing and developed countries. 
Historically, these effects were partly attributed to the presence of the so-called 
“bifidogenic factors”, leading to the predominance of microorganisms of the genus 
Bifidobacterium in the gut of breast-fed babies. However, the role of human milk as 
a complex ecological niche and as a relevant source of bacteria to seed the infant gut 
had remained unstudied until recently.

 Microbial Diversity in Human Milk

 Culture-Based Studies

The first culture-based studies testing breast milk were carried out during the sec-
ond half of the past century and were mainly focused in the detection of “contami-
nants” and/or potentially harmful microbes and their role in infant infection 
(Rantasalo and Kauppinen 1959; Foster and Harris 1960; Kenny 1977; Williamson 
et al. 1978; Eidelman and Szilagyi 1979). Although some cases of infant infections 
and sepsis have been linked to the transmission of pathogens from human milk 
(Qutaishat et al. 2003; Kayıran et al. 2014; Weems et al. 2015; Zimmermann et al. 
2017) the presence of contaminant microorganisms in human milk are not valid 
predictors of infection risk (Boer and Anido 1981; Schanler et al. 2011; Zimmermann 
et al. 2017).

M. C. Collado et al.
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During the last 15 years, several studies have described the presence of viable 
commensal, mutualistic, or potentially probiotic bacteria in human milk from 
healthy individuals [reviewed in (Fernández et al. 2013)], leading to an increasing 
interest in the assessment of its microbiota and microbiome, the potential mother- 
to- infant bacterial transfer through breastfeeding, and their role in the maternal and/
or infant health. It also stimulated the search for new bacterial strains to be used as 
probiotics for the mother-infant dyad.

The cultivable bacteria usually found in human milk are dominated by Gram- 
positive belonging to the genera Staphylococcus, Streptococcus, Corynebacterium 
and Propionibacterium (Jiménez et  al. 2008b; Solís et  al. 2010; Schanler et  al. 
2011). At a lower extend, lactic acid bacteria (Lactobacillus, Lactococcus, 
Leuconostoc, Weissella, Enterococcus, among others) and bifidobacteria are also 
commonly isolated from human milk (Martín et al. 2003, 2009; Abrahamsson et al. 
2009; Solís et al. 2010; Arboleya et al. 2011; Murphy et al. 2017). Among them, 
Lactobacillus (L. salivarius, L. gasseri, L. fermentum, L. reuteri, among others) and 
Bifidobacterium (B. longum and B. breve) species have been the subject of the high-
est interest because of their potential application as probiotics. Noticeably, isolates 
from these two bacterial genera seem to be more abundant in human milk samples 
from locations with a low use of antibiotics (Soto et al. 2014). Even though globally, 
more than 200 different bacterial species, belonging to approximately 50 different 
genera have been isolated from human milk up to the present (Fernández et  al. 
2013), including new bacterial species, such as Streptococcus lactarius (Martín 
et al. 2011).

The microbial load in human milk may range from 101 to 106 CFU/mL, depend-
ing on the health status of the mother (e.g., mastitis) and, also, on the milk collection 
method. As an example, the use of milk pumps may result in high concentrations 
of contaminating Gram-negative bacteria (Enterobacteria, Pseudomonas, 
Stenotrophomonas, among others) and yeasts appearing from rinsing water and/or 
poor hygienic manipulation practices (Jiménez et al. 2017).

Limitations of culture-dependent methods may rely in the inability to assess the 
presence of viable but non-cultivable organisms but, in contrast, they enable the 
isolation, preservation and characterization of bacterial strains (Lara-Villoslada 
et al. 2007b; Jiménez et al. 2008b; Delgado et al. 2009, 2011; Arboleya et al. 2011; 
Langa et al. 2012; Cárdenas et al. 2014). The availability of bacterial strains isolated 
from human milk, together with the novel genetic tools, is allowing the sequencing 
and annotation of its genomes (Jiménez et al. 2010a, b; Martín et al. 2012b, 2013; 
Langa et al. 2012; Gueimonde et al. 2012; Cárdenas et al. 2015), which will facili-
tate further functional studies and future applications.

From pioneer human milk studies to the most recent culture-based analysis 
aimed at isolating human-milk strains for potential probiotic applications, the use of 
culture-methods has unveiled human milk as a complex ecological niche and poten-
tial source of probiotics. In addition, we should not forget that human milk might 
contain yeasts, moulds and viruses (Daudi et  al. 2012; Liu et  al. 2015; Dupont- 
Rouzeyrol et al. 2016; Mutschlechner et al. 2016). The transmissions of three spe-
cific viruses (CMV, HIV, and HTLV-I) to the infants through breastfeeding are of 

Baby’s First Microbes: The Microbiome of Human Milk



6

particular concern, and are taken into consideration during management of human 
milk banks. In addition, human milk may contain bacteriophages, which might play 
a role in modulating the human milk microbiota (Jiménez et al. 2015; Duranti et al. 
2017). Moreover, the human milk ecosystem also contains a complex population of 
human cells (Fan et al. 2010; Hassiotou and Geddes 2015; Witkowska-Zimny and 
Kaminska-El-Hassan 2017), which may interact with the microorganisms, both in 
human milk and in the infant gut.

 Culture-Independent Studies

Cultivable microorganisms may represent a fraction of the natural microbial commu-
nities inhabiting a specific ecological niche. Therefore, the application of culture- 
independent molecular techniques, including quantitative PCR, denaturing gradient 
gel electrophoresis (DGGE), temperature gradient gel electrophoresis (TGGE), and 
Next Generation Sequencing (NGS) approaches, from metataxonomics (16S rRNA 
amplicon analysis) to metagenomics (total DNA sequencing), has provided a comple-
mentary assessment of the microbiome in human milk (Jeurink et al. 2013; McGuire 
and McGuire 2015). It is important to point out that such techniques detect nucleic 
acids and not living microbial cells, which means that bacterial DNA may belong to 
either live or dead organisms. Other limitations and bias that molecular techniques 
may introduce in the assessment of complex microbial communities include an over- 
or underestimation of some microbial groups with difficult to break cell wall, outer 
membranes or plasmatic membrane composition, DNA extraction methods, number 
of copies of the targeted gene, the specificity of the selected primers to 16S rRNA 
region(s), and current limitations inherent to the bioinformatics analysis (McGuire 
and McGuire 2015, 2017; Gomez-Gallego et al. 2016). Future studies considering the 
bacterial cell wall integrity coupled with 16S rRNA sequencing as well as RNA-based 
(metatranscriptomics) methodologies will provide novel information about the micro-
biota present in the milk at a functional level (Gosalbes et al. 2012).

Globally, culture-independent studies have confirmed the presence of DNA from 
bacterial groups previously identified with culture-dependent techniques, such as 
Staphylococcus, Streptococcus, Corynebacterium, Propionibacterium. Lactococcus, 
Leuconostoc, Weissella, Bifidobacterium and/or Lactobacillus spp. (Gueimonde 
et al. 2007; Martín et al. 2007a, b; Delgado et al. 2008; Collado et al. 2009; Hunt 
et  al. 2011; Cabrera-Rubio et  al. 2012, 2016; Ward et  al. 2013; Jost et  al. 2013, 
2014; Jiménez et al. 2015; Boix-Amorós et al. 2016; Fitzstevens et al. 2017). In 
addition, some studies have also reported the presence of DNA from strictly anaero-
bic gut-associated microbes (Bacteroides, Blautia, Clostridium, Collinsella, 
Coprococcus, Eubacterium, Faecalibacterium, Roseburia, Ruminococcus, 
Veillonella, among others), which are either non-cultivable or very difficult to cul-
ture in the laboratory and, therefore, may not be detected using culture-based meth-
ods (Cabrera-Rubio et  al. 2012; Jost et  al. 2013, 2014; Jiménez et  al. 2015; 
Gomez-Gallego et al. 2016).

M. C. Collado et al.
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Microbiome studies focused on human milk or breast tissue have also revealed 
the presence of DNA belonging to a third group of soil- and water-associated bacte-
rial genera, including Acinetobacter, Bradyrhizobium, Methylobacterium, 
Microbacterium, Novosphingobium, Pseudomonas, Ralstonia, Sphingopyxis, 
Sphingobium, Sphingomonas, Stenotrophomonas and Xanthomonas (Hunt et  al. 
2011; Cabrera-Rubio et al. 2012; Urbaniak et al. 2014a, b; Xuan et al. 2014; Cacho 
et al. 2017). In some works, the amplified sequences related to such microorganisms 
were so frequent and abundant among individuals that some of them were consid-
ered members of the “core microbiome” of human milk. However, it has been 
pointed out that the molecular techniques used to study low abundance microbi-
omes (such as that of human milk from healthy women) have a high susceptibility 
to false positives because of contamination with DNA sequences from the water- 
and soil-associated bacterial genera cited above (Lauder et al. 2016; Perez-Muñoz 
et al. 2017). Presence of contaminating DNA in PCR reagents, DNA extraction kits 
and molecular biology grade water (Grahn et al. 2003; Mühl et al. 2010; Salter et al. 
2014) area particularly relevant challenge when working with samples containing 
low microbial load since, upon amplification, the low amount of starting material 
may be widely overcome by the contaminating DNA and lead to inaccurate results 
and conclusions (Laurence et al. 2014; Lauder et al. 2016).

The possible impact of the presence contaminating DNA on 16S rRNA gene- 
based profiling and shotgun metagenomics analyses from typically low biomass 
samples has often not been taken into consideration among microbiome researchers 
(Perez-Muñoz et al. 2017). In fact, most DNA sequence-based studies describing 
microbial communities in low-biomass environments neither report sequencing of 
negative controls, nor describe their contaminant removal procedures. 
Recommendations to reduce the impact of contaminants in sequence-based, low- 
biomass microbiota studies have already been provided (Salter et  al. 2014), and 
future studies will require having them taken into consideration when concluding 
which observations are actually genuine.

In relation to this issue, a non-critical analysis of sequences obtained in a human 
milk metagenomic study suggested that the bacterial core microbiome was com-
posed of the genera: Pseudomonas, Staphylococcus, Streptococcus, Bacteroides, 
Faecalibacterium, Ruminococcus, Lactobacillus, Propionibacterium, 
Sphingomonas, Novosphingobium, Sphingopyxis, Sphingobium and Burkholderia, 
since their sequences could be detected in the samples obtained from most or all 
recruited women (Jiménez et al. 2015). In the same study, no bacteria belonging to 
the genera Pseudomonas, Methylobacterium, Sphingomonas, Novosphingobium, 
Sphingopyxis or Sphingobium could be isolated from any of the tested samples 
despite providing culture media and conditions suitable for their growth. Considering 
the DNA contamination problem and the fact that soil and water-associated Gram- 
negative bacteria have been seldom isolated from human milk despite many of 
them, including Pseudomonas and closely-related bacteria, grow well in standard 
laboratory conditions. The authors concluded that it was highly probable that the 
core bacteriome of the analyzed samples was actually constituted by Staphylococcus, 
Streptococcus, Lactobacillus, Propionibacterium and gut-associated obligate 
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anaerobes (Bifidobacterium, Bacteroides, Roseburia, Eubacterium, 
Faecalibacterium, Ruminococcus). A previous metagenomic study of 10 pooled 
human milk samples reported more than 360 prokaryotic genera being 
Proteobacteria (65%) and Firmicutes (34%) the predominant phyla, and 
Pseudomonas, Staphylococcus and Streptococcus the predominant genera (Ward 
et al. 2013).

The fact that sequences from lactobacilli, bifidobacteria and strict anaerobes can 
be detected in some studies and are scarce or absent in others may also be attribut-
able to genetic, environmental, medical or dietary differences among subjects. 
Additionally, differences in the high-throughput sequencing techniques used may 
be responsible for these conflicting findings (Lagier et al. 2012). In this context, a 
metagenomic analysis of samples from birth to adulthood to study the development 
of the infant gut microbiota found relatively low frequency and low abundance of 
bifidobacteria in feces (Palmer et al. 2007). In contrast, an assessment, by pyrose-
quencing and analysis of PCR amplicons, of the complexity of the infant bifidobac-
terial population in the gut suggested a predominance of bifidobacteria in the infant 
gut as well as co-occurrence of bifidobacterial species (Turroni et al. 2012).

 Factors Influencing Microbiota/Microbiome Composition 
in the Human Milk

It is known that the quantitative and/or qualitative composition of many components 
of human milk (peptides, proteins, lipids, immunological compounds, oligosaccha-
rides, etc.) may be influenced by several factors, including genetic background, geo-
graphical location, maternal nutrition, part of the feeding (foremilk, hindmilk), 
gestational age, circadian rhythm, lactation stage, and others (Quinn et al. 2014; 
Nishimura et al. 2014; Atiya Ali et al. 2014; Collado et al. 2015; Ares Segura et al. 
2016; Hoashi et al. 2016; Kumar et al. 2016; Munblit et al. 2016; Sprenger et al. 
2017; Kunz et al. 2017; McGuire et al. 2017; Ruiz et al. 2017; Bardanzellu et al. 
2017; Toscano et al. 2017). However, little is known on the interaction and impact 
of these and other factors on microbial communities composition in the human milk 
(Fernández et al. 2014; Gomez-Gallego et al. 2016) (Fig. 1).

Human milk oligosaccharides (HMOs) seem to stimulate the growth of specific 
bacterial groups frequently found either in breast milk or in the feces of breast-fed 
infants, such as Staphylococcus epidermidis or Bifidobacterium spp. (Hunt et  al. 
2012; Thongaram et al. 2017). Associations between microbes found in milk and 
the HMOs profile, human milk cells and/or macronutrients have been described 
recently (Boix-Amorós et al. 2016; Williams et al. 2017a, b; Aakko et al. 2017). 
Interestingly, the HMOs profile has been described to influence infant gut microbial 
colonization (Wang et al. 2015). Infants fed by non-secretor mothers, with a lower 
presence of 2FL (2′-fucosyllactose), exhibit delayed and lower Bifidobacterium 
colonization when compared to infants receiving human milk from secretor mothers 
(Lewis et al. 2015).

M. C. Collado et al.
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Fig. 1 Factors that may play a role in the composition of the human milk microbiota in healthy 
women and, also, in protecting or predisposing to mastitis

Some studies have investigated the impact of a variety of factors in the human 
milk microbiota/microbiome composition. Such factors include gestational age, 
postpartum period geographical location, mode of delivery, maternal diet, maternal 
health status (healthy, mastitis, metabolic syndrome, obesity, allergy, celiac disease, 
HIV-positive women), medical treatments (antibiotics, chemotherapy) and use of 
pumps and other devices for sampling (Grönlund et al. 2007; Albesharat et al. 2011; 
Hunt et al. 2011; Collado et al. 2012; Cabrera-Rubio et al. 2012, 2016; González 
et al. 2013; Urbaniak et al. 2014b; Soto et al. 2014; Khodayar-Pardo et al. 2014; 
Olivares et al. 2015; Boix-Amorós et al. 2016; Davé et al. 2016; Hoashi et al. 2016; 
Sakwinska et al. 2016; Williams et al. 2017a; Gómez-Gallego et al. 2017; Li et al. 
2017; Jiménez et  al. 2017). Some of the studies found significant differences 
between the compared groups while others did not. Conflicting and controversial 
results have also been obtained when different research groups have compared the 
effect of the same factor on the human milk microbiome. So, while it is becoming 
evident that human milk microbiome may be influenced by several factors and, also, 
that microbiota found in human milk may exert a strong influence on other milk 
components and, globally, on maternal/infant health. The exact triggers or drivers of 
differences in the composition of the human milk microbiota/microbiome need to 
be elucidated. Conflicting results between studies can be explained, at least  partially, 
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by host factors, environmental factors, perinatal factors, differences in milk 
collection and storage procedures, growth media and conditions, DNA extraction 
and amplification protocols, DNA sequencing methods, and bioinformatics analy-
sis, among other factors (Gomez-Gallego et al. 2016). International and collabora-
tive research, sharing common protocols from recruitment criteria to bioinformatics, 
is required in order to enable the comparison of results between groups and to evalu-
ate the actual impact of the factors cited above (McGuire and McGuire 2015, 2017; 
Gomez-Gallego et al. 2016).

Anyway, recent studies analyzing milk samples from different locations using 
the same protocols have reported distinct HMO, immunological and microbiome 
profiles in different locations (Kumar et  al. 2016; Munblit et  al. 2016; McGuire 
et al. 2017; Ruiz et al. 2017). Such results would suggest the relevance of environ-
mental factors on these components. Furthermore, specific factors (such as mode of 
delivery) affect in a different manner depending on the environment (Kumar 
et al. 2016).

 Origin of Bacteria in Human Milk

The origin of the bacteria present in human milk has been reviewed recently (Mira 
2016) (Fig. 2). Traditionally, it was believed that any prokaryote found in human 
milk was just the result of contamination from the infant’s oral cavity or the moth-
er’s skin. However, the detection of live bacterial cells and/or DNA from anaerobic 
species that are usually related to gut environments and that cannot survive in aero-
bic locations has fuelled a scientific debate on the origin of milk-associated bacteria. 
These findings suggest that at least some of the bacteria present in the maternal gut 
could reach the mammary gland through an endogenous route, involving complex 
interactions between bacteria, epithelial cells and immune cells (Martín et al. 2004). 
Although the pathway and mechanisms that some bacteria could exploit to transit 
from the oral and/or intestinal epithelium to reach the mammary gland and other 
locations has not been elucidated yet, some works have offered a plausible scientific 
basis (Vazquez-Torres et  al. 1999; Rescigno et  al. 2001; Perez et  al. 2007; 
Rodríguez 2014).

An increased bacterial translocation from the gut to mesenteric lymph nodes and 
mammary glands in pregnant and lactating mice has been described previously 
(Perez et al. 2007). Bacteria could be observed histologically in the subepithelial 
dome and interfollicular regions of Peyer’s patches, in the lamina propria of the 
small bowel, and associated with cells in the glandular tissue of the mammary 
gland. In the same study, acridine orange staining of human milk and blood cyto-
preparations identified bacterial cells in association with maternal mononuclear 
cells. In addition, other studies have reported that oral administration of L. reuteri, 
L. gasseri, L. fermentum and L. salivarius strains isolated from human milk to lac-
tating women led to their presence in human milk (Jiménez et  al. 2008a, b, c; 
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Abrahamsson et al. 2009; Arroyo et al. 2010). A previous study showed that oral 
administration of a Lactobacillus strain to women during pregnancy resulted in 
colonization of their intestine and, subsequently, of their respective breastfed infants' 
gut, even if the infants had been born by cesarean section (Schultz et  al. 2004). 
Unfortunately, the presence of bacteria in the milk bacteria as the potential source 
of the strain was not investigated in that study. The microbiome of the different 
human body locations constitutes a dynamic network of interrelated communities. 
Therefore, the fact that the infant’s mouth or the maternal skin may provide some 
bacteria to the milk is not incompatible with the role of human milk as a source of 
bacteria to the infant’s mouth, the maternal skin and other infant/mother locations 
(Fig. 2).

A couple of works have also described the presence of bacteria in breast tissue 
biopsies (even from non-lactating women), which could represent, eventually, an 
additional source of microorganisms to human milk (Xuan et al. 2014; Urbaniak 
et al. 2014a). However, it is unclear if such findings are actually valid or a reflection 
of the technical bias resulting from the application of molecular-based techniques to 
low abundance microbiomes. Therefore, well-controlled studies are required either 
to confirm or to refute the presence of bacteria in breast tissue.
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 Mother-to-Infant Transfer of Bacteria Through Human Milk

After birth, the bacterial colonization process represents the first massive contact 
with microbes; different human studies have established a link between early gut 
microbiota composition and the risk of disease later in life (Kalliomäki et al. 2001, 
2008; Fujimura et al. 2016), underlining the important role of the microbiota-host 
interactions in the neonatal period.

By providing a supply of live microorganisms, together with different bioactive 
substances including carbohydrates to be selectively fermented, human milk seems 
to play a key role in the proper establishment and further development of the infant 
microbiota and, as a consequence, on important host functions such as nutrient 
absorption, formation of host barriers against pathogens, or maturation of the 
immune and nervous systems (Jost et al. 2015). This also applies to preterm infants 
(Gregory et al. 2016).

Bacteria present in human milk are among the first colonizers of the infant gut 
and, therefore, may play a key role in driving the establishment of a healthy micro-
biota (Fernández et  al. 2013). Several studies have reported a mother-to-infant 
transfer of microorganisms through human milk (at the species and strain level), 
using both culture-dependent (Martín et  al. 2003, 2006, 2009; Solís et  al. 2010; 
Makino et al. 2011, 2015; Murphy et al. 2017), and culture-independent techniques 
(Milani et  al. 2015; Asnicar et  al. 2017; Murphy et  al. 2017). In fact, the initial 
microbiota of healthy breastfed babies resemble closely that found in the mother’s 
milk, and it has been estimated that ~20% of the bacterial community present during 
the first month of life derives from that contained in human milk and 10% from 
areola skin (Pannaraj et al. 2017). The networks established between the intestinal 
microorganisms and the host in breast-fed babies are different from those found in 
formula-fed infants (Harmsen et al. 2000; Martin et al. 2016), leading to differences 
in the host transcriptome when the two feeding types are compared (Praveen 
et al. 2015).

Until recently, it was thought that the development of a more diverse gut micro-
biota in breastfed infants started at the weaning period (Favier et al. 2002). However, 
a recent work showed that stopping breastfeeding—rather than introducing solids—
drives maturation of the infant gut microbiota (Bäckhed et al. 2015). These research-
ers found more adult-like taxa in the microbiomes of babies who stopped 
breastfeeding earlier, while the microbiota of babies breastfed for longer periods 
were dominated by bacteria present in breast milk.

 Human Milk: A Source of Probiotic Bacteria to the Infant Gut

As stated above, human milk contains a vast array of bioactive compounds, which 
may act synergistically in order to preserve infants’ health. Therefore, it may be dif-
ficult to delineate the specific functions of a given milk component (such as the 
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human milk microbiota) without taking in account its potential interactions with 
other human milk ingredients.

Nonetheless, bacteria isolated from human milk of healthy women are particu-
larly attractive organisms since they fulfill some of the criteria generally recom-
mended for human probiotics, such as human origin, a history of safe prolonged 
intake by a sensitive population (from preterms to infants), and adaptation to both 
mucosal and dairy substrates (Lara-Villoslada et al. 2007a; Fernández et al. 2013). 
Because of their origin, they seem to be uniquely adapted to reside in the human 
digestive tract and to interact with us in symbiosis from the time we are born 
(Jeurink et al. 2013). Among the bacterial species isolated from human milk, some 
of them (L. gasseri, L. salivarius, L. rhamnosus, L. plantarum, L. fermentum, 
L. reuteri, B. breve, B. longum…) are considered among the potentially probiotic 
bacteria and enjoy the GRAS (Generally Recognised As Safe) and the QPS 
(Qualified Presumption of Safety) status conceded by the Food and Drug 
Administration (FDA, USA) and the European Food Safety Authority (EFSA), 
respectively.

Bacteria found in human milk may play several roles in the infant gut, including 
an important role in reducing the incidence and severity of infections in the breast-
fed infant. In fact, some of the lactic acid bacteria strains isolated from this biologi-
cal fluid have the ability to inhibit (both in vitro and in vivo) the growth of a wide 
spectrum of pathogenic bacteria, including E. coli, Salmonella and Listeria mono-
cytogenes, by competitive exclusion or through the production of antimicrobial 
compounds, such as organic acids, hydrogen peroxide, reuterin or bacteriocins 
(Heikkilä and Saris 2003; Beasley and Saris 2004; Martín et al. 2005, 2006). It has 
also been shown that some bacteria present in human milk improve the intestinal 
barrier function by increasing mucin production and reducing intestinal permeabil-
ity (Olivares et al.2006c). In addition, some lactobacilli found in human milk inhibit 
the adhesion of Salmonella to mucins and increase the survival of mice infected 
with this pathogen (Olivares et al. 2006c).

More recently, a randomized double-blinded controlled study that included 
infants at the age of 6 months, was conducted to examine the effects of a follow-on 
formula containing Lactobacillus fermentum CECT5716 plus galactooligosaccha-
ride (experimental group), or the same formula supplemented with only galactooli-
gosaccharide (control group), on the incidence of infections in infants between the 
ages of 6 and 12 months (Maldonado et al. 2012). The experimental group showed 
a significant 46% reduction in the incidence rate of gastrointestinal infections, 27% 
reduction in the incidence of upper respiratory tract infections, and 30% reduction 
in the total number of infections, at the end of the study period compared with the 
control group.

The ability of some lactic acid bacteria strains isolated from human milk to 
inhibit infection of HIV-1 in vitro has also been demonstrated (Martín et al. 2010). 
HIV-inhibitory activity has been associated with both the killed bacteria and the 
conditioned cell-free supernatant from the bacterial cultures, suggesting that more 
than one mechanism may be used by LAB to block viral infectivity. The highest 
levels of HIV-inhibitory activity were associated with the bacterial strains 
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L.  salivarius VM5, L. gasseri VM22, L. lactis VM17, and Streptococcus salivarius 
VM18, with distinct inhibitory effects against R5- and X4-tropic HIV-1. More 
recently, it was observed that the genome of L. salivarius CECT 5713 encodes a 
protein (1230) that contains a motif for recognition of high mannose N-linked oli-
gosaccharides present in a variety of pathogen antigens, including HIV gp120. 
Consequently, it might have the potential to block gp120 from binding to target cells 
and, therefore, to inhibit HIV infectivity (Langa et al. 2012). To test such predic-
tions, the ability of L. salivarius CECT 5713 to inhibit the in vitro infectivity of 
HIV-1 was assessed. Presence of heat-killed L. salivarius CECT 5713 cells led to 
reductions in the infectivity of R5 (HIV-1BaL), CXCR4 (HIV-1HC4) and R5/X4 
(HIV-1C7/86) viruses by 42.3%, 58.9%, and 49.8%, respectively (Langa et al. 2012).

Such results have particular relevance in HIV-1 breast milk transmission, where 
breastfeeding infants are exposed daily to the virus found in maternal breast milk. 
Transmission of HIV-1 to the breastfeeding infant presumably occurs across muco-
sal surfaces in the infant oral and gastrointestinal tissues, sites that are also abun-
dantly colonized with bacteria within the first days of birth. As some of the strains 
that colonize the infant have their origins in the mother’s breast milk, this suggests 
a unique mechanism for conferring protection to the infant against mucosal patho-
gens. Despite clear evidence that HIV-1 is transmitted to infants during breastfeed-
ing, most breastfed infants remain uninfected even after repeated exposure of their 
oral and gastrointestinal mucosal surfaces to high amounts of both cell-free HIV-1 
and cell-associated virus in the milk (Kourtis et al. 2003). It is known that infants 
who are exclusively breastfed for the first months of life have a significantly lower 
risk of being HIV-infected when compared to infants that are mixed-fed (Coutsoudis 
et al. 1999). Exclusive breastfeeding may help prevent damage to the gut mucosa 
and/or stimulate growth and colonization of bacterial species harbored in maternal 
breast milk.

Bacteria found in human milk may also play key roles in the correct maturation 
of the infant immune system and their function seems to be flexible depending on 
the gut conditions. As an example, L. salivarius CECT5713 and L. fermentum 
CECT5716 enhance macrophage production of Th1 cytokines, such as IL-2 and 
IL-12 and the inflammatory mediator TNF-a, in the absence of an inflammatory 
stimulus (Díaz-Ropero et al. 2007). However, both probiotics lead to a reduction of 
Th1 cytokines when cells are incubated in the presence of lipopolysaccharide. This 
regulatory mechanism is probably based on the induction of the synthesis of IL-10, 
an immunosuppressive cytokine, by these strains (Díaz-Ropero et al. 2007).

The immunomodulatory effects of probiotics have also been reported in animal 
models of pathologies where the immune system is involved. Different probiotic 
strains isolated from human milk have been reported to enhance the immune defence 
of mice, increasing both natural and acquired immune responses (Díaz-Ropero 
et al. 2007). This immune-stimulating activity could be also involved in the anti- 
infective role previously mentioned for these bacteria in an animal model of 
Salmonella infection (Olivares et  al. 2006c). In addition, the human milk strain 
L. gasseri CECT5714 in combination with L. coryniformis CECT5711 reduces the 
incidence and severity of the allergic response in an animal model of cow’s milk 
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protein allergy (Olivares et  al. 2005) while L. fermentum CECT5716 showed a 
beneficial effect in an animal model of intestinal inflammation, reducing the inflam-
matory response and the intestinal damage (Peran et al. 2007).

Strains isolated from human milk have also been reported to modulate the 
immune response of healthy humans, as shown by a study reporting an increase in 
phagocytic activity, in the number of natural killer cells and in the plasma concen-
tration of IgA in healthy humans consuming human milk-isolated probiotics daily 
for 3 months (Olivares et al. 2006b). The consumption of L. fermentum CECT5716 
enhances the response to influenza vaccination in healthy volunteers aged 26–40 
and reduces the incidence of influenza-like illness (Olivares et al. 2007).

A recent study has confirmed that L. fermentum CECT5716 and L. salivarius 
CECT5713 have a broad array of effects on the immune system (Pérez-Cano et al. 
2010). They are potent activators of NK cells and moderate activators of CD4+ and 
CD8+ T cells and regulatory T cells. Thus, they have an impact on both innate and 
acquired immunity. They strongly induce a wide range of pro- and anti- inflammatory 
cytokines and chemokines. The authors compare these strains with others belonging 
to the same species but isolated from sources different to breast milk and found 
some milk strain-specific effects, such as a higher induction of IL-10 and IL-1 
production.

Finally, there is increasing interest in the manipulation of intestinal microbiota 
with the aim of improving gastrointestinal function and nutrient absorption. 
Probiotics isolated from human milk colonise the intestine and increase faecal lac-
tobacilli counts, thus modifying intestinal microbiome both in rodents (Peran et al. 
2005) and humans (Olivares et  al. 2006a), including infants (Maldonado et  al. 
2010). Strains obtained from human milk are metabolically active in the human gut, 
modulating the production of functional metabolites such as butyrate, which is the 
main energy source for colonocytes and plays a key role in the modulation of intes-
tinal function. As a result, they lead to a better intestinal habit, with an increase in 
faecal moisture, and in stool frequency and volume. A recent study evaluated the 
impact of L. fermentum CECT 5716 on stress-induced intestinal epithelial barrier 
dysfunction, systemic immune response and exploratory behavior in rat pups 
(Vanhaecke et al. 2017). The results showed that the L. fermentum strain prevented 
such stress-induced dysfunction in vivo, reduced permeability to both fluorescein 
sulfonic acid and horseradish peroxidase in the small intestine, and increased 
expression of zonula occludens-1 (ZO-1) and prevented stress-induced ZO-1 disor-
ganization in ileal epithelial cells. In addition, this strain also significantly reduced 
stress-induced increase in plasma corticosteronemia and enhanced IFNγ secretion 
while preventing IL-4 secretion from activated splenocytes.

Streptococci (mainly S. mitis and S. salivarius groups) and coagulase-negative 
staphylococci (CNS) have received marginal attention regarding their role in the 
human mammary gland and during the early colonization of the infant gut despite 
being the dominant bacteria in human milk (Jiménez et al. 2008b; Hunt et al. 2012; 
Martín et  al. 2012a; Cacho et  al. 2017). Interestingly, an abundant presence of 
S. epidermidis in the infant gut seems to be a differential feature of the feces of 
breast-fed infants when compared to those of formula-fed infants (Lundequist et al. 
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1985; Sakata et al. 1985; Balmer and Wharton 1989; Adlerberth et al. 2006; Jiménez 
et al. 2008b).

Indeed, CNS and mitis/salivarius streptococci provided by human milk can be 
particularly useful in reducing the acquisition of undesired pathogens by infants 
[including preterm neonates) exposed to hospital environments. It has been pro-
posed that S. epidermidis and other CNS may have a probiotic function by prevent-
ing colonization of the host by more severe pathogens, such as S. aureus (Otto 
2009). In fact, some S. epidermidis strains that inhibit in vivo colonization by 
S. aureus have been postulated as a future strategy to eradicate such pathogens from 
the mucosal surfaces (Iwase et al. 2010; Park et al. 2011). Similarly, it has been 
shown that viridans streptococci inhibit oral colonization by methicillin-resistant 
S. aureus in high-risk newborns exposed to hospital environments (Uehara et al. 
2001). In addition, the presence of viridans streptococci seems to be a feature of the 
healthy infant gut in contrast with the atopic infant gut (Kirjavainen et al. 2001). 
Therefore, at least some staphylococcal and streptococcal strains present in human 
milk may play important empirical probiotic roles in the breast and in breastfed 
infants.

Future sequencing of the genomes of a wide variety of isolates from human milk 
and an accurate functional analysis of the human milk microbiome will provide 
additional clues on the safety and potential probiotic properties of microbes found 
in human milk.

 From Physiology to Pathology: Lactational Mastitis

In practice, it is often difficult to cope with the WHO recommendations in relation 
to the duration of breastfeeding. From the medical point of view, mastitis represent 
the first cause of undesired premature weaning, with an incidence among lactating 
women as high as 35% when any clinical mastitis case is considered. Since a history 
of breastfeeding is associated with a reduced risk of many diseases in infants and 
mothers, both in developed and developing countries (U.S. Department of Health 
and Human Services 2011; American Academy of Pediatrics 2012; Renfrew et al. 
2012), any reason for hampering such feeding options should be considered a rele-
vant Public Health issue, instead of receiving marginal attention from the medical 
community, as it is the case of mastitis.

The process of lactation has been remarkably successful since the earliest mam-
mals, allowing thousands of species to occupy a vast range of ecological niches. 
However, mastitis remains as a common feeding complication among most, if not 
all, mammalian species (Michie et al. 2003). Literally, mastitis means the inflamma-
tion of any part of a mammary gland, including not only intramammary tissues but 
also nipples and mammary areolas in the species that harbor such structures. 
However, in practice, the term mastitis is generally used to define an infectious pro-
cess of the mammary gland characterized by a variety of local and, in some cases, 
systemic symptoms (Lawrence and Lawrence 2005). The infectious nature of 
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 lactational mastitis usually serves to differentiate this condition from other inflam-
matory processes of the mammary gland, such as those associated to different types 
of breast cancer and from Raynaud’s disease, a painful vasoconstriction of the nip-
ple during human breastfeeding.

As described in previous sections of this chapter, the lactating mammary gland 
ecosystem is hospitable to many microorganisms, including bacterial groups that 
have the potential to cause mastitis (Fernández et  al. 2013; Jeurink et  al. 2013); 
however, upon disturbance of this balanced state, infection can occur and, in fact, 
recent studies suggest that mastitis is a process characterized by a mammary bacte-
rial dysbiosis (Delgado et al. 2008; Fernández et al. 2014) (Fig. 1).

In this context, microbiological analysis of milk is the only method that allows 
an etiological diagnosis of mastitis. It may seem simple but is not an easy issue, 
partly due to the absence of uniform or standard protocols for the collection of this 
biological fluid, the doubts that often arise for the interpretation of the results and, 
in humans, the lack of tradition in milk microbiological analysis. The collection of 
a representative sample for microbial analysis is of outmost importance in order to 
get a correct diagnosis since there are many sampling-related factors that may affect 
the result (Arroyo et al. 2010). As explained before, the use of milk pumps to collect 
the samples is associated with a high concentration of some contaminant bacteria, 
that arise from the rinsing water and other sources but are not related to the particu-
lar mastitis case (Jiménez et al. 2017). Other relevant factors that may be considered 
in making an etiological diagnosis include a reliable identification of the organism(s) 
detected on culture, its/their concentration(s), antibiogram, concurrent evidence of 
inflammation and, if so, at what degree. The introduction of molecular microbiol-
ogy techniques to mastitis diagnosis has been extremely useful. Matrix-assisted 
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) is 
also spreading as a bacterial identification tool with high confidence and speed 
(Marín et al. 2017).

 Etiopathogenesis of Lactational Mastitis

S. aureus is the main etiological agent of acute mastitis. Once in the mammary 
gland, it can proliferate and produce toxins that lead to a strong inflammation of the 
mammary tissue; as a consequence, intense local symptoms (breast redness, heat, 
pain…) usually arise (Fig.  3). Since the mammary gland is highly vascularized 
throughout the lactation period, toxins are rapidly absorbed and reach the blood-
stream causing an alteration in the host cytokine patterns and, eventually, leading to 
systemic flu-like symptoms, which may include fever, muscular and articular pain, 
and general physical discomfort (Fig. 3). Acute mastitis constitutes a small fraction 
of human mastitis cases but due to the evident local and systemic signs, tends to be 
the only type of mastitis that is correctly diagnosed.

As explained above, CNS and viridans streptococci are normal inhabitants of the 
mammary ecosystem during lactation. However, different factors (that will be 
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 discussed later) may favor an overgrowth of such bacterial species, leading to sub-
acute or subclinical mastitis. Since CNS and viridans streptococci do not produce 
the toxins responsible for acute mastitis, there are no systemic flu-like symptoms 
and, generally, local breast symptoms are milder and do not include breast redness. 
However, in such circumstances, they can form thick biofilms inside the ducts, 
inflaming the mammary epithelium and forcing milk to pass through an increas-
ingly narrower lumen. The increasing milk pressure on an inflamed epithelium 
results in a characteristic needle- or prick-like pain, often accompanied by breast 
cramps and a burning feeling. Eventually, bacterial biofilms may fill up some ducts, 
obstructing or blocking the milk flow and leading to breast engorgement (Fig. 3).

Among CNS, S. epidermidis is the species most commonly associated with lac-
tational mastitis in women (Thomsen et  al. 1985; Delgado et  al. 2008, 2009). 
Streptococcus species associated with mastitis seem to be host-specific. 
Streptococcus agalactiae, Streptococcus uberis or Streptococcus dysgalactiae are 
frequent agents of mastitis in cattle (Keefe 1997) but are not (or rarely) implicated 
in human mastitis. In contrast, the most common streptococcal species affecting 
humans include Streptococcus mitis and Streptococcus salivarius (Mediano et al. 
2017). It is important to note that streptococci have been submitted for important 
taxonomical rearrangements and that many novel streptococcal species and closely 
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related genera have only been described in the last few years; therefore, the implica-
tion of streptococci in mastitis should be carefully reevaluated.

Some corynebacteria, including Corynebacterium kroppenstedtii, C. amycola-
tum and C. tuberculostearicum, are involved in human granulomatous lobular mas-
titis, a chronic inflammatory disease that was previously considered of unknown 
etiology (Renshaw et al. 2011). Patients usually present an enlarged, mildly tender 
breast lump, which is sometimes associated with local inflammation, tenderness, 
and sinus formation and can become chronic and disfiguring in a large number of 
patients. Since corynebacteria stain poorly using the Gram technique, often fail to 
grow on routine media, and are found forming granulomatous structures deep in the 
breast tissue, it is probable that corynebacteria may have been overlooked as 
mastitis- causing agents (Paviour et al. 2002; Bercot et al. 2009). At present, C. krop-
penstedtii is considered to be the main cause of granulomatous mastitis. It is a lipo-
philic species and this feature seems particularly relevant in the pathogenesis of this 
condition. Such a property allows a firm attachment to fat globules, providing easy 
access to an abundant source of fatty acids. Therefore, it is not unusual that histo-
logical preparations always show the bacterial cells within a central lipid-containing 
vacuole (Renshaw et al. 2011).

 Mastitis Predisposing Factors

The discovery of the existence of a site-specific microbiota in the mammary ecosys-
tem during late pregnancy and throughout the lactation period suggests that, simi-
larly to other body locations, breast health during such life stages may depend on 
the balance between the state of the host and its mammary-associated microbiome. 
Although the exact causal events leading to the transition from colonization to 
infection are still ill-defined in vivo, different host, microbial and medical factors 
may play important roles in the protection against or predisposition to mastitis 
(Fernández et al. 2014) (Fig. 1). The composition of the microbiota in breast milk is 
host-dependent (Martín et al. 2007b; Hunt et al. 2011; Cabrera-Rubio et al. 2012; 
Jost et al. 2013), and strain-specific traits of some of its staphylococcal or strepto-
coccal members, such as molecular mimetism mechanisms to evade the immune 
system response, presence of virulence factors or resistance to antibiotics, may be 
essential in determining whether a woman will suffer from mastitis or not.

The host’s genetic background can also play a key role in the lactation outcome 
since differences in selectin, Lewis antigens and human milk oligosaccharides 
(HMO) gene determinants also predispose or protect against mastitis by altering 
neutrophils’ activation and production of reactive oxygen species (Bode et al. 2004). 
HMOs present in human milk are able to modulate the microbiome of breastfed 
infants and, therefore, it is highly probable that they can modulate the bacterial 
communities in the mammary gland, too (Bode 2012). In other words, it is possible 
that the susceptibility of suffering from mastitis is determined not only by the bacte-
rial composition of the human milk but, also, by the HMOs composition the milk, 

Baby’s First Microbes: The Microbiome of Human Milk



20

which is, in turn, related to secretor and Lewis blood group systems (Thurl et al. 
2010; Albrecht et al. 2011).

It is known that human milk contains a wide spectrum of other biologically 
active substances, including eukaryotic antimicrobial peptides, such as cathelicidin 
LL-37. This peptide is expressed in the mammary gland and secreted in milk, and 
displays a relevant antimicrobial activity against potential mastitis-causing agents 
(Murakami et al. 2005), including a strong anti-biofilm effect even at subinhibitory 
concentrations (Jacobsen and Jenssen 2012). Polymorphisms or variations in the 
copy number or in the expression of genes encoding the biosynthesis of such anti-
microbial peptides may be linked to mastitis susceptibility (Rivas-Santiago et al. 
2009). The existence of a genetic basis for host responses to bacterial intramam-
mary infections has been widely documented in ruminants while human granuloma-
tous mastitis due to corynebacterial infection has been associated to a single 
nucleotide polymorphism (SNP) within the NOD2 gene, impairing the neutrophil 
responses to Nod2 agonists (Bercot et al. 2009).

Peripartum antibiotherapy, frequently related to Caesarean section, premature or 
prolonged rupture of membranes and GBS intrapartum prophylaxis, has emerged as 
a strong risk factor for human mastitis because of the selection of antibiotic- resistant 
staphylococci in the mammary environment and the elimination of potential natural 
competitors (Delgado et  al. 2009; Contreras and Rodríguez 2011; Willing et  al. 
2011; Nogacka et al. 2017).

 Human Mastitis: A Target for Probiotics?

Since resistance to antibiotics and ability to drive the formation of biofilms are com-
mon properties among mastitis-causing bacteria, many cases are refractory to anti-
biotic therapy (Fernández et al. 2014). As a consequence, alternative strategies are 
required to improve mastitis healing rates while reducing the use of antibiotics. In 
this context, the development of new strategies for mastitis management based on 
human milk probiotics, as an alternative or complement to antibiotic therapy, is 
particularly appealing.

Initially, a pilot trial highlighted the potential of L. salivarius CECT 5713 and 
L. gasseri CECT 5714, two strains isolated from breast milk, for the treatment of 
staphylococcal mastitis (Jiménez et al. 2008c). In the study, 20 women with staphy-
lococcal mastitis were randomly divided in two groups. Those in the probiotic group 
daily ingested 10 log10 cfu of Lactobacillus salivarius CECT5713 and the same 
quantity of Lactobacillus gasseri CECT5714 for 4 weeks while those in the placebo 
group only ingested the excipient. On day 0, the mean staphylococcal counts in the 
probiotic and placebo groups were similar (4.74 and 4.81 log10 cfu/mL, respec-
tively) but lactobacilli could not be detected. By day 14, no clinical signs of mastitis 
were observed in the women assigned to this group but persisted throughout the 
study period in placebo group women. On day 30, the mean staphylococcal count in 
the probiotic group (2.96 log10 cfu/mL) was significantly lower than that of the 

M. C. Collado et al.



21

 placebo group (4.79 log10 cfu/mL). These results revealed that L. salivarius 
CECT5713 and L. gasseri CECT5714 were an efficient alternative for the treatment 
of lactational mastitis.

Later, the efficacy of L. fermentum CECT 5716 or L. salivarius CECT 5713, two 
lactobacilli strains isolated from breast milk, to treat lactational mastitis when 
administered orally was evaluated and compared to antibiotic therapy (Arroyo et al. 
2010). A total of 352 women with infectious mastitis were randomly divided in 
three groups. Those in groups A (n = 124) and B (n = 127) ingested daily 9 log10 
CFU of L. fermentum CECT 5716 or L. salivarius CECT 5713, respectively, for 3 
weeks while those in group C (n = 101) were submitted to antibiotic therapy pre-
scribed in their respective Primary Care Centres. On day 0, the mean staphylococcal 
and/or streptococcal counts in milk samples of the three groups were similar 
(4.35–4.47 log10 CFU/mL) and lactobacilli could not be detected. On day 21, the 
mean staphylococcal and/or streptococcal counts in the probiotic groups (2.61 and 
2.33 log10 CFU/mL) were lower than that of the control group (3.28 log10 CFU/mL). 
The probiotic treatment led to a significant reduction (1.7–2.1 log10 CFU/mL) in the 
milk bacterial count and to a rapid improvement of the condition. The final staphy-
lococcal and/or streptococcal count was approximately 2.5 log10 CFU/mL, an 
acceptable bacterial load in milk of healthy women. On the basis of the bacterial 
counts, pain scores and clinical evolution, women ascribed to any of the probiotic 
groups improved significantly more than those ascribed to the antibiotic group. In 
addition, mothers who used the probiotics strains avoided suffering from side effects 
often associated with antibiotic treatment such as vaginal infections and recurrent 
mastitis episodes. More recently, a randomized controlled trial showed that L. fer-
mentum CECT 5716 was able to reduce the staphylococcal load in the milk of lac-
tating mothers suffering breast pain (Maldonado-Lobón et al. 2015).

A subsequent study was aimed toward finding microbiological, biochemical and/
or immunological biomarkers of the probiotic effect. Women with and without 
symptoms of mastitis received three daily doses (109 CFU) of L. salivarius PS2 for 
21 days. Samples of milk, blood and urine were collected before and after the pro-
biotic intervention, and screened for a wide spectrum of microbiological, biochemi-
cal and immunological parameters. In the mastitis group, L. salivarius PS2 intake 
led to a reduction in milk bacterial counts, milk and blood leukocyte counts and 
IL-8 level in milk, an increase in those of IgE, IgG3, EGF and IL-7, a modification 
of the milk electrolyte profile, and a reduction of some oxidative stress biomarkers 
(Espinosa-Martos et al. 2016). In the same cohort, the NMR characterization of the 
urine metabolic profile of the lactating women with mastitis at the beginning of a 
probiotic intervention showed increased energy metabolism (lactate, citrate, for-
mate, acetate, malonate) and decreased branched-chain amino acid catabolism (iso-
caproate and isovalerate) when compared to that after probiotic intake 
(Vázquez-Fresno et al. 2014). Probiotic supplementation led to a normalization of 
breast permeability. Changes in the levels of acetate and 2-phenylpropionate after 
probiotic intake suggested an immunomodulatory while increased level of malonate 
indicated an important antagonistic strategy of L. salivarius PS2 since this catabo-
lite is a well-known repressor of the tricarboxylic acid (TCA) cycle, which may 
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alter staphylococcal and streptococcal metabolism and negatively affect their 
survival, virulence and ability for biofilm formation.

Finally, a recent clinical trial evaluated the potential of L. salivarius PS2 to pre-
vent mastitis when orally administered during late pregnancy to women that had 
suffered infectious mastitis after a previous pregnancy (Fernández et al. 2016). A 
total of108 pregnant women were randomly divided in two groups. Those in the 
probiotic group (n = 55) ingested daily 9 log10 cfu of L. salivarius PS2 from ~30 
weeks of pregnancy until delivery while those in the control group (n = 53) received 
a placebo. The occurrence of mastitis was evaluated during the first 3 months after 
delivery. Globally, 44 out of 108 women (59.26%) suffered mastitis; however, the 
percentage of women suffering mastitis in the probiotic group (25.45%, n = 14) was 
significantly lower than in the control group (56.50%, n  =  30). When mastitis 
occurred, the milk bacterial counts in the probiotic group were significantly lower 
than in the placebo one. As a conclusion, the oral administration of L. salivarius PS2 
during late pregnancy appears to be an efficient method to prevent infectious masti-
tis in a susceptible population.

The potential mechanisms by which some lactobacilli strains are able to control 
mastitis-causing agents in the breast after oral administration have been reviewed 
recently (Fernández et al. 2014). Ingestion of probiotic strains during late pregnancy 
and/or breastfeeding increases IgA and TGF-β2 levels in breast milk (Rautava et al. 
2002; Prescott et al. 2008; Nikniaz et al. 2013), which may control the local growth 
of mastitis-causing bacteria while limiting their ability to access or to damage the 
mammary epithelium.

In addition, local competitive exclusion and production of antimicrobials may 
also explain the control of mastitis-causing bacteria by certain lactobacilli strains 
(Beasley and Saris 2004; Martín et  al. 2005; Olivares et  al. 2006c). This would 
imply that a lactobacilli strain must be able to reach the mammary gland upon 
ingestion, and, as explained above, it has been suggested that the origin at least in 
part, of the live bacteria found in human milk could be from the maternal gut through 
an endogenous route (the so-called entero-mammary pathway), involving complex 
interactions with immune cells (Martín et al. 2004; Perez et al. 2007; Rodríguez 2014).

 Conclusions

Human milk has been traditionally considered sterile; however, studies carried out 
in the last 15 years by using both culture-dependent and -independent techniques 
have shown that it represents a continuous supply of commensal, mutualistic and/or 
potentially probiotic bacteria to the infant gut. Once in the infant gut, these bacteria 
may play several roles, contributing—among others—to the protection against 
infections and the maturation of the immune system functions. Bacteria found in 
human milk may have different origins such as maternal skin and infant mouth. 
Other studies suggest that some bacteria present in the maternal digestive tract 
could reach the mammary gland during late pregnancy and lactation through a 
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mechanism involving gut monocytes. The microbiota composition in human milk 
has implications not only on the infant but also on the mammary health. Mammary 
dysbiosis may lead to acute, subacute or subclinical mastitis, a frequently under-
rated and underdiagnosed condition that represents the first medical cause for unde-
sired weaning. Since breastfeeding provides short-, and long-term benefits to the 
mother-infant pair, lactational mastitis should be considered as a relevant Public 
Health issue. It seems clear that many host, microbial, medical and environmental 
factors may predispose to or protect against mastitis development. In the future, a 
better knowledge of the microbiota found in human milk and the influencing factors 
could be used to design novel means to improve it or to develop probiotics derived 
from human milk able to achieve better maternal and infant health.
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Fermented Dairy Products
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Abstract The microbiota of fermented dairy products contributes to the safety, 
flavor, and organoleptic qualities of the products. Moreover, metabolites obtained 
from the fermentation process enhance the milk nutritive value and digestibility, 
whereas dairy microorganisms could be the perfect carriers for reseeding the gut 
microbiota. The structural food matrix of fermented milk facilitates the delivery of 
viable microorganisms to the intestinal tract. Fermented dairy products may be ben-
eficial to human health by improving lactose intolerance symptoms and for the pro-
duction of bioactive compounds such as vitamins, gamma- amino butyric acid, 
exopolysaccharides, and bioactive peptides, among others. Also, fermented dairy 
products contribute to the modulation of the gut microbiota and the prevention of 
infections, inflammation, and cardiometabolic diseases. Furthermore, fermented 
dairy products constitute the hallmark of probiotics supply in the food market.

Keywords Fermented dairy · Yogurt · Kefir · Cheese · Probiotics · Bioactive 
compounds

 Introduction

The fermented dairy products consumed today are generated through controlled micro-
bial culturing and enzymatic conversions of major and minor milk components (see 
(Macori and Cotter 2018) for a recent review). Fermentation improves shelf life, 
increases microbiological safety, adds flavor, and enhances palatability and organolep-
tic qualities. The fermentation process involves a series of complex reactions carried 
out by microorganisms, which transform milk constituents rendering new molecules of 
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enhanced nutritive value and digestibility. Moreover, fermentation generates metabo-
lites that can be major contributors of a daily healthful diet (Marco et al. 2017).

The contributions of milk components and dairy products to human health have 
been comprehensively reviewed (Tunick and Van Hekken 2015). These can be sum-
marized as enhancing muscle building, lowering blood pressure, reducing low den-
sity lipoprotein cholesterol, and preventing diabetes, obesity and cancer, among 
others. Additionally, due to the reduced consumption of dietary fiber in Western 
societies and the overall decrease of microbial diversity in processed foods, fer-
mented dairy products could be the perfect carriers for reseeding the gut microbiota. 
The above listed health benefits and the fact that they are viewed as natural products 
have placed yogurt, kefir, and cheese in the forefront of consumers’ preferences. In 
the present chapter we describe existing data regarding the microbiota found in 
fermented dairy products and the advances in knowledge of microbial properties 
that may benefit human health.

 Fermented Dairy Products

Fermentation is one of the oldest forms of milk preservation and has been used by 
humans since ancient times (Markowiak and Slizewska 2017). The beneficial effects 
of fermented dairy products was empirically known by Romans, Greeks and 
Egyptians. They produced different types of sour milk from buffalo, cow, or goat’s 
milk. However, it was not until the twentieth century that the beneficial properties 
of lactic acid bacteria (LAB) started to be scientifically substantiated by the immu-
nologist Élie Metchnikoff, who was awarded the Nobel Prize in 1908. He concluded 
that the unusual high numbers of Balkan centenarians was due to the consumption 
of sour milk containing large numbers of the lactic acid-producing bacterium 
Lactobacillus bulgaricus bacillus, currently classified as Lactobacillus delbrueckii 
subsp. bulgaricus. In the book ‘The Prolongation of Life’ (Metchnikoff 1908), 
Metchnikoff recommended the daily consumption of milk fermented with pure cul-
tures of this Lactobacillus to discourage microbial putrefactive growth in the colon, 
setting the stage for further studies on beneficial effects of LAB in fermented 
products.

 Yogurt

Among fermented dairy products, yogurt is consumed the most in Western societ-
ies, being a common component in the daily diet of populations from the Netherlands 
and Scandinavian countries. Although yogurt has been manufactured commercially 
for over a century, its concept has changed over time into a very segmented market. 
Today fermented dairy products include a broad catalog of flavored, low-fat, drink-
able, probiotic, and other products marketed as health-promoting. The European 
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Codex Alimentarius Commission explicitly defines yogurt as the product of milk 
fermentation by Streptococcus thermophilus and L. delbrueckii subsp. bulgaricus 
(L. bulgaricus) (Codex-Alimentarius 2003). According to the Codex STAN 
243-2003 these microorganisms must reach a minimum of 107  cfu/g, be viable, 
active, and abundant in the product until the set expiration date. However, differ-
ences in labeling laws allow, for example in the United Kingdom, to include any 
Lactobacillus species in fermented milks labeled as ‘yogurt’. In this case, the term 
‘yogurt-like product’ is used and defined as an alternative dairy product in which 
L. bulgaricus can be substituted by other Lactobacillus species for the fermentation, 
or yogurt containing probiotic bacteria, when probiotic or alternative organisms are 
added to yogurt (Guarner et al. 2005).

Yogurt is an excellent source of macro- and micronutrients like high-quality, 
digestible proteins and carbohydrates, minerals, and vitamins. It contributes to the 
growth and fitness of muscle mass and helps maintaining bone health due to their 
calcium and phosphorus content. The nutritional value of yogurt has been recognized 
by the Canadian Food Guide (Health-Canada 2011), USA Department of Agriculture 
(USDA 2010), and the British Nutrition Foundation (BNF 2015). These international 
agencies recommend the inclusion of fermented dairy products in the daily diet. 
Furthermore, they emphasize that food guides must state whether dairy products are 
fermented or non-fermented since fermented dairy products have additional health 
claims compared to non-fermented products (Chilton et al. 2015). As an example, 
studies in the Netherlands and Sweden (Keszei et al. 2010; Sonestedt et al. 2011) 
showed that regular consumption of fermented dairy products, but not non-fermented 
dairy products, significantly decrease the risk of bladder cancer and cardiovascular 
disease. Likewise, a significant positive effect of calcium intake on teeth health was 
specifically associated with dairy fermented products (Adegboye et al. 2012). This 
may be explained by the breakdown of milk components during microbial fermenta-
tion into more bioavailable and new metabolites of potential health benefits.

 Kefir

Kefir is a traditional fermented dairy beverage produced by a complex natural 
microbiota from kefir grains. These grains are traditionally obtained from periodic 
coagulation of cow’s milk with calf or sheep abomasum (forth stomach) in goatskin 
bags. Kefir originated in the Caucasus but gained popularity in Eastern and Central 
European countries starting in the second half of the nineteenth century. Kefir can 
also be made with milk from other sources including as goat, sheep and buffalo milk 
(Bourrie et al. 2016). Distinctive microorganisms in kefir are homofermentative lac-
tobacilli (Lactobacillus kefiranofaciens), which produces a kefiran complex that 
surrounds yeasts (Saccharomyces cerevisiae), and other bacteria (Lactococcus, 
Leuconostoc, thermophilic and mesophilic lactobacilli and acetic acid bacteria). 
Microbiological, technological, as well as nutritional, and health benefits of kefir 
have been recently summarized (Bourrie et al. 2016; Kesenkas et al. 2017).
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 Cheese

Animal skins and inflated internal organs, particularly the rumen, have provided 
storage vessels for a range of foodstuffs since ancient times (Marciniak 2011). 
Hence, we can presume that cheese making was discovered accidentally when stor-
ing milk in ruminant stomachs, which resulted in milk curdling by the residual 
gastric rennin. Most modern cheeses are manufactured from pasteurized milk coag-
ulated in a vat by recombinant enzymes or proteases of vegetable origin with added 
Lactococcus, Lactobacillus and Leuconostoc as starters. However, traditional raw 
milk cheeses naturally fermented by its indigenous microbiota are still produced in 
some Mediterranean countries. For specific cheeses like blue or soft cheeses, bacte-
ria of the genera Brevibacterium and Propionibacterium and molds of the genus 
Penicillium are added to develop their characteristic organoleptical properties. Raw 
milk can contain over 400 bacterial species. This microbial biodiversity decreases 
in the cheese core usually dominated by few species of LAB but persists on the 
cheese surface with high numbers of species of bacteria, yeasts and molds (Montel 
et  al. 2014; Orla O’Sullivan 2017). It is commonly accepted that cheese flavor 
develops as a result of the overall microbial metabolism beginning during clotting, 
progressing further during cheese ripening (Weimer 2007).

Semi-hard cheeses typically contain non-starter lactobacilli (NSLAB), which 
can reach up to 107–108 cfu/g for long periods of time during production and storage 
(Pelaez and Requena 2005). NSLAB have been shown to generate bioactive pep-
tides and gamma-aminobutyric acid (GABA) (Settanni and Moschetti 2010). 
Propionibacterium freudenreichii, a ripening culture in Swiss-type cheese, pro-
duces conjugated linoleic acid (CLA) and may have bifidogenic and immunomodu-
latory properties (Thierry et al. 2011).

 The Microbes in Fermented Dairy Products

Microorganisms already present in the raw milk, from the environment or added 
from a previously fermented product were the main actors of the traditional fermen-
tation process. Because humans have consumed fermented foods since ancient 
times, the human gastrointestinal tract (GIT) adapted to a constant supply of live 
bacteria on a nearly daily basis. In fact, many of the microbial species found in fer-
mented foods are either identical to or share physiological traits with species known 
to promote GIT health (Marco et al. 2017). However, the industrialization of food 
production has reduced the variety of foods that humans consume and their associ-
ated microbiota. Hygienic industrial practices, including thermal treatment, have 
decreased the microbial diversity of fermented foods, modern dairy fermentations 
have to rely on standardized starter cultures and microorganisms as well as cultiva-
tion protocols that extend shelf life, improve food safety and enhance perceived 
health benefits (Hill et  al. 2017). The consumption of these products limits the 
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traditional exposure of the human gut to the highly biodiverse traditional food 
ecosystem. In response, artisanal dairy fermentation and consumption of traditional 
fermented dairy products as part of Western diets have regained popularity (Prakash 
Tamang and Kailasapathy 2010).

In 1873, Lister (1873) first isolated Bacterium lactis [later renamed as 
Streptococcus lactis and more recently Lactococcus lactis subsp. lactis (Schleifer 
et al. 1985)]. This bacterium together with other species of the genera Lactococcus, 
Lactobacillus and Leuconostoc are usually included in well-defined starter cultures 
currently used in modern cheese fermentation. Likewise, most common starters for 
yogurt and fermented milks include species of Lactobacillus, Streptococcus, 
Bifidobacterium and some yeast used in the manufacture of kefir and koumiss 
(Carminati et al. 2016). Nevertheless, undefined starter communities composed of a 
complex undefined mixture of LAB strains are still in use in dairy fermentation due 
to advantages in reducing sensitivity to bacteriophage attack. State of the art 
advances in high-throughput DNA sequencing technology and the potential of pre-
dictive metabolic modelling of the multi-strain cultures, are emerging as powerful 
tools to investigate structure and function of these complex communities (Smid 
et al. 2014).

The structural food matrix of fermented milk facilitates the delivery of viable 
microorganisms to the intestinal tract by contributing to the microorganisms’ sur-
vival during transit, enhancing their interaction with the gut microbiota, and partici-
pating in the reinforcement of the intestinal barrier. Similarly, the solid matrix of 
cheese and its buffering capacity may protect bacteria during the intestinal transit 
more efficiently than yogurt or fermented milks (Karimi et al. 2011). The fact that 
semi-hard ripened cheeses like Cheddar, Gouda or Manchego, maintain viable bac-
teria for up to 12 months, is a good reason to consider cheeses as excellent carriers 
of health promoting bacteria into the gastrointestinal tract (Ross et al. 2002).

 Do Microbes in Fermented Dairy Products Survive Passage 
Through the Gastrointestinal Tract?

Upon entering the human gastrointestinal tract, fermentation-associated microor-
ganisms must survive environmental challenges including acidity of the stomach 
and bile salts and enzymes in the small intestine to reach the colon. Hence, survival 
of fermentative bacteria within the gastrointestinal tract became an important 
research topic since the beginning of the last century. As early as 1920, Cheplin and 
Rettger (1920) were able to recover live Lactobacillus acidophilus but not L. bul-
garicus from rat stools after daily consumption. Since then, there has been conflict-
ing evidence concerning the viability of the yogurt cultures in the gastrointestinal 
tract. In a double-blind placebo prospective study including 114 healthy young vol-
unteers that were usual yogurt consumers the authors did not detect S. thermophilus 
nor L. bulgaricus in feces by culturing or by specific PCR and DNA hybridization 
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of total fecal DNA (del Campo et al. 2005). Detection of LAB from yogurt in total 
fecal DNA was consistently negative, even after repeated yogurt consumption dur-
ing 15 days. In a contrasting study, out of 39 samples recovered from 13 healthy 
subjects over a 12-day period of fresh yogurt intake, 32 and 37 samples contained 
viable S. thermophilus and L. bulgaricus, respectively (Mater et  al. 2005). 
Furthermore, in a population of 51 healthy subjects living in the Paris area, the 
yogurt species L. bulgaricus was detected in 73% of fecal samples from consumers 
(200–400  g yogurt/day) vs. 28% from non-consumers (Alvaro et  al. 2007). 
Accordingly, Elli et al. (2006) demonstrated that yogurt bacteria survived gastroin-
testinal transit being recovered in feces from 20 healthy volunteers fed commercial 
yogurt for 1 week.

 Lactose Hydrolysis by Microbes in Fermented Dairy Foods

During milk fermentation, most lactose is converted into lactic acid by fermentative 
microorganisms. Although the final product still contains traces of the carbohydrate, 
lactose-intolerant populations are able to consume yogurt without experiencing 
adverse symptoms. The improvement in lactose absorption was also demonstrated 
when healthy subjects with lactose maldigestion consumed yogurt containing live 
bacterial cultures in comparison with heated yogurt (Rizkalla et al. 2000). This can 
be attributed to the intestinal release of β-galactosidase by yogurt cultures that must 
be viable when ingested (Guarner et al. 2005; Savaiano 2014). In the study carried 
out by Alvaro et al. (2007) with 51 healthy adult subjects of yogurt and non-yogurt 
consumers, they found that among the nine metabolic bacterial enzyme activities 
investigated, the only significant difference concerned β-galactosidases.

Lactose intolerance is caused by a decreased expression of the enzyme 
β-galactosidase or lactase normally secreted by the epithelial cells within the villi. 
This enzyme is required to digest the lactose from milk and dairy products. 
Undigested lactose consequently enters the colon where it is fermented by gas pro-
ducing microbes, resulting in symptoms including abdominal pain, bloating, diar-
rhea, and flatulence (Misselwitz et al. 2013). Expression of lactase decreases after 
weaning in most individuals and as a result become relatively lactose intolerant. It 
is, therefore, not surprising that as adults, as much as 75% of the world’s human 
population is intolerant to ingested dietary lactose (Silanikove et al. 2015). Over 
centuries of evolution, humans have adapted to lactose ingestion by several mecha-
nisms including genetic mutations that allow lactose digestion in a classic example 
of evolutionary nutrigenetics. But also, colonic microbiome adaptation and the 
development of fermented dairy products have contributed to lactose tolerance in 
humans. As a result, the intolerance to lactose occurs in the Central European popu-
lation at a 5% rate, while Asia and Latin America populations observe up to 90% 
intolerance rates. Furthermore, some authors have proposed to modulate the colonic 
microbiome of lactose-intolerant individuals, increasing the abundance of lactose 
metabolizing bacteria that are non-gas producers (i.e. Bifidobacterium), by admin-
istration of short-chain galactooligosaccharides (Azcarate-Peril et al. 2017).

C. Peláez et al.



41

The generation and release of β-galactosidases is a species-related trait in the 
yogurt-associated species (L. bulgaricus and S. thermophilus). The European Food 
Safety Authority Panel on Dietetic Products, Nutrition and Allergies in 2010 for-
mally approved yogurt’s beneficial effects on reverting lactose intolerance. They 
indicated that the dose of live microorganisms should be at least 108 cfu/g (EFSA 
2010). This claim does not require survival and reproduction of the bacterial cells 
during intestinal transit.

Besides the improvement in lactose intolerance symptoms, the conversion of 
lactose into lactic acid reduces the intestinal pH and confers a protective effect 
against foodborne pathogens infection. The low pH also increases peristalsis, 
thereby indirectly removing pathogens by accelerating their transit through the 
intestine (Kailasapathy and Chin 2000). Moreover, LAB cultures enhance  pathogens 
elimination by other mechanisms including competitive exclusion and production 
of antimicrobial metabolites like bacteriocins (Arqués et  al. 2015). Alvaro et  al. 
(2007) showed significantly lower numbers of Enterobacteriaceae in human feces of 
yogurt consumers versus non-consumers. Accordingly, Van der Meer and Bovee- 
Oudenhoven (1998) reported that lactic acid in yogurt and calcium in other dairy 
products inhibit the gastrointestinal survival and colonization of Salmonella 
Enteritidis.

 Bioactive Compounds

One important mechanism by which the fermented dairy foods and its associated 
microbiota (LAB, propionibacteria, yeasts, and molds) may be beneficial to human 
health is through the production of bioactive compounds. Some of these bioactive 
compounds include vitamins, bioactive peptides, exopolysaccharides (EPS), GABA 
and CLA. See Fernández et al. (2015) for a recent overview of the impact of metab-
olites produced by microorganisms found in fermented dairy products.

Particular attention to bioactive components resulting from the fermentation of 
milk and their impact on health is rapidly been explored using high throughput, 
multi-omic approaches. Over the last decades these new technologies have allowed 
for more sophisticated metabolite analysis, which integrates fermented dairy prod-
ucts composition and functional assessments following ingestion (Zheng et  al. 
2015; Hagi et al. 2016). Still, we should consider that the acidic environment of the 
stomach and the subsequent stages of digestion can lead to early inactivation of 
certain bioactive compounds (Stanton et al. 2005).

Vitamins Vitamins are compounds essential for human individuals that are insuf-
ficiently or not synthesized at all by the human organism. Although they are present 
in foods, vitamin deficiencies still exist due to malnutrition or lack of a daily bal-
anced diet (Arth et al. 2016). Furthermore, food processing and cooking may destroy 
or remove some vitamins such as vitamins of the B-group. This group of vitamins 
includes thiamine (B1), riboflavin (B2), niacin (B3), pyridoxine (B6), pantothenic 
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acid (B5), biotin (B7 or H), folate (B9, B11 or M) and cobalamin (B12). Although 
shown beneficial, programs with synthetic vitamin B fortification of foods to correct 
vitamin deficiencies has not been adopted in many countries due to the potential 
side effects from excessive intake in populations with normal vitamin B levels (Atta 
et al. 2016).

Folate vitamin deficiency is associated with megaloblastic anemia as well as 
congenital malformations, including spina bifida and anencephaly, although only a 
small fraction of these diseases is actively being prevented worldwide (Arth et al. 
2016). Today, it is recognized that the yeast S. cerevisiae, used as starter in fer-
mented milks like kefir or koumiss, is a folate producer (Moslehi-Jenabian et al. 
2010). As for LAB, production of folate still remains controversial. It has been 
shown that S. thermophilus can produce folate whereas L. bulgaricus is a folate 
consumer. Still, the concentration of the vitamin in yogurt may reach values up to 
200 μg/L (Wouters et al. 2002). In addition to S. thermophilus, other bacteria pres-
ent in dairy fermentations such as L. lactis, L. acidophilus, L. plantarum, L. fermen-
tum, Leuconostoc lactis, Bifidobacterium longum, and some strains of 
Propionibacterium, also have the ability to produce folate (Iyer and Tomar 2009; 
LeBlanc et al. 2017). Therefore, the consumption of fermented dairy foods could be 
an attractive approach for improving the world wide nutritional deficiencies of 
folate (Saubade et al. 2017).

Gamma-amino butyric acid Gamma-aminobutyric acid (GABA) is a major 
inhibitory neurotransmitter in the adult mammalian brain. GABA also has different 
functions in the central and peripheral nervous systems, and in some non-neuronal 
tissues (Watanabe et  al. 2002). In general, anti-hypertensive and antidepressant 
activities are the major functions of GABA or GABA-rich foods. However, the 
mechanisms responsible for these activities are still unknown due to scarce studies 
carried out on the pathway for GABA absorption (Dhakal et al. 2012).

LAB can generate GABA as end product from the decarboxylation of glutamic 
acid. The enzyme that converts glutamic acid into GABA is the glutamic acid decar-
boxylase (GAD). Genes encoding GADs are broadly distributed in Lactobacillus 
brevis, L. plantarum, L. fermentum, L. reuteri, S. thermophilus, L. lactis subsp. 
cremoris, L. lactis subsp. lactis and some Bifidobacterium species, indicating that 
these bacteria may be able to synthesize GABA (Wu and Shah 2017). In fact, pro-
duction of GABA has been demonstrated in L. lactis, S. thermophilus, and L. bul-
garicus isolated from milk, a trait that could be used to produce GABA-rich 
fermented milk products. Other high GABA producers are L. brevis strains, which 
are not usually associated with the dairy environment. Hence, to enhance GABA 
concentrations in fermented dairy products, strategies have been proposed that 
include co-culturing L. brevis with conventional dairy starters in dairy fermentation 
(Wu and Shah 2017). Enhancement of GABA production in fermented products has 
shown hypotensive effects on rats (Quilez and Diana 2017). Additionally, with the 
aim of producing GABA enriched cheeses, GABA producing LAB have been iso-
lated from several cheeses made from raw milk such as Spanish artisanal cheeses 
(Diana et al. 2014) and traditional alpine Italian cheeses (Franciosi et al. 2015).
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Exopolysaccharides Exopolysaccharides (EPS) are high molecular weight carbo-
hydrate polymers loosely connected to the cell surface of microorganisms. EPS 
protect against food processing promoting biofilm formation, and also mediate cell- 
to- cell interactions in the human gut, facilitating microbial adhesion to intestinal 
mucosa and preventing adhesion of pathogens. Multiple strains including the yogurt 
starter species L. bulgaricus and S. thermophilus have been reported generate 
EPS. Also many probiotic strains of Lactobacillus and Bifidobacterium are being 
investigated for their ability to produce EPS (Salazar et al. 2016). The use of EPS 
producers in dairy fermentation can be beneficial not only for intestinal health but 
also technologically to improve texture and flavor of the final products (Ryan et al. 
2015; Nampoothiri et al. 2017).

Bioactive peptides Bioactive peptides are released from animal and plant proteins 
by endogenous proteolytic enzymes or enzymes of microbial origin. They usually 
contain between two and 20 amino acids, which can be naturally resistant to gastro-
intestinal digestion due to partial protection conferred by their high hydrophobicity 
and the usual presence of proline. The hydrolysis degree of bioactive peptides can 
vary depending on peptide chain length, nature of the peptide, presence of other 
peptides in the medium and the food texture (Fang et al. 2016).

Bioactive peptides have been the subject of intensive research due to their poten-
tial physiological effects on various human systems such as cardiovascular, diges-
tive, endocrine, immune, and nervous systems [see recent review of 
(Martinez-Villaluenga et al. 2017)]. Furthermore, industrial-scale technologies suit-
able for the commercial production of bioactive milk peptides have been developed 
(Korhonen and Pihlanto 2006; Urista et al. 2011). By far, the most studied bioactive 
peptides are those derived from milk proteolysis (Nagpal et al. 2011; Beermann and 
Hartung 2013). Several peptides have been isolated from yogurt, kefir, other fer-
mented milks and cheese and a number of them have shown to be released by the 
proteolytic system of the LAB from these fermented products (López-Expósito 
et al. 2017).

Microbial antihypertensive properties have been related to peptides with the 
capacity to inhibit the angiotensin converting enzyme (ACE) that suppresses angio-
tensin II-mediated vasoconstriction. The responsible inhibitor peptides of the anti-
hypertensive effect derive mainly from β-casein and have been found in milk 
fermented by strains of Enterococcus faecalis, L. lactis, and Bifidobacterium 
(Martinez-Villaluenga et al. 2017). The most studied antihypertensive peptides are 
the tripeptides VPP and IPP, released from β-casein after fermentation of milk. VPP 
and IPP are now added to fermented sour-milk products that claim antihypertensive 
effects launched in Japan and Finland. The Japanese product called “Calpis” con-
sists of milk fermented with L. helveticus CP790 and S. cerevisiae containing both 
peptides VPP and IPP. This fermented milk has demonstrated properties to prevent 
the development of hypertension (Sipola et al. 2002). The Finnish product called 
“Evolus” contains the tripeptide IPP and claims to have similar antihypertensive 
effects. It is produced by L. helveticus LBK-16H strain as starter in milk fermentation 
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(Seppo et al. 2003). A comprehensive meta-analysis of data from relevant human 
studies showed a modest reduction in blood pressure in individuals consuming 
VPP and IPP compared to antihypertensive drugs (Fekete et al. 2015) demonstrat-
ing a potential for use in cardiovascular therapy as a complement to traditional 
medications.

Other beneficial effects attributed to peptides derived from milk include immu-
nomodulating, antioxidant, antimutagenic, mucin-stimulating, and opioid effects 
(Martinez-Villaluenga et al. 2017). Some peptides have multifunctional characteris-
tics such as the peptide YQEPVLGPVRGPFPIIV (fragment 193–209 of β-casein) 
obtained after fermentation of milk with the strain L. casei Shirota. This peptide 
showed an inhibition efficiency ratio for ACE (antihypertensive activity) of 0.14%/
peptide concentration (mg/mL), and a thrombin inhibition efficiency ratio of  4.6%/
peptide concentration (mg/mL) (Rojas-Ronquillo et  al. 2012). Some strategies 
employed to enhance the release of bioactive peptides during fermentation by LAB 
include supplementing milk with milk peptide fractions. This strategy facilitates the 
proteolytic activity of L. acidophilus, L. helveticus, L. bulgaricus, and S. thermophi-
lus and enhances the production of ACE-inhibitory peptides (Gandhi and Shah 2014).

Cheese can also contain peptides with antihypertensive, antioxidant, opioid, anti-
microbial, antiproliferative, mineral absorption and modulatory effects (López- 
Expósito et  al. 2017). As example, an intensive ACE-inhibitory activity (75.7%) 
was detected with peptides isolated from Gouda cheese aged for 8 months (Saito 
et  al. 2000). Dimitrov et  al. (2015) evaluated the ACE inhibitory activity of 180 
LAB and selected as starters several L. helveticus, L. bulgaricus and L. casei strains 
for Bulgarian cheese production, which led to increased production of bioactive 
peptides. Finally, addition of L. casei 279 or L. casei LAFTI® L26 as adjuncts in 
Cheddar cheese production increased the ACE-inhibitory activity during ripening at 
4 °C, possibly due to increased proteolysis (Ong et al. 2007).

 Scientific Evidence for Health Promoting Effects 
by Fermented Dairy Products

Although the presence of beneficial microbiota and their biological active metabo-
lites in fermented dairy products is well documented, many of their claimed physi-
ological actions have only been assayed in vitro and in animal models. Thus, there 
is a significant challenge in trying to extrapolate animal studies to humans. Scientific 
evidence from human interventions and clinical trials that include the evaluation of 
the fermented products and their matrices are needed to validate their functional 
properties.

Modulation of the gut microbiota It has been postulated that the live microorgan-
isms in yogurt and fermented milks benefit gastrointestinal health by modulating 
the resident gut microbiota. However, it is worth pointing out that this modulation 
is based on the notion that a “normal” healthy gut microbiota exists; however, a 
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normal healthy gut microbiota has not been defined, except perhaps as microbiota 
without a pathogenic bacteria overgrowth. The type and amount of microbes in the 
human intestine differ substantially between individuals, which means that the phy-
logenetic composition could be considered a subjective fingerprint (Schmidt et al. 
2018). However, while our microbiota varies phylogenetically, metagenomic analy-
ses have revealed that at the highest functional level, the functional potential of the 
microbiome of healthy individuals remains very similar (Heintz-Buschart and 
Wilmes 2018). This could be a good starting point for developing the concept of 
“normal” healthy gut microbiota.

To exert their benefits, transient dairy bacteria entering the human gastrointesti-
nal tract not only must survive the hostile conditions of the stomach and the small 
intestine to reach the colon, they also need to survive and compete in a colon envi-
ronment fully seeded with resident microorganisms (Hillman et al. 2017). Fermented 
food and beverages represent between 5 and 40% of the daily food intake in the 
world (Prakash Tamang and Kailasapathy 2010), which corresponds to 0.1–1.0% of 
the bacteria present in the gastrointestinal tract. The bacteria that survive the condi-
tions of the gastrointestinal tract are an extra source of microbial metabolites being 
conceivable that they might alter the proportions of autochthonous bacteria, impact-
ing diversity and functionality.

Unno et al. (2015) investigated changes in the human gut microbial community 
structure after consumption of fermented milk containing probiotics. The microbi-
ota was stable at the phylum level, although the relative abundance of Bacteroidetes 
increased during the ingestion of the fermented milk and decreased during the non- 
ingestion period. This suggested that consumption of the fermented milk can tem-
porarily alter the gut microbial community structure maintaining its stability. 
Nevertheless, interactions between resident and transient microorganisms are yet 
insufficiently clear and can be highly dependent on the colonization resistance of 
the autochthonous microbes. In another study, conventional and gnotobiotic rats fed 
fermented milk containing five strains of Bifidobacterium animalis, L. lactis subsp. 
lactis, L. bulgaricus and S. thermophilus over a 15-day period showed that the clear-
ance kinetic of L. lactis was strongly dependent on the structure of the resident gut 
microbiota and its susceptibility to be modulated by the transient strain (Zhang et al. 
2016). One group of rats promptly eliminated L. lactis after fermented milk inges-
tion, whereas another group shed the strain over an additional 24–48 h. Overall, the 
specific contribution of dairy fermentative bacteria to the human gut ecosystem 
composition and functionality remains unclear.

Prevention of infection by pathogens Cheese has been associated with the pre-
vention of bacterial gastroenteritis caused by the foodborne pathogen Campylobacter 
jejuni. A case control study carried out in South Australia involving children aged 
1–5 years diagnosed with C. jejuni infection, showed that frequent consumption of 
foods including Cheddar and soft processed cheese was associated with a lower risk 
of gastroenteritis symptoms (Cameron et al. 2004). This fact reinforces the body of 
evidence pointing to traditional fermented products such as cheese be considered 
and included regularly in the daily diet.
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Inflammation Maturation, function and defense mechanisms of the immune 
system are built up over the first years of life and are greatly influenced by the 
established gut microbiota (Nash et al. 2017). Inflammation is part of the human 
host defense system for facing unwanted environmental challenges. The immune 
system reacts with the production of proinflammatory mediators that causes sys-
temic inflammation.

Human cross-sectional studies have supported the premise that the consumption 
of yogurt can be associated with a lower inflammatory state. Meyer et al. (2007) 
studied the effect of daily intake of conventional yogurt containing S. thermophilus 
and L. bulgaricus on cytokine production in 33 healthy women aged 22–29 years. 
The subjects consumed 100 g of yogurt per day for 2 weeks, and then 200 g for the 
subsequent 2 weeks. Consumption of yogurt enhanced cellular immune function, 
stimulating significant production of TNF-α (63% compared with baseline). On the 
other hand, Olivares et al. (2006) studied the immunological effects of the dietary 
deprivation of fermented foods in 30 healthy adult human volunteers (15 females 
and 15 males) aged from 23 to 43 years. After deprivation for 2 weeks, a decrease 
in phagocytic activity in leukocytes was observed. The fall in immune response was 
counteracted after the ingestion of conventional yogurt. Nevertheless, methodologi-
cal factors limit comparisons between these studies and do not allow differentiation 
between a beneficial or neutral impact of dairy products on inflammation. Hence, 
further studies specifically designed to assess inflammation-related outcomes are 
warranted.

Chronic intestinal inflammation has been associated with development of 
colorectal cancer. Several studies have shown that LAB present in fermented prod-
ucts may protect against cancer by binding mutagens, inhibiting bacterial enzymes 
that form carcinogens and reducing inflammation (Zhong et al. 2014). Accordingly, 
Perdigón et al. (2002) demonstrated in BALBc mice that yogurt may exert antitu-
mor activity by decreasing the inflammatory immune response mediated by IgA(+), 
apoptosis induction and IL-10 release. Likewise, Pala et al. (2011) conducted a pro-
spective study on 45,241 (14,178 men; 31,063 women) volunteers of the EPIC-Italy 
cohort and found that high yogurt intake can be significantly associated with 
decreased colorectal cancer risk in humans.

Cardiometabolic diseases Studies have concluded that yogurt may help to 
improve diet quality and maintain metabolic well-being as part of a healthy, energy- 
balanced dietary pattern. A cross-sectional study that examined whether yogurt con-
sumption was associated with better diet quality and metabolic profile among 
American adults (n = 6526) participating in the Framingham Heart Study Offspring 
(1998–2001) and Third Generation (2002–2005) cohorts, concluded that yogurt 
consumption was associated with lower levels of circulating triglycerides, glucose, 
and lower systolic blood pressure and insulin resistance (Wang et al. 2013). Healthier 
insulin profile after frequent yogurt consumption was also observed with children in 
a cross-sectional study using data from the National Health and Nutrition 
Examination Survey (NHANES) in the USA (Zhu et al. 2015). Accordingly, the 
PREDIMED study following prospectively 3454 non-diabetic individuals 
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concluded that consumption of yogurt was inversely associated with type 2 diabetes 
risk in the elderly at high cardiovascular risk (Diaz-Lopez et al. 2016). Association 
of high yogurt intake with a reduced risk of diabetes type 2 was also observed in a 
meta-analysis of 14 prospective cohorts with 459,790 participants (Chen et  al. 
2014).

Unlike type 2 diabetes, an inverse correlation between yogurt consumption and 
obesity has not been clearly established. A prospective study in an elderly popula-
tion at high cardiovascular risk (PREDIMED study), concluded that consumption of 
whole-fat yogurt was associated with positive changes in waist circumference and 
higher probability for reversion of abdominal obesity (Santiago et  al. 2016). 
Furthermore, a comprehensive literature search on MEDLINE and ISI Web of 
Knowledge from 1966 through June 2016 (Sayon-Orea et al. 2017) indicated that an 
inverse association between yogurt consumption and the risk of becoming over-
weight or obese was not fully consistent in prospective cohort studies although the 
results showed a tendency to improvement of most parameters of weight gain, risk 
of overweight or obesity, and risk of metabolic syndrome associated to yogurt 
consumption.

Finally there is evidence suggesting a moderate cholesterol-reducing action by 
fermented dairy products (St-Onge et al. 2000). Nevertheless, there is still a need for 
more prospective studies and high-quality randomized clinical trials to confirm 
improvement of metabolic markers apparently associated to yogurt and fermented 
milk consumption.

 Probiotics in Fermented Dairy Foods

The International Scientific Association for Probiotics and Prebiotics has agreed to 
define probiotics as “live microorganisms that, when administered in adequate 
amounts, confer a health benefit on the host” (Hill et  al. 2014). Traditionally, 
Lactobacillus, Bifidobacterium and the yeast Saccharomyces boulardii are added 
fermented milks as probiotics (Aryana and Olson 2017). However, new species 
recently identified as relevant to intestinal health like Faecalibacterium prausnitzii, 
Akkermansia muciniphila and Roseburia could be added to fermented products as 
probiotics (El Hage et al. 2017). These species contribute to intestinal homeostasis, 
mucus integrity, and generation of short chain fatty acids.

Viability and functionality of probiotics in both food matrix and the gastrointes-
tinal tract are essential to exert their beneficial effects. Therefore fermented prod-
ucts containing probiotics must have a minimum 106  cfu/g live bacteria at the 
expiration date, since the minimum therapeutic dose per day is suggested to be 
108–109  cfu. Nevertheless, the presence and activity of probiotics in fermented 
products is sometimes far from being optimal. Although specific strains are inher-
ently resistant to the conditions of production and transit through the gastrointesti-
nal tract, like Lactobacillus salivarius CECT5713 and PS2, both isolated from 
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human milk, which were shown to survive during storage for 28 days at 4 °C with 
only a significant reduction in their viable counts was observed after 21  days 
(Cárdenas et  al. 2014), some strains of bifidobacteria added to commercial fer-
mented milks do not survive gastric transit and their numbers decline during storage 
(Ladero and Sanchez 2017). Consequently, technological strategies for improving 
viability and functionality of probiotics have been developed (Tripathi and Giri 
2014) and include control of the product’s final pH, the addition of oxygen scaven-
gers, the use of probiotics producing protective EPS, microencapsulation or addi-
tion of prebiotics to the fermented milk in order to improve survival (Fernández 
et al. 2015). The review by Castro et al. (2015) summarizes different aspects related 
to the technological stability barriers encountered in the development of cheeses 
containing live probiotics.

Bifidobacterium and Lactobacillus have been exploited as probiotic beneficial 
microorganisms for centuries; however, the molecular mechanisms by which these 
bacteria exert their beneficial effects are still under investigation. Genome sequenc-
ing has provided insights into the diversity and evolution of commensal and probi-
otic bacteria to reveal the molecular basis for their health-promoting properties 
(Ventura et al. 2009). Full genome sequences of lactobacilli and bifidobacteria are 
publicly available and have significantly expanded our understanding of the biology 
of these microorganisms and how they have adapted so well to the human gastroin-
testinal tract despite their distant original niches. Combined with advanced postge-
nomic mammalian host response analyses, the molecular interactions that underlie 
the host-health effects observed are being elucidated (Sommer and Backhed 2016). 
Following metagenomics, the current metaproteomic and metatranscriptomic anal-
yses have revealed that although there are similarities at the highest functional level 
among individuals, the microbiota is affected by a variety of factors, including diet, 
host genetics, and health status. As example, a placebo-controlled intervention trial 
of 16 healthy subjects that consumed Lactobacillus rhamnosus GG for 3 weeks 
found a common core of shared microbial protein functions in all subjects but no 
significant changes in the metaproteome attributable to the probiotic intervention 
(Kolmeder et al. 2016).

A new era in the probiotic field to be considered is the link between bacteria and 
brain activity in humans, the so called psychobiotics (Bambury et al. 2018). The 
link between the gut microbiota and brain was first demonstrated in germ free mice 
showing impaired emotional behaviors and brain biochemistry (Diaz Heijtz et al. 
2011). In this model, microbial colonization of the gut initiates signaling mecha-
nisms that affect neuronal circuits involved in motor control and anxiety behavior. 
A recent randomized, double-blind placebo controlled clinical trial conducted 
among 60 patients with Alzheimer’s disease showed that patients drinking 200 mL/
day of a probiotic milk containing L. acidophilus, B. bifidum and L. fermentum dur-
ing 12 weeks were positively affected in its cognitive function (Akbari et al. 2016). 
Although promising, this field is still in infancy and high-quality clinical trials are 
needed to provide enough evidence before probiotics could be therapeutically used 
in neurodegenerative and emotional disorders. Furthermore, human randomized 
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control trials and hypothesis-driven mechanistic-based experimental studies are 
needed to validate health claims before fermented dairy products including probiot-
ics can be advocated for specific disease prevention.

 Conclusions

Fermented dairy products are ideal carriers of live microorganisms and their metab-
olites allowing for specific delivery where they will exert their physiological func-
tionality. Moreover, dairy products constitute the hallmark of probiotics supply in 
the food market. Although industrialized processes have reduced the microbial 
diversity in milk and dairy products contributing to the limited exposure to a tradi-
tionally rich and highly biodiverse microbiota in food products, recent efforts are 
addressing this issue by applying diversification methods to dairy starters and by 
enriching fermented dairy products with bioactive compounds. New omics tech-
nologies are providing a better understanding of the microbial metabolism, interac-
tion between transient and resident microbiota, and contribution of the microbiota 
to the host homeostasis at a molecular level essential to increase our understanding 
of the beneficial effects of milk and their microbially generated products.
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Meat and Meat Products

Wim Geeraerts, Despoina Angeliki Stavropoulou, Luc De Vuyst, 
and Frédéric Leroy

Abstract Meat is an important foodstuff, both from a nutritional and economic 
standpoint, available under a wide variety of raw and processed variants, including 
cooked, dry-cured, fermented, and smoked products. This chapter outlines the 
microbial diversity of meat and different meat products. Considerable microbial 
heterogeneity is found when comparing between meat types and their derived prod-
ucts, which is largely to be ascribed to variability on the level of the substrates, 
ingredients, and recipes, the processing conditions, and the storage methods. Upon 
consumption, the microorganisms that are present within the meat matrix enter the 
human gastrointestinal system and potentially interact with the gut microbiota. 
Whether they thus play a role in health and disease still needs to be established.

Keywords Meat microbiome · Raw meat microbiome · Red meat microbiome · 
Poultry microbiome · Meat fermented products

 Introduction

Meat and meat products have been valuable components of the human omnivore 
diet from an evolutionary perspective and remain so today (Leroy and Praet 2015; 
Smil 2013). They contain abundant amounts of high-quality protein and several 
micronutrients of interest, such as iron, zinc and vitamin B12, that are often present 
in lower concentrations or that do not always display the same level of bioavailabil-
ity or nutritional quality in non-meat sources (De Smet and Vossen 2016). When 
economically affordable and societally relevant, meat is often central to the compo-
sition of meals and much appreciated for its role in culinary heritage and, especially, 
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its wide range of important cultural connotations (Leroy and Praet 2015). Moreover, 
meat products frequently display an elevated level of convenience, for instance as 
ready-to-eat foods, which makes them very popular in Western diets (Leroy and 
Degreef 2015). Beef, pork, and poultry are the most consumed meat types world-
wide, although in some cultures relatively important amounts originating from other 
animals may also be eaten, such as meat from horse, sheep, goat, rabbit, wild ani-
mals (game meat and bushmeat), or dog. Although meat consumption in Western 
countries seems to somewhat level off or even decline, the anticipation of a further 
rise in global meat consumption is leading to major environmental and economic 
challenges (Gerber et al. 2015; Vranken et al. 2014). Additionally, despite the popu-
larity of meat and its desirable status, controversies are gaining ground. The latter 
are related to the ethical aspects of its production and slaughter (Leroy and Praet 
2017), its ecological impact and sustainability (Smil 2013), as well as some health 
concerns (Carr et  al. 2016; Wang et  al. 2015). As a result, the demand for meat 
 alternatives is on the rise, including a search for high-protein foods of a vegetarian 
or vegan character (Leitzmann 2014), as well as the consumption of insects 
(Caparros Megido et al. 2014; Verbeke 2015). Also, new technologies such as the 
development of in vitro meat production systems are being investigated and devel-
oped (Sharma et al. 2015). Be that as it may, it needs to be established still if such 
trends are to become truly significant, whereas meat and meat products are expected 
to remain key elements in human diets, contributing substantially to the overall food 
intake. As such, they likely serve as non-negligible vehicles of microorganisms that 
enter the human digestive system upon ingestion. Yet, only little is known about the 
potential role of meat (products) as suppliers of microorganisms and how this may 
impact the human gut (David et al. 2014). Potentially, the meat matrix itself may 
even exert protective effects towards some of the beneficial microorganisms it con-
tains (Klingberg and Budde 2006).

In this chapter, an overview is given of the microbial communities that are asso-
ciated with meat and meat products and how those are affected by the processing 
factors and storage conditions. In addition, based on the general availability of 
ingestible microorganisms, potential implications for the human gut microbiome 
are highlighted, in particular with respect to those elements of the microbiome that 
have a potential impact on the health of the host. In all cases, focus will be on the 
dominant, non-pathogenic microbiota rather than on the potential presence of food-
borne pathogens.

 Meat-Associated Microorganisms

 Meat as a Microbial Ecosystem

Although microorganisms are often rather ubiquitous, restricted consortia are gen-
erated in specific ecological niches by selective environmental pressure (Plé et al. 
2015; Pothakos et al. 2015). Meat is to be considered as a favourable matrix for 
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microbial growth, as it has an elevated water activity and contains an abundancy of 
nutrients, although it is rather low in carbohydrates and heterogeneous with respect 
to its biochemical composition and pH (Toldrá 2017). The microbiota present on 
raw meat can originate from a variety of sources, of which the initial shaping typi-
cally traces back to the slaughterhouses. At this stage, a primary contamination of 
the animal carcasses takes place, which is largely of intestinal or skin origin (Belluco 
et al. 2015; Chaillou et al. 2015; De Filippis et al. 2013; Hue et al. 2011; Mc Nulty 
et  al. 2016). This contamination is further affected by overall hygiene practices, 
cleaning techniques used for the equipment, and automatization of the process 
(Borch and Arinder 2002; Milios et al. 2014; Yalcin et al. 2001). Manipulation of the 
carcasses, such as skinning, removal of feathers, deboning, and chopping, will result 
in additional alterations of the microbiota (Arnold 2007; Borch and Arinder 2002; 
Kang et al. 2001). In a next stage, processing and storage conditions have a main 
impact on both the total load and composition of the meat microbiome, usually nar-
rowing down the biodiversity and selecting for specific taxonomic groups (Borilova 
et al. 2016; Chaillou et al. 2015; Fougy et al. 2016). This is of major importance as 
the quantity of microorganisms as well as the composition of the microbial com-
munities, even on the subdominant level, will determine shelf-life and spoilage due 
to metabolic activity (Fougy et al. 2016; Vasilopoulos et al. 2015). The major factors 
that are influencing the microbiota and, thus, the risk on spoilage due to greening, 
off-flavour formation, gas production, or textural defects, include changes in water 
activity, temperature, pH, carbohydrate content, atmospheric conditions, and the 
use of additives (Doulgeraki et al. 2012; Fougy et al. 2016; Koutsoumanis et al. 
2006). For instance, the use of non-sterilised marinades and the addition of herbs or 
vegetable pieces may bring in new microorganisms and lead to alterations of the 
microbiota that are already present (Björkroth et al. 2005; Säde et al. 2016). In con-
trast, process actions such as cooking, irradiation, and the use of preservatives or 
other inhibitory compounds will normally lead to a reduction of the microbial loads 
(Haugaard et  al. 2014; Milios et  al. 2014; Vasilopoulos et  al. 2015). Cross- 
contamination within slaughterhouses and meat-processing plants is also not to be 
underestimated as a contributor to the shaping of the final microbial communities of 
meat and meat products that will eventually reach the consumption stage. The level 
of cross-contamination is enhanced by the formation of biofilms on the processing 
equipment, despite the use of cleaning methods (Brightwell et al. 2006; Srey et al. 
2013; Vasilopoulos et  al. 2015). Worryingly, many potential pathogens have the 
potential to form such biofilms, as has been shown for half of the Salmonella iso-
lates retrieved from a poultry farm (Marin et al. 2009). Multiple-species biofilms 
have also been found in meat-processing plants, including communities of 
Acinetobacter calcoaceticus and Escherichia coli O157:H7 (Srey et al. 2013).

As will be exemplified below, it is important to highlight that temperature is a 
major effector in the establishment of microbial communities during the storage of 
meat and meat products. Hereby, the animal-derived microbiota from the slaughter-
house becomes overtaken by a core microbiota of a more environmental and cold- 
adapted nature, for instance originating from water reservoirs (Chaillou et al. 2015). 
In general, temperature control ranges from chilling (usually to be set within a range 
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of 4–7 °C) to freezing conditions. Although storage at chilling temperatures or just 
below the freezing point will prolong the shelf-life of meat products, a transition in 
dominance will take place from mesophilic to psychrophilic and psychrotolerant 
microorganisms that are better adapted to the low temperatures of the cold chain 
(Doulgeraki et al. 2012; Ercolini et al. 2009b; Smolander et al. 2004). At freezing 
temperatures, bacterial growth will be halted, although moulds may still be of con-
cern and some bacterial enzymatic activity may remain (Chipley and May 1968; 
D’Amico et al. 2006; Lowry and Gill 1984).

Application of a cold chain is usually not to be considered independently from 
the use of packaging. The latter can be done under a variety of different atmo-
spheres, ranging from vacuum, over air, to modified-atmosphere packaging (MAP). 
In general, vacuum packaging and MAP cause a shift from an aerobic microbial 
consortium to a more fermentative one, mostly centred around lactic acid bacteria 
(Doulgeraki et al. 2010; Ercolini et al. 2006; La Storia et al. 2012; Schirmer et al. 
2009). The use of vacuum or MAP packaging thus reduces or slows down the pro-
duction of off-flavour compounds and stabilizes the sensory characteristics (La 
Storia et al. 2012).

Due to differences in raw materials, product formulation, processing, cleaning 
methods, and in-house storage conditions, relatively comparable products that orig-
inate from different production facilities may still generate rather dissimilar micro-
bial ecologies (Geeraerts et al. 2017). Such facility-specific microbial consortia may 
also evolve over time (Schirmer et  al. 2009). Taken together, this heterogeneity 
helps to explain batch variation of meat microbiota and the potential metabolic phe-
nomena to which they are related. Important to note is that only a fraction of the 
initial microbiota will lead to spoilage (Pothakos et al. 2015). In this context, it has 
been reported that spoiled samples of ground beef, ground veal, poultry sausage, 
and diced bacon display lower values of operational taxonomic units (OTUs) than 
their fresh equivalents (Chaillou et al. 2015).

 Raw Meats

General aspects Raw meats can be found in different structural forms, following a 
spectrum ranging from intact pieces to mince. For intact meat, bacterial growth 
occurs primarily on the surface, whereby the internal parts are sterile or have only 
low microbial loads. Grounded meat generally has a shorter shelf-life due to higher 
initial contamination levels caused by manipulation, the presence of meat juice, and 
a higher exposed surface (Cerveny et al. 2010). In butcher shops, basic packaging of 
raw meat is usually through air-exposed wrapping in paper, whereas more advanced 
methods of vacuum packaging or MAP are applied in the retailing via supermarkets 
(Cerveny et al. 2010). Packaged raw meats are then stored at reduced temperatures 
to prolong shelf-life (Jones 2004).

Depending on the type of raw meat, the microbial genera that can be encountered 
are mostly Acinetobacter, Brochothrix, Flavobacterium, Micrococcus, Moraxella, 
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Pseudomonas, Psychrobacter, Shewanella, and Staphylococcus, as well as several 
genera of lactic acid bacteria and Enterobacterales (Benson et al. 2014; Doulgeraki 
et al. 2011, 2012; Ercolini et al. 2009a, b; Fougy et al. 2016; Pennacchia et al. 2011; 
Pothakos et al. 2015). An overview of typical microorganisms associated with raw 
meat and poultry is given in Table 1. Below, more specificities are given with respect 
to the difference between red meats and poultry and the effects of formulation, 
packaging, and temperature.

 Red Meats

Red meats, usually pork and beef cuts, are commonly stored under vacuum or 
 high- oxygen MAP. High concentrations of oxygen simulate the formation of oxy-
myoglobin from the muscle myoglobin, leading to a bright red colour of the meat 
that is preferred by consumers (Arvanitoyannis and Stratakos 2012; Pothakos et al. 
2015; Troy and Kery 2010). High-oxygen MAP red meats are colonized by several 
genera of lactic acid bacteria, such as Carnobacterium, Lactobacillus, Lactococcus, 
and Leuconostoc, that can adapt to the oxidative stress (Pothakos et al. 2015). To a 
lesser degree, enterobacterial  species can be found on MAP products, such as 
Hafnia alvei, Proteus vulgaris, Serratia liquefaciens, and Serratia proteamaculans 
(Doulgeraki et  al. 2011, 2012). When comparing pork and beef that are either 
packed anaerobically or under high-oxygen MAP, it seems that Hafnia species tend 
to dominate under anaerobic conditions whereas Serratia species are more present 
under high-oxygen packaging (Säde et al. 2013). With the advent of next- generation, 
culture-independent characterization methods for bacterial community analysis, 
additional species that may have been neglected previously are now being identified 
on meat (Stoops et al. 2015). Sometimes they may even be part of the core micro-
biota. As an example, analysis of MAP pork led to the detection of Photobacterium 
phosphoreum, a species that is usually associated with raw fish but nevertheless 
seems to be a regular member of meat microbiota too (Nieminen et al. 2016). Using 
next-generation sequencing, beef has also been shown to contain relatively high 
numbers of Corynebacterium, a skin-related bacterium, whereas veal is higher in 
Prevotella, suggesting that veal is more contaminated by rumen bacteria (Chaillou 
et al. 2015). Currently, specific attention goes to psychrotolerant and psychrophilic 
bacteria that emerge upon storage in the cold chain of high-oxygen MAP meat cuts. 
This is the case for Leuconostoc gelidum subsp. gasicomitatum, which is not only 
cold-adapted but also has the ability for respiration in the presence of exogenous 
haem and high concentrations of oxygen (Jääskeläinen et al. 2013; Johansson et al. 
2011). Besides oxygen, MAP also may contain carbon dioxide, which leads to 
reduced microbial growth when compared to air storage and to shifts in microbial 
diversity (Ercolini et al. 2006; La Storia et al. 2012; Lorenzo and Gómez 2012). Yet, 
when present in too high concentrations, infiltrating carbon dioxide forms carbonic 
acid and causes texture deterioration (Sivertsvik et al. 2004). The combination of 
packaging and low temperatures thus improves the shelf-life of red meats. For 
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Table 1 Non-exhaustive overview of the bacterial species diversity of raw red meats and raw 
poultry products as well as some raw or cooked meat products based on studies between 2007 and 
2017

Product type Bacterial species diversity Reference

Sliced cooked ham, 
chicken, and turkey 
(MAP)

C. divergens, Lb. curvatus, Lb. sakei/fuchuensis, and 
Leuc. carnosum

Audenaert 
et al. (2010)

Pork sausage Ac. junii, Acinetobacter sp., Bifidobacterium sp., Bu. 
brennerae, C. divergens, Ci. braakii, Lb. gasseri, Lb. 
graminis, Lb. sakei subsp. sakei, Lc lactis subsp. 
cremoris, Leuc. citreum, Ps. lini, Ps. psychrophila, 
Serratia sp., Streptococcus sp., Str. suis, Str. minor, Str. 
thermophilus, W. confusa, and Y. mollaretii 
(metagenomic identification)

Benson et al. 
(2014)

Beef 
(vacuum-packed)

Brochothrix sp., C. maltaromaticum, Cl. algidicarnis, Cl. 
putrefaciens, Enterobacterales species, Lactobacillus sp., 
and Pseudomonas sp.

Brightwell 
et al. (2009)

Goat (MAP) Ba. cereus, B. thermosphacta, Eb. cloacae, Ec. durans, 
Ec. faecium, Ec. hirae, Ec. lactis, Er. persicina, H. alvei, 
Lb. sakei, Lc. curvatus, Lc. lactis, M. caseolyticus, Pa. 
agglomerans, Ps. fragi, Sr. liquefaciens, Sr. 
proteamaculans, St. equorum, St. epidermidis, St. 
saprophyticus, and St. xylosus

Carrizosa et al. 
(2017)

Cooked ham 
(vacuum-packed)

Lb. sakei, Leuc. carnosum, Leuc. mesenteroides, and 
W. viridescens

Comi and 
Iacumin 
(2012)

Cooked bacon 
(vacuum-packed)

Leuc. mesenteroides Comi et al. 
(2016)

Minced beef 
(air-stored or MAP)

Lb. sakei and Leuconostoc sp. Doulgeraki 
et al. (2010)

Minced beef 
(air-stored or MAP)

Ci. freudii, H. alvei, Pr. vulgaris, Serratia sp., Sr. 
liquefaciens, and Sr. proteomaculans

Doulgeraki 
et al. (2011)

Hot smoked, 
non-fermented dry 
sausage 
(vacuum-packed)

Ec. durans, Ec. Faeca:lis, Lb. fructivorans/curvatus, Lb. 
mucosae, Lb. plantarum, Lb. sakei, Lc. lactis, Lc. 
garviae, Leuc. mesenteroides, Leuc. citreum, 
P. pentosaceus, Str. salivarius, W. hellenica, and 
W. viridescens (identification by MALDI-TOF)

Dušková et al. 
(2015)

Cooked ham (MAP) Lb. curvatus, Lb. sakei, Leuc. carnosum, Leuc. gelidum 
subsp. gelidum, Leuc. mesenteroides, Leuc. 
pseudomesenteroides, and W. viridescens (identification 
by MALDI-TOF)

Dušková et al. 
(2016)

Beef 
(vacuum-packed)

Ac. baumannii, B. thermosphacta, Bu. agrestis, Bu. 
noackiae, Carnobacterium sp., C. divergens, 
C. maltaromaticum, H. alvei, Halomonas sp., Lb. sakei, 
Leuc. gelidum, Pseudomonas sp., Ps. fragi, Ps. putida, 
Ra. aquatilis, Serratia sp., Sr. proteamaculans, Ste. 
maltophilia, and Str. parauberis

Ercolini et al. 
(2009a)

(continued)
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Table 1 (continued)

Product type Bacterial species diversity Reference

Beef (vacuum- 
packed, with and 
without nisin)

B. thermosphacta, Carnobacterium sp., C. divergens, 
Lactobacillus sp., Leuc. mesenteroides, Pseudomonas 
sp., Ph. kishitaniiclade, Rhanella sp., Sr. grimesii, Sr. 
proteomaculans, Staphylococcus sp., St. xylosus, and 
Weissella sp.

Ercolini et al. 
(2009a)

Beef chop (different 
types of packaging)

Acinetobacter sp., Bradyrhizobium sp., Brochothrix sp., 
Carnobacterium sp., C. divergens, Lactobacillus sp., 
Lactococcus sp., Lc. piscium, Limnobacter sp., Lm. 
thiooxidans, Pseudomonas sp., Ralstonia sp., Ru. 
cellulosiytica, and Streptococcus sp.

Ercolini et al. 
(2011)

Raw pork sausage 
(MAP or 
vacuum-packed)

B. thermosphacta, C. divergens, C. maltaromaticum, 
Enterobacterales, Enterococcaceae, Lactobacillaceae, 
Lb. sakei, Lc. piscium, Leuconostocaceae, and 
S. proteamaculans (metagenomic identification)

Fougy et al. 
(2016)

Sliced cooked pork 
products (MAP)

B. thermosphacta, C. divergens, C. funditum, 
C. maltaromaticum, Lb. curvatus/graminis, Lb. sakei, 
Leuc. carnosum, Leuc. gelidum subsp. gasicomitatum, 
and Leuc. gelidum subsp. gelidum

Geeraerts et al. 
(2017)

Chicken meat and 
chicken liver

Ec. saigonensis Harada et al. 
(2016)

Skinless chicken 
breast (MAP)

B. thermosphacta, Carnobacterium sp., E. coli, H. alvei, 
Janthinobacterium sp., Lactobacillus sp., 
Microbacterium sp., Pseudochrobactrum sp., 
Pseudomonas sp., Rhodococcus sp., Rothia nasimurium, 
Serratia sp., Staphylococcus sp., Stenotrophomonas sp., 
and Yersinia sp. (identification by MALDI-TOF)

Höll et al. 
(2016)

Cooked sausage 
(vacuum-packed)

Lactobacillus sp., Leuconostoc sp., and Streptococcus sp. 
(metagenomic identification)

Hultman et al. 
(2015)

Spontaneously 
acidified sausage 
(air-stored)

Lb. algidus, Lb. paralimentarus/mindensis/crustorum, 
Lb. sakei, Lactococcus sp., Leuc. mesenteriodes, Leuc. 
carnosum, Pseudomonas sp., St. carnosus, and St. 
saprophyticus

Janssens et al. 
(2012)

Pork loin 
(vacuum-packed)

Carnobacterium sp., C. divergens, Lb. curvatus, Lb. 
sakei, Lactococcus sp., Lc. lactis subsp. lactis, Lc. 
piscium, Leuc. mesenteroides, W. cibaria, and 
W. viridescens

Jiang et al. 
(2010)

Beef steak (different 
types of packaging)

B. thermosphacta, Carnobacterium sp., 
C. maltaromaticum, Pseudomonas sp., Ps. fragi, Ps. 
lundensis, R. aquatilis, Sr. proteamaculans, and St. 
saprophyticus

La Storia et al. 
(2012)

Rullepølse (MAP) C. divergens, Lb. sakei, Leuc. carnosum, and Leuc. 
mesenteroides

Laursen et al. 
(2009)

Beef carpaccio 
(MAP or 
vacuum-packed)

B. thermosphacta, C. divergens, Lb. curvatus, Lb. 
fuchuensis, Lb. sakei, Leuc. carnosum, Leuc. gelidum 
subsp. gasicomitatum, Leuc. gelidum subsp. gelidum, 
Leuc. mesenteroides, St. warneri, and W. viridescens

Lucquin et al. 
(2012)

(continued)
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Table 1 (continued)

Product type Bacterial species diversity Reference

Goose foie gras Carnobacterium sp., Lb. buchneri/parabuchneri, Lb. 
coryniformis, Lb. casei/paracasei, Lb. curvatus, Lb. 
plantarum/pentosus, Lb. sakei, and W. viridescens

Matamoros 
et al. (2010)

Spoiled marinated 
chicken fillet 
(packed with 
oxygen-permeable 
film)

Ps. fragi, Ps. fluorescens, and Ps. lundensis Morales et al. 
(2016)

Beef and pork 
mixture (MAP)

B. thermosphacta, C. divergens, C. maltaromaticum, Ec. 
raffinosus, Lb. algidus, Lb. sakei, Lactococcus sp., Leuc. 
carnosum, Leuc. gasicomitatum, Leuc. gelidum, Leuc. 
mesenteroides, Str. parauberis, and Weissella sp.

Nieminen 
et al. (2011)

(Marinated) broiler 
fillet strip (MAP)

Carnobacterium sp., Lactobacillus sp., Lactococcus sp., 
Leuconostoc sp., and Vagococcus sp. (metagenomic 
identification)

Nieminen 
et al. (2012)

Pork (MAP or 
vacuum-packed)

Arthrobacter sp., Brochothrix sp., Carnobacterium sp., 
Lactobacillus sp., Lactococcus sp., Leuconostoc sp., 
Photobacterium sp., Propionibacterium sp., 
Psychrobacter sp., Staphylococcus sp., Vagococcus sp., 
and Weissella sp. (metagenomic identification)

Nieminen 
et al. (2016)

Raw chicken parts Pseudomonas sp., Ps. fragi, Ps. meridiana, and Ps. 
psychrophila (metagenomic identification)

Oakley et al. 
(2013)

Cooked chicken 
(vacuum-packed)

Bacillus sp., Enterobacter sp., Lactococcus sp., Ra. 
aquitilis, Sr. proteamaculans, and W. viridescens

Patterson et al. 
(2010)

Beef steak 
(air-stored or 
vacuum-packed)

Ae. salmonicida, B. thermosphacta, C. divergens, 
H. alvei, Lb. algidus, Lb. sakei, Lc. piscium, Leuc. 
mesenteroides, Pantoea sp., Pa. agglomerans, 
Pseudomonas sp., Rahnella sp., Ra. aquatilis, Sr. 
grimessi, Sr. marcescens, Sr. proteamaculans, 
Staphylococcus sp., and St. pasteuri

Pennacchia 
et al. (2011)

Ham 
(vacuum-packed)

Brochothrix sp., Citrobacter sp., Corynebacterium sp., 
Enterobacter sp., Enterococcus sp., Escherichia sp., 
Flavobacterium sp., Lactobacillus sp., Kocuria sp., 
Micrococcus sp., Proteus sp., Pseudomonas sp., Serratia 
sp., Streptomyces sp., Vagococcus sp., and Wautersiella 
sp. (metagenomic identification)

Piotrowska- 
Cyplik et al. 
(2017)

Fresh raw meat 
products

C. divergens, Ec. raffinosus Lb. algidus, Lb. fuchuensis, 
Lb. sakei, Lb. oligofermentans, Lc. piscium, Leuc. 
gelidum subsp. gasicomitatum, and Leuc. gelidum subsp. 
gelidum

Pothakos et al. 
(2014)

Cooked meat 
products

Lb. sakei, Lc. piscium, Leuc. carnosum, Leuc. gelidum 
subsp. gasicomitatum, and Leuc. gelidum subsp. gelidum

Pothakos et al. 
(2014)

Chicken leg (MAP) B. thermosphacta and Pseudomonas sp. Rouger et al. 
(2017)

(continued)
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Table 1 (continued)

Product type Bacterial species diversity Reference

Chicken leg (MAP) Ac. cyllenbergii, Ac. lwoffii, An. tetradius, 
B. thermosphacta, Bd. aquatica, C. divergens, 
C. maltaromaticum, C. pleistocenium, Fl. antarcticum, 
Ja. lividum, Kl. pneumoniae, Sh. baltica, Sh. profunda, 
Sh. xiamenensis, Ps. cedrina, Ps. extremaustralis, Ps. 
fragi, Psy. urativorans, and V. fluvialis

Rouger (2017)

Minced, intact, or 
marinated beef and 
pork (MAP)

Buttiauxella sp., Hafnia sp., Rahnella sp., Serratia sp., 
and Yersinia sp.

Säde et al. 
(2013)

(Marinated) broiler 
and turkey (MAP)

Hafnia sp., Rahnella sp., Serratia sp., and Yersinia sp. Säde et al. 
(2013)

Marinated pork 
steak 
(vacuum-packed)

B. thermosphacta, Carnobacterium sp., C. divergens, 
C. maltaromaticum, Ec. faecalis, Enterobacter sp., 
Flavobacterium sp., Halomonas sp., Lb. algidus, Lb. 
sakei/curvatus, Lactococcus sp., Lc. lactis, Leuconostoc 
sp., Leuc. carnosum, Leuc. mesenteroides, Pseudomonas 
sp., Sr. proteamaculans, St. hominis, and St. 
pasteuri/warneri

Schirmer et al. 
(2009)

Raw pork and beef Acinetobacter sp., Brochothrix sp., Pseudomonas sp., 
Psychrobacter sp., and Streptococcus sp. (metagenomic 
identification)

Stellato et al. 
(2016)

Minced beef (MAP) C. divergens, Lb. algidus, Lactococcus sp., Leuconostoc 
sp., Photobacterium sp., Pr. acnes, Pseudoxanthomonas 
sp., Pseudomonas sp., Ps. grimontii, and Psy. urativorans 
(metagenomic identification)

Stoops et al. 
(2015)

Cooked pork ham 
(MAP)

B. thermosphacta, C. divergens, Enterococcus sp., Ec. 
faecalis, Lb. sakei, Lc. lactis, and Leuc. carnosum

Vasilopoulos 
et al. (2008)

Marinated beef 
steak (MAP)

Lb. algidus, Lb. sakei, Leuc. gasicomitatum, Leuc. 
gelidum, and C. divergens

Vihavainen 
and Björkroth 
(2007)

Chicken meat Ae. hydrophila, Ae. media, Ae. salmonicida, Ch. 
shigense, Ps. fluorescens, Ps. fragi, and Ps. putida

Wang et al. 
(2017)

Bacteria were identified using standard molecular identification methods unless otherwise speci-
fied (identification by metagenomics or MALDI-TOF). The identified genera encompassed Ac., 
Acinetobacter; Ae., Aeromonas; An., Anaerococcus; Ba., Bacillus; Bf., Bifidobacterium; B., 
Brochothrix; Bd., Budvicia; Bu., Buttiauxella; Ca., Campylobacter; C., Carnobacterium; Ch., 
Chryseobacterium; Ci., Citrobacter; Cl., Clostridium; Eb., Enterobacter; Ec., Enterococcus; Er., 
Erwinia; E., Escherichia; Fl., Flavobacterium; H., Hafnia; Ja., Janthinobacterium; Kl., Klebsiella; 
Lb., Lactobacillus; Lc., Lactococcus; Leuc., Leuconostoc; Lm., Limnobacter; L., Listeria; M., 
Macrococcus; Pa., Pantoea; P., Pediococcus; Ph., Photobacterium; Pb., Propionibacterium; Pr., 
Proteus; Ps., Pseudomonas; Psy., Psychrobacter; R., Rahnella; Ru., Rudaea; Sr., Serratia; Sh., 
Shewanella; St., Staphylococcus; Ste., Stenotrophomonas; Str., Streptococcus; V., Vagococcus; W., 
Weissella; and Y., Yersinia
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instance, the recommended storage life of vacuum-packed beef at −1.5 °C amounts 
up to 84 days (Bell 2001).

Other than pork and beef, some less-consumed red meats include sheep, goat, 
equine, camel, and game meat. Due to their limited consumption, these meat vari-
ants have been far less studied. Spanish goat meat stored under oxygen-containing 
MAP, for instance, has been shown to be dominated by members of the 
Enterocbacterales, with H. alvei and Sr. proteamaculans being the most important 
species (Carrizosa et al. 2017). For MAP equine meats, it has been demonstrated 
that several lactic acid bacteria, Enterobacterales, and Pseudomonas species are 
present, whereby Lactobacillus sakei acts as the most important species on vacuum- 
packed meat variants (Lorenzo and Gómez 2012). Information on game meat is 
limited, although some basic microbiological studies have been done on certain 
types of African game meat and on wild boar meat (Borilova et al. 2016; Hoffman 
and Dicks 2011).

Processed derivatives of raw red meats, such as fresh sausage, hamburgers, and 
mince, are stored in a similar manner as intact meat cuts, whereby the type of pack-
aging influences the microbial diversity. Minced beef, for instance, has been shown 
to display a shift from H. alvei and Pr. vulgaris to Citrobacter freundii when stored 
under air instead of MAP (Doulgeraki et al. 2011). In the case of air-stored, freshly- 
cut beefsteaks, Rahnella species, Pseudomonas species., and Lb. sakei are the domi-
nant species, whereas MAP variants are dominated by either Pseudomonas species 
and Lb. sakei when stored under 60% O2 and 40% CO2 or by Rahnella species and 
Lb. sakei when stored under 20% O2, 40% CO2, and 40% N2 (Ercolini et al. 2006). 
Metagenetic analysis of raw pork sausages has indicated a core microbial commu-
nity of Brochothrix thermosphacta, Carnobacterium divergens, Carnobacterium 
maltaromaticum, Lb. sakei, Lactococcus piscium, and Sr. proteamaculans (Fougy 
et al. 2016). In addition, a subdominant fraction of enterococci, leuconostocs, and 
Enterobacterales has been found, becoming more manifest when increasing the salt 
concentration from 1.5 to 2.0% and applying vacuum-packaging instead of MAP, 
which also correlates with reduced spoilage.

 Poultry

The slaughtering process of poultry differs on some points from the one for mam-
mal species, including feather removal, the use of several water baths, and mechani-
cal treatments that are typical for small carcasses. These factors may lead to 
specificities within the bacterial contamination (Rouger 2017). As for red meats, 
poultry is distributed either as MAP products or under air (Arvanitoyannis and 
Stratakos 2012). However, a main difference relies in the fact that MAP poultry 
does not require oxygen in the headspace of the package, as in white meat types no 
red colour formation based on oxymyoglobin development is expected. Nevertheless, 
some producers start using high-oxygen MAP (up to 80%) to inhibit specific patho-
gens such as Campylobacter jejuni (Höll et al. 2016). MAP generally leads to a 
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reduction of aerobic bacteria and a longer shelf-life of poultry (Balamatsia et al. 
2007; Chouliara et  al. 2007). When comparing three types of MAP (i.e., 30% 
CO2/70% N2; 60% CO2/40% N2, and 90% CO2/10% N2) with air storage, it has been 
found that a level of 30% CO2 exposure prolongs shelf-life by 4 days and 60–90% 
CO2 extended it to 6 days (Patsias et al. 2006). On MAP poultry, the non-pathogenic 
microbial communities habitually consist of B. thermosphacta and a variety of 
pseudomonads, lactic acid bacteria, and Enterobacterales (Remenant et al. 2015). 
Within the group of lactic acid bacteria, the genera Carnobacterium, Lactococcus, 
Lactobacillus, and Leuconostoc are the most representative ones (Björkroth et al. 
2005; Morales et  al. 2016; Pavelková et  al. 2014). Several enterococci, such as 
Enterococcus saigonensis and Enterococcus viikkiensis have also been found within 
the lactic acid bacteria communities (Harada et  al. 2016; Rahkila et  al. 2011). 
Enterobacterales found on MAP poultry often belong to the genera Buttiauxella, 
Hafnia, Rahnella, Serratia, and Yersinia (Säde et al. 2013; Smolander et al. 2004). 
Hafnia (i.e., H. alvei and Hafnia paralvei) has been found as the most important 
genus on a variety of poultry samples, followed by Serratia (Sr. liquefaciens and 
Serratia quinivorans) (Säde et al. 2013). Enterobacterales are frequently found in 
relatively high concentrations at the end of the shelf-life, potentially causing spoil-
age even if they do not represent the most prevalent fraction, at levels of up to 107 
colony-forming units (CFU) per gram of meat (Nieminen et al. 2012; Säde et al. 
2013; Smolander et  al. 2004). In a study by Höll et  al. (2016), skinless chicken 
breasts stored at 4 °C under high-oxygen MAP samples were dominated by B. ther-
mosphacta and Carnobacterium species, whereas the absence of oxygen in the 
package gave rise to species of Carnobacterium, Serratia, and Yersinia. At 10 °C, 
the presence or absence of oxygen favoured, respectively, Pseudomonas species and 
Serratia species or H. alvei. In the presence of air, microbial consortia have been 
described as being based on the presence of Aeromonas, Chryseobacterium, and 
Pseudomonas (Wang et al. 2017). Although all the above-mentioned bacteria are of 
interest because of their potential role in spoilage, analysis of raw poultry has mostly 
looked at the presence of pathogenic species, in particular Campylobacter coli, Ca. 
jejuni, Listeria monocytogenes, and Salmonella enterica serovar Typhimurium 
(Ahmed et al. 2017; Kudirkienė et al. 2011; Raeisi et al. 2016; Stella et al. 2017).

Microbial diversity in poultry can be considerably affected by the process of 
marination, which has become a quite common practice in the poultry industry due 
to its popularity with consumers (Lytou et al. 2017). When this process is imple-
mented, meat is injected with a brine and mixed with a marinade (oil, water, spices, 
and organic acids) (Björkroth et  al. 2005). The addition of a marinade can, for 
instance, lead to a shift from a dominance by Carnobacterium and Lactococcus spe-
cies towards communities that are led by Leuconostoc gelidum subsp. gelidum and 
Leuc. gelidum subsp. gasicomitatum (Nieminen et al. 2012). This effect may par-
tially be ascribed to the higher tolerance of Leuconostoc species towards organic 
acids (Leisner et al. 2007; Nieminen et al. 2012). In addition, marination may lead 
to a reduction of the fractions of B. thermosphacta, Enterobacterales, and 
Pseudomonas species, but not so for the lactic acid bacteria (Lytou et al. 2017).
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Poultry is sometimes used as a mince in sausage and hamburger formulations 
(Patsias et al. 2006). This results in an increase of the overall microbial loads. For 
instance, an average total count of 7 log CFU/g has been found for Spanish chicken 
hamburgers and sausages, as compared to an average of 6 log CFU/g for chicken 
thighs and wings (Álvarez-Astorga et al. 2002). Despite these higher counts, some 
bacterial fractions may be less present. Campylobacter was less retrieved from 
minced Italian poultry compared to intact variants, possibly due to extra exposure to 
oxidative stress resulting from the mixing (Stella et al. 2017).

 Meat Products

General aspects Several types of meat products are produced from raw meats, 
whereby pork is widely used as starting material next to, among others, beef and 
poultry. The production of these products is often done by curing, fermentation, 
drying, and/or smoking, based on their historical use as empirical preservation 
methods for raw meat (Leroy et al. 2013, 2015; Šimko 2005). Preservative action is 
based on a variety of effects due to the presence of antimicrobials (e.g., lactic acid 
from the fermentation and phenolic compounds from the smoking) and a reduced 
water activity due to salting and/or drying. Cooking is also used to stabilize meat, at 
the same time generating specific sensory properties (Vasilopoulos et  al. 2015). 
Cooked meat products, such as cooked hams, are nevertheless still at risk of spoil-
age due to their high remaining water activity, and they require additional chilling 
as compared to the dried-in meat product variants.

Besides salting, several other preserving compounds can be added to meat prod-
ucts to enhance their stability (Drosinos et  al. 2006; Geeraerts et  al. 2017; 
Vasilopoulos et al. 2015). Examples include the combination of potassium lactate 
and sodium diacetate to inhibit the growth of L. monocytogenes and the addition of 
nitrate and/or nitrite salts to prevent the outgrowth of Clostridium botulinum 
(Hospital et al. 2016; Vasilopoulos et al. 2015). Despite their effectiveness, many 
consumers perceive those preservatives as unauthentic and unhealthy, so that efforts 
are being made to replace them by alternatives that are perceived as more natural, 
such as the use of antimicrobial strategies for bioprotection (Leroy et  al. 2006; 
Sánchez Mainar et  al. 2016) or the introduction of specific herbal components 
(Ballester-Costa et al. 2017; Zhang et al. 2009). The latter, however, may also inter-
fere with flavour or even act as an additional contamination route when used as 
spices or herbs (Säde et al. 2016).

Cooked meat products The production of cooked meat products generally pro-
ceeds along a series of processing steps. In a first phase, raw meats and, sometimes, 
fat pieces are tumbled and mixed with ingredients, followed by an injection with 
brine and compression into logs. Nowadays consumers demand cooked meat prod-
ucts that are low in salt and contain as few chemicals and preservatives as possible, 
which has the potential to affect the overall microbiology in negative ways (Geeraerts 
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et  al. 2017; Vasilopoulos et  al. 2015). During a second phase, the products are 
cooked at least once and cooled down (Vasilopoulos et al. 2015). Thermal treatment 
will lead to a very strong reduction or even elimination of most of the original 
microbial communities, although some thermotolerant bacteria may survive. Also, 
an elevated risk of secondary contamination from the production facility remains, 
mainly due to slicing and packaging (Dušková et  al. 2016; Vasilopoulos et  al. 
2010a). Most cooked meat products are stored under MAP or under vacuum, thus 
disfavouring the aerobic species and selecting for lactic acid bacteria and B. thermo-
sphacta. Nevertheless, the shelf-life of sliced cooked meat products in the cold 
chain is rather limited, for instance to 6 weeks (Leroy et  al. 2009). The most 
 frequently retrieved lactic acid bacteria mainly include species belonging to the 
genera Carnobacterium, Lactobacillus, Leuconostoc, and Weissella, although con-
siderable differences can be found between different production facilities (Audenaert 
et al. 2010; Geeraerts et al. 2017; Pothakos et al. 2014; Vasilopoulos et al. 2008). 
Several studies suggest that leuconostocs are among the most prevalent bacteria on 
cooked pork products, mainly the species Leuconostoc carnosum, Leuconostoc 
mesenteroides, and Leuc. gelidum (Dušková et  al. 2016; Geeraerts et  al. 2017; 
Samelis et al. 2000; Vasilopoulos et al. 2008). A market survey of Belgian cooked 
pork products has mostly retrieved Leuc. carnosum (Geeraerts et al. 2017), whereas 
Greek products have been reported to be dominated mostly by Leuc. mesenteroides 
(Samelis et al. 2000). However, such geographical links should not be taken too 
strictly. Carnobacteria also form a prevalent group, in particular the species Cb. 
divergens and Cb. maltaromaticum. Yet, carnobacteria are sometimes overlooked 
due to the use of acetate-containing growth media that are inhibitory to these bacte-
ria (Davidson and Cronin 1973; Geeraerts et al. 2017).

Dry-cured (fermented) meat products Dry-cured meat products are mostly encom-
passing fermented sausages and dry-cured hams (Toldrá 2014). Meat fermentation 
is commonly based on the stuffing of a seasoned and cured meat batter into casings, 
so that microaerobic conditions are obtained, followed by a phase of maturation and 
drying that can be very short or take up 1–2 years. In general, the worldwide variety 
of different recipes and products is overwhelming (Leroy et al. 2013, 2015). The 
main microbiota of fermented meats consists of lactic acid bacteria that cause the 
acidification and, thus, contribute to their shelf-life stability and the triggering of 
proteolytic cascades that are important for flavour development (Aquilanti et  al. 
2016; Leroy et al. 2006). In Europe, where fermentations are usually performed at 
temperatures between 18 and 28 °C, depending on the type, lactobacilli take the 
overhand. This is the case for both spontaneous meat fermentations and, the much 
more common, starter culture-induced industrial productions. In both instances, Lb. 
sakei is the most prevalent lactic acid bacterial species (Ammor et al. 2005; Aymerich 
et al. 2006; Janssens et al. 2012, 2013; Ravyts et al. 2012; Urso et al. 2006). It is at 
the same time the most often used species in meat starter cultures and the species 
that is most adapted to the stringent conditions that typify meat fermentations, spon-
taneously emerging from the background microbiota (Chaillou et al. 2005; Nyquist 
et al. 2011; Rimaux et al. 2011, 2012). Sometimes, Lactobacillus curvatus, and to 
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an even lesser degree, other lactic acid bacterial species as Lactobacillus plantarum 
and Lactobacillus pentosus can be encountered (Aymerich et al. 2006; Cocolin et al. 
2009; Rantsiou et al. 2005; Tremonte et al. 2017; Villani et al. 2007). Moreover, 
enterococci have often been isolated from these products, with Enterococcus fae-
cium and Enterococcus faecalis being the most commonly found species, but their 
level depends on the product type (Aymerich et al. 2003; Chevallier et  al. 2006; 
Lebert et al. 2007; Martín et al. 2005). In North America, however, fermentations 
are carried out at higher temperatures (up to 40 °C) for faster production, thereby 
selecting for pediococci rather than lactobacilli. The most commonly encountered 
species are Pediococcus acidilactici and Pediococcus cerevisiae (Cocconcelli and 
Fontana 2014; Hammes and Hertel 1998).

Besides lactic acid bacteria, catalase-positive cocci are commonly found in fer-
mented meats, especially when acidification is not too harsh (Aquilanti et al. 2007; 
Benito et al. 2007; Coton et al. 2010; Lebert et al. 2007; Leroy et al. 2010; Ravyts 
et al. 2012). These bacteria are desirable as well because they contribute to the forma-
tion of flavour and colour (Sánchez Mainar et al. 2017). They comprise a variety of 
coagulase-negative staphylococci, besides some occasional kocuria (mostly Kocuria 
varians). Once more, these bacteria either emerge from the background of the meats 
or are added via the starter culture, usually in combination with the lactic acid bacteria 
(Leroy et al. 2006; Ravyts et al. 2012). In traditional fermented meat products, which 
are sometimes still produced without the addition of starter cultures, a diverse staphy-
lococcal consortium has been described (Aquilanti et al. 2016). Although the type of 
microorganisms depends on the different formulations and manufacturing processes, 
Staphylococcus equorum, Staphylococcus saprophyticus, and Staphylococcus xylosus 
are in most cases found as the prevalent species (Leroy et al. 2010; Martín et al. 2006; 
Mauriello et al. 2004; Sánchez Mainar et al. 2017). Apart from these main species, a 
whole range of other members may be encountered with the staphylococcal consortia, 
including Staphylococcus succinus, Staphylococcus haemolyticus, Staphylococcus 
epidermidis, Staphylococcus pasteuri, Staphylococcus sciuri, Staphylococcus carno-
sus, and many others (Aquilanti et al. 2016; Fonseca et al. 2013; Greppi et al. 2015; 
Leroy et al. 2010; Martín et al. 2006; Mauriello et al. 2004; Sánchez Mainar et al. 
2017). For industrially produced fermented sausages, starter cultures of catalase-pos-
itive cocci are commonly added based on selected strains of St. carnosus and/or St. 
xylosus (Leroy et al. 2006; Ravyts et al. 2012).

As a third group, yeasts and moulds may be present in fermented meats (Leroy 
et al. 2006). Concerning the yeasts, a wide diversity has been reported, including 
species belonging to the genera Debaryomyces, Rhodotorula, Yarrowia, Candida, 
Hansenula, and Torulopsis (Mendonça et  al. 2013; Selgas and García 2014). 
Debaryomyces hansenii is the most frequently isolated yeast (Cocolin et al. 2006; 
Mendonça et al. 2013) and is of particular interest, potentially used as starter culture 
for reasons of flavour, colour, and bioprotection (Andrade et al. 2010; Flores et al. 
2015; Núñez et  al. 2015). Whereas some fermented meat products are smoked, 
many others are moulded. Moulds can be obtained spontaneously or by application 
of a surface starter culture, whereby Penicillium nalgiovense is a commonly applied 
species (Iacumin et al. 2009; Papagianni et al. 2007; Sunesen and Stahnke 2003). 
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External moulding is not only desirable for its traditional whitish covering of the 
surface, but also for its contribution to flavour and quality stabilisation (Magistà 
et al. 2017; Sunesen and Stahnke 2003). Moreover, moulding has an impact on the 
microbial diversity when compared to smoking, causing a shift from St. saprophyti-
cus to St. equorum (Janssens et al. 2013).

Finally, dry-cured hams are also part of the larger family of dry-cured meat prod-
ucts. Although they are not fermented in the strict sense, they also contain 
 microorganisms that are roughly comparable with the ones present on the fermented 
meat products mentioned above, albeit usually in smaller numbers. The microbiota 
of dry-cured hams thus contain similar species of lactic acid bacteria, catalase-pos-
itive cocci, yeasts, and moulds (Martínez-Onandi et al. 2017; Simoncini et al. 2007; 
Virgili et al. 2012).

Smoked meat products A wide variety of smoked meat products exists, such as 
certain types of bacon, sausage, and ham-like products (Dušková et  al. 2015). 
Unlike for cooked and dry-cured meat products, only few microbiological studies 
are available for smoked meat products, which may be partially ascribed to the fact 
that these products are less prone to microbial growth and spoilage (Roseiro et al. 
2011; Škaljac et al. 2014). During the smoking step, chemical compounds from the 
smoke enter the meat matrix and alternate the flavour profile of the product. These 
compounds, which can be inhibitory towards specific groups of microorganisms, 
are combinations of polyaromatic hydrocarbons, phenols, and different carbonyls, 
depending on the technique used (Djinovic et al. 2008; Lingbeck et al. 2014; Šimko 
2005). Liquid smoke is sometimes applied not only to add flavour to the meat but 
also to inhibit the growth of several pathogenic microorganisms, including E. coli, 
L. monocytogenes, S. Typhimurium, and Yersinia enterocolitica (Lingbeck et  al. 
2014). Many smoked meat products also undergo a cooking, fermentation, or ripen-
ing phase. Whereas fermented variants were discussed above, an example of a non- 
fermented smoked sausage are Vysočina sausages from the Czech Republic 
(Dušková et al. 2015). Species found on such smoked sausages belong the genera 
Enterococcus, Lactobacillus, Lactococcus, Streptococcus, and Weissella. A domi-
nance of Leuc. mesenteroides has been found on both spoiled and non-spoiled 
smoked bacon (Comi et al. 2016). Whereas smoked samples of pork loin and bacon 
are dominated mostly by Lb. sakei, non-smoked variants contain mixtures of Lb. 
sakei, Leuc. carnosum, and Leuc. mesenteroides (Samelis et al. 2000). This finding 
may be due to the fact that some strains of Lb. sakei are able to break down polycy-
clic aromatic hydrocarbons in smoked meat products (Bartkiene et al. 2017).

Some smoked meat products, especially when they are also dried, as in the case 
of smoked hams, contain a variety of yeasts and moulds. Among the yeasts, the 
genera Debaryomyces and Candida seem to be the most prevalent ones, for instance 
encompassing the species D. hansenii and Candida zeylanoides that have been 
found on smoked Norwegian meat products (Asefa et al. 2009b). Moulds retrieved 
from smoked Norwegian hams belong mostly to the genus Penicillium (Asefa et al. 
2009a). The genera Penicillium dominates the mould microbiota, specifically 
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consisting of the species P. nalgiovense, being somehow favoured by smoking as 
compared to the subdominant species Penicillium solitum and Penicillium commune 
and certain species of Cladosporium (Asefa et al. 2009a, 2010).

 Potential Impact on the Gut Microbiota

 General Aspects

The ingestion of food has the potential to affect the human gut microbiome, with 
latent effects on the health status of the host (Dutton and Turnbaugh 2012). As a 
central part of life-style, for instance with respect to differences between hunter- 
gatherers, rural, or Western societies, the type of food consumed seems to be of 
importance (Quercia et  al. 2014). Even short-time dietary changes can alter the 
composition of the intestinal bacterial communities, for instance when comparing 
different degrees of omnivore dietary setup. Diets that are based on animal products, 
and thus contain high amounts of protein, seem to favour the genera Alistipes, 
Bilophila, and Bacteroides, whereas plant-based diets increase the presence of 
Firmicutes species (David et al. 2014). In addition to effects caused by the different 
biochemical components that are present within a food matrix, food-associated 
microorganisms are introduced upon ingestion (Dutton and Turnbaugh 2012). 
Although meats and meat products can contain substantial numbers of microorgan-
isms, it is not clear to what degree they will end up as significant elements of the gut 
microbiome. The latter consists of a large variety of bacterial species and reaches 
densities of up to 1012 cells per gram of intestinal content (O’Hara and Shanahan 
2006; Plé et al. 2015). Gut microorganisms are a mixture of (semi)permanent intes-
tinal inhabitants that co-exist with transient bacteria, whereby the latter only stay 
within the gut for a limited time (Zhang et al. 2016). The consumption of foods with 
high microbial loads may thus lead to temporary changes in the bacterial species 
diversity of the gut (Plé et al. 2015). The latter can either reshape the microbiome in 
beneficial ways and improve health (Doré and Blottière 2015), change the commu-
nities minimally with a fast return to the original status, or lead to microbial dysbio-
sis and illness (Josephs-Spaulding et al. 2016). With respect to the latter effect, meat 
can contain several pathogenic bacteria that have the potential to cause disease, such 
as Ca. jejuni, Cl. botulinum, Clostridium perfringens, E. coli, L. monocytogenes, 
and Staphylococcus aureus (Buchanan et al. 2017; Guran et al. 2014; Hospital et al. 
2016; Huang et  al. 2015; Josephs-Spaulding et  al. 2016; Mc Nulty et  al. 2016; 
Ortega et al. 2010). Using culture-independent methods, several species of lactic 
acid bacteria that have been retrieved from meat have also been found in human 
faeces, including Lactobacillus spp., Leuc. mesenteroides, Leuc. carnosum, P. aci-
dilactici, Pediococcus pentosaceus and Weissella viridescens (Sanz et  al. 2007; 
Walter et al. 2001). However, a causal link between meat-eating and the composi-
tion of the gut microbiota is not necessarily present. In the sections below, the focus 
will be on meat-associated microorganisms other than pathogens, potentially lead-
ing to health benefits.
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 Meat-Associated Microorganisms of Potential Relevance 
for the Gut Microbiome

Meat products are a natural source of lactic acid bacteria, a group of microorgan-
isms that is often presented as beneficial to gut health (De Vuyst et al. 2008). It has 
been demonstrated that their consumption may partially contribute to an improved 
immune system, the prevention of infections and diarrhoea, and the reduction of 
food allergies and inflammatory bowel conditions (Fijan 2014; Kumari et al. 2011; 
Zhong et al. 2014). In fermented meats, lactic acid bacteria occur in high numbers, 
up to 109 CFU per gram; they originate from the starter cultures used but may also 
emerge from the background microbiota (Ravyts et al. 2012). As such, fermented 
meats may contribute to the overall diversity of ingested beneficial microorganisms, 
a property that has led to suggestions that the regular consumption of fermented 
foods is generally to be recommended via nutritional guidelines based on the poten-
tial contributions to health (Bell et al. 2017; Chilton et al. 2015; Marco et al. 2017), 
and even the explicit prevention of disease (Olivares et al. 2006). As outlined above, 
the most encountered bacteria in fermented meat products are certain species of 
lactobacilli and pediococci, of which the relevance for the gut is not entirely clear. 
Nevertheless, their incorporation into the gut microbiota is likely to some degree. 
Several strains of lactic acid bacteria, for which possible albeit often very uncertain 
probiotic effects have been mentioned, have been applied in meat fermentations as 
starter cultures, encompassing strains of P. acidilactici, P. pentosaceus, and Lb. 
plantarum, besides some strains from species that are non-conventional for meat 
fermentation, such as Lactobacillus brevis, Lactobacillus rhamnosus, Lactobacillus 
casei, and Lactobacillus reuteri (Table 2; De Vuyst et al. 2008; Rouhi et al. 2013).

According to recommendations, probiotic foods should carry a population of at 
least 106 CFU per g (or mL), so that a consumption of 100 g (or mL) would lead to 
a dose of 108 CFU in the gut, which is supposed to be able to confer health benefits 
to the consumers (Ashraf and Shah 2011; Jayamanne and Adams 2006). Thus, sur-
vival of the probiotic strains during the production process and storage as well as the 
passage through the upper gastrointestinal track is of major importance (Cavalheiro 
et al. 2015; Shori 2015; Tripathi and Giri 2014). Interestingly, the use of fermented 
meat as a carrying matrix for probiotic strains seems to increase their survival rate 
(Klingberg and Budde 2006). As an example, strains of Lb. rhamnosus are able to 
survive the human digestive system and are sometimes mentioned in a meat fermen-
tation context (Albano et al. 2009; Erkkilä et al. 2001; Rubio et al. 2014a, b, c). 
Studies have already demonstrated that during an animal-based diet, including the 
consumption of cured meats, P. acidilactici increases significantly in faecal sam-
ples, indicating that at least some bacteria from meat products can survive and reach 
the human gut in considerable numbers (David et al. 2014).

Even though bifidobacteria do not belong to the typical microbial communities 
of meat and meat products, attempts have been made to use probiotic bifidobac-
terial strains in fermented meat products, including strains of Bifidobacterium 
animalis, Bifidobacterium lactis, and Bifidobacterium longum (Holko et al. 2013; 
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Muthukumarasamy and Holley 2007; Nogueira Ruiz et al. 2014; Ruiz et al. 2014; 
Pidcock et al. 2002). Apart from lactobacilli and bifidobacteria, strains of which are 
the most representative microorganisms used as probiotics, some strains of other 
bacterial groups have been suggested as potential functional cultures in meat prod-
ucts. The main examples include some candidate probiotic strains of enterococci, 
despite some issues on the potential presence of antibiotic resistance genes and 
virulence factors (Barbosa et al. 2014; Foulquié Moreno et al. 2006; Franz et al. 
2011; Hugas et al. 2003), as well as strains of Bacillus coagulans and Bacillus sub-
tilis (Jafari et al. 2017).

Although fermented meat products as carriers of probiotic bacteria have attracted 
attention in recent years, there is still controversy over their use (De Vuyst et al. 
2008). Critique relates mostly to the fact that so-called probiotic properties, such as 
survival of the gastrointestinal tract, are often taken for granted, whereas true probi-

Table 2 Non-exhaustive overview of the use of candidate probiotic strains in different dry-cured 
meat products based on studies between 2005 and 2017

Product type (Candidate) probiotic strain(s) Reference

Portuguese fermented 
sausage

Ec. faecium 120 Barbosa et al. 
(2014)

Harbin-style fermented 
sausage

Lb. brevis R4, Lb. fermentum R6, and 
P. pentosaceus R1

Han et al. (2017)

Scandinavian-type 
fermented sausage

Lb. pentosus MF 1300 and Lb. plantarum MF1291 
and MD1298

Klingberg et al. 
(2005)

Fermented sausage Lb. plantarum MF1298 Klingberg and 
Budde (2006)

Dry-cured pork neck Bf. animalis subsp. lactis BB-12 Libera et al. 
(2015)

Fermented sausage Strains of Bf. lactis and Lb. acidophilus Nogueira Ruiz 
et al. (2014)

Spanish fermented 
sausage

Lb. plantarum 299V and Lb. rhamnosus GG Rubio et al. 
(2013a)

Low-acid fermented 
sausage

Lb. casei CTC1677, CTC1678, and Shirota; Lb. 
plantarum 299V; and Lb. rhamnosus CTC1679 and 
GG

Rubio et al. 
(2014a)

Model-type fermented 
sausage

Lb casei/paracasei CTC1677 and CTC1678 and Lb 
rhamnosus CTC1679

Rubio et al. 
(2014b)

Low-acid fermented 
sausage

Lb. rhamnosus CTC1679 Rubio et al. 
(2014c)

Iberian fermented 
sausage

Lb. fermentum HL57 and Lb. reuteri PL519 and 
PL542

Ruiz-Moyano 
et al. (2009)

Iberian fermented 
sausage

P. acidilactici SP979 Ruiz-Moyano 
et al. (2010)

Iberian fermented 
sausage

Lb. fermentum HL57 and P. acidilactici SP979 Ruiz-Moyano 
et al. (2011)

Dry-cured pork neck 
and sausage

Bf. animalis subsp. lactis BB-12, Lb. acidophilus 
Bauer, and Lb. rhamnosus LOCK900

Wójciak et al. 
(2016)

Bacterial genera encompass Bf., Bifidobacterium; Ec., Enterococcus; Lb., Lactobacillus; and P., 
Pediococcus
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Table 3 Non-exhaustive overview of the use of bioprotective strains used in different meat 
products based on studies between 2005 and 2017

Product type Bioprotective strain(s) Reference

Portuguese fermented 
sausage

P. acidilactici HA-6111-2 Albano et al. (2009)

Salami Lb. curvatus MBSa2 Barbosa et al. 
(2014)

Smoked pork sausages Lb. sakei KTU05-6, P. acidilactici KTU05-7, 
and P. pentosaceus KTU05-9

Bartkiene et al. 
(2017)

Chicken hamburger Lb. acidophilus CRL1014 Bomdespacho et al. 
(2014)

Vacuum-packed meat Lb. curvatus CRL705 Castellano and 
Vignolo (2006)

Vacuum-packed beef Lb. curvatus CRL705 Castellano et al. 
(2010)

Grounded beef Lb. curvatus CRL705 and Lc. lactis subsp. lactis 
CRL1109

Castellano et al. 
(2011)

Grounded beef Lb. sakei CIP105422 and 23K, and strains 18, 
64, 112, 156, 160x1, 332, and G3

Chaillou et al. 
(2014)

Cooked bacon Lb. sakei B-2 Safe Pro® and Lc. lactis Rubis Comi et al. (2016)
Sliced and cooked ham Lb. curvatus 2711 and Lb. sakei 2512 Héquet et al. (2007)
Ready-to-eat cured and 
smoked pork product

Commercial culture containing strains of Lb. 
curvatus, Lb. sakei ST153, St. xylosus, and Pe. 
acidilactici

Jacome et al. (2014)

Fermented sausage D. hansenii 253H and 226G Núñez et al. (2015)
Ground pork meat and 
Iberian chorizo

Commercial culture containing strains of Lb. 
curvatus, Lb. sakei, P. acidilactici, and St. 
xylosus

Ortiz et al. (2014)

Fermented sausage Strain of Lb. sakei Urso et al. (2006)
Cooked ham Leuc. carnosum 3M42 Vasilopoulos et al. 

(2010b)
Cooked model ham Lb. sakei subsp. carnosus 10A and Lb. sakei 148 Vermeiren et al. 

(2006)

Bacterial genera encompass D., Debaryomyces; Lb., Lactobacillus; Lc., Lactococcus; Leuc., 
Leuconostoc; P., Pediococcus; and St., Staphylococcus

otic effects need to be validated in clinical trials to convincingly demonstrate health 
effects on the host. The mere addition of strains with (often very preliminary) pro-
biotic potential to a food product, in casu fermented meat, does not suffice. As fer-
mented meats are a challenging matrix for microorganisms (high content of curing 
salts, low pH and water activity, competition with the background microbiota; 
Rouhi et al. 2013), efforts need to be made in developing robust delivery strategies 
for probiotics in meat products (Cavalheiro et al. 2015). Moreover, it is doubtful if 
such products have the right nutritional profile in view of consumer expectations 
and market potential as probiotic foods (De Vuyst et al. 2008).

Except for fermented meats, high numbers of lactic acid bacteria may also be 
encountered in fresh meat and non-fermented meat products (e.g., cooked ham), for 
which bioprotective cultures have been applied (Table 3). The latter are added to 
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counter the growth of spoilage bacteria and pathogens (Pothakos et  al. 2015; 
Vasilopoulos et al. 2015). Examples of bioprotective cultures applied in the context 
of both fresh and processed meats encompass strains of Ec. faecalis (Sparo et al. 
2008, 2013), Ec. faecium (Huang et al. 2016; Rubio et al. 2013b), Lactobacillus 
alimentarius (Lemay et al. 2002), Lb. curvatus (Castellano et al. 2010, 2011), Lb. 
sakei (Bartkiene et al. 2017; Chaillou et al. 2014; Jacome et al. 2014; Ortiz et al. 
2014; Vermeiren et al. 2006), Lactococcus lactis (Castellano et al. 2011; Comi et al. 
2016), Leuconostoc spp. (Budde et al. 2003; Metaxopoulos et al. 2002; Vasilopoulos 
et al. 2010b), P. acidilactici (Albano et al. 2009; Bartkiene et al. 2017), and P. pen-
tosaceus (Bartkiene et al. 2017). Sometimes, strains of species with probiotic con-
notations have also been applied as bioprotective cultures in meat, such as Lb. 
acidophilus (Bomdespacho et al. 2014).

Besides lactic acid bacteria and the other above-mentioned bacterial groups, 
strains of which are sometimes associated with probiotic action, the group of meat- 
associated coagulase-negative staphylococci may also require further attention. It is 
well established that staphylococci are among the early gut colonisers of infants, as 
the gut microbiota is partially dominated by staphylococci during the first weeks of 
life (Chang et al. 2011; Jacquot et al. 2011; Jimenez et al. 2008; Salminen et al. 
2015). However, little is known about their presence and abundance in the gut of 
adults and to which degree this may affect the host. Staphylococci can reach the 
human gut upon the consumption of cured meat products, including salami and 
prosciutto, as has been demonstrated for St. carnosus (David et al. 2014). Although 
St. carnosus is considered to be a non-pathogenic species (Müller et  al. 2016; 
Rosenstein and Götz 2013), it needs to be taken into account that certain staphylo-
coccal species may pose health concerns (Becker et al. 2014).

 Conclusions

A large variety of different meats and meat products can be found worldwide. They 
are dominated by different communities of microorganisms that, in principle, can 
have either positive or negative effects on human health, provided they survive the 
harsh conditions of the gastrointestinal tract. These microorganisms are adapted to 
the specific conditions that prevail in each type of meat or meat product. The micro-
biota are thus being shaped by a superposition of different selective pressures caused 
by, among others, temperature and packaging, as well as technological interven-
tions, such as salting, smoking, and fermentation. In some cases, for instance after 
meat fermentation or upon the use of bioprotective cultures, their numbers can reach 
109 CFU or more per gram. In those cases, they mostly consist of lactic acid bacte-
ria, of which several members have been associated with human health advantages. 
Although some studies have indicated that several meat-associated microorganisms 
are able to enter the gut, it is yet unclear what their true impact on the host would 
be. Further investigation of their role in health and disease is therefore needed.
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Abstract The discovery of yeasts as living cells able to produce ethanol in fer-
mented foods and beverages in the 1920s continues to captivate our imagination 
with respect to the functionality and role of microbes in food preservation and 
human health. Mounting evidence confirms the ability of microbes to deliver nutri-
tion, flavor and many bio-functionalities to fermented foods and the gastrointestinal 
(GI) tract of mammals. The microbial diversity found in fermented foods, particul-
alrly vegetables, can benefit the human GI tract microbiome. Critical functions for 
microbes associated with fresh vegetables include the contribution to growth, devel-
opment and defense of host plants. In parallel, plants have evolved to select and 
maintain beneficial microbes, including those within their tissue. Fermentation then 
serves as an instrument to pre-adapt beneficial microbes indigenous to fresh vegeta-
bles to the acidic pH and high lactic acid concentration characteristic of the colon 
and to the metabolism of dietary fiber, particularly pectic substances naturally pres-
ent in the plant material and the gut. Fermented vegetable products enjoy a long-
lasting record of safety upon consumption and are an appropriate vector for the 
translocation of microbial diversity from plants to the gut. Fermented vegetables 
can enhance prebiotic fiber and beneficial microbes content and consequently aug-
ment the catalog of metabolic functions needed in and available to the gut for build-
ing resilience in a healthy individual. It is the indigenous microbiota of fermented 
vegetables and intrinsic chemical composition of substrates, particularly dietary 
fibers, which can enable beneficial health claims from the consumption of pickles.
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 Introduction

Studies of the indigenous microbiota in fermented vegetables began in the 1920s, a 
few centuries after the discoveries of microbes as living cells capable of producing 
ethanol and fermenting milk by Antonie van Leeuwenhoek, Cagnard-Latour, Louis 
Pasteur and Joseph Lister occurred (Brock 1961; Nanniga 2010). There was no 
concept or understanding of microbial diversity in the early 1900s and the tools 
available for microbiological studies were limited compared to the knowledge base 
and tools available in the twenty-first century.

Lacking an understanding of the microbiology behind a desirable fermentation, 
past generations performed what is known as “back slopping” or the use of cover 
brines or doughs from fermentations with desirable attributes to initiate fresh fer-
mentations in an attempt to perpetuate specific organoleptic attributes in the desired 
fermented foods (Cogan 1996). The fermentation of vegetables in the twentieth cen-
tury consisted of dry-salting of shredded cabbage, turnips and lettuce and whole 
grains of corn, lima beans and green peas to support a vigorous conversion of the 
sugars to lactic and acetic acids and possibly ethanol (Etchells et al. 1947). Bulky 
vegetables, some with a low water content, were chopped prior to brining or brined 
whole with varied sodium chloride concentrations (Etchells et al. 1947). When and 
exactly how the preservation of vegetables by fermentation began is unknown but it 
is chronologically situated between the first and third centuries before Christ (B.C.). 
Records of mixed vegetable fermentations date back to the third century B. C.  during 
the construction of the Great Wall in China (Anderson et  al. 1988; Lee 2001). 
Sauerkraut production was described as early as the first century by Plinius the elder 
(Buckenhüskes et al. 1990). The diverse preparation forms of table olives were also 
described by Columela in the book The Re Rustica in the I century (Columela 1979, 
45). Early written records of cucumber pickles come from surviving fragments of a 
play (The Taxiarchs) by the Greek writer Eupolis (429–412 BC), and pickles are 
mentioned several times in the Christian bible. Today the consumption of vegetables 
is widespread in the world and represents an important component of the human diet.

This chapter addresses the advances made in understanding the indigenous 
microbiota in fermenting and fermented vegetables and the influence of modern 
industrial production practices on microbial diversity. The consequent role of fer-
mented vegetables as a delivery vehicle for microbes to the human gut is also 
described. The many metabolic and physiological functionalities of the cultures 
present in fermented vegetables is beyond the scope of this chapter.

For the purpose of this chapter fermented vegetables are defined as low acid 
vegetables subjected to the action of acid producing microorganisms that will natu-
rally achieve and maintain a pH of 4.6 or lower, regardless of whether acid is added 
(Pérez-Díaz et al. 2014). If the fermentation proceeds to completion and good man-
ufacturing practices are applied, spoilage organisms capable of rising the pH above 
4.6 are prevented from growing in the product and pathogens of public health sig-
nificance are destroyed during the process, thus making the final product safe for 
consumption (Ito et al. 1976; Breidt and Caldwell 2011).
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 The Microbiota of Fresh Vegetables

Microbial diversity on fresh vegetables primarily derives from the soil. A low inci
dence of lactic acid bacteria occurs in fresh vegetables.

The cucurbits rhizoplane is known to predominantly host Rhizobium and 
Cellvibrio and to a lesser extent Saccharophagus, Devosia, and Pseudomonas (Ofek 
et al. 2014). Cellvibrio, a Pseudomonadaceae, may reach up to 20% of the cucum-
ber plant rhizoplane microbial population and can degrade plant cell wall compo-
nents and other complex polysaccharides which enables microbes to penetrate and 
colonize the plant tissue (DeBoy et al. 2008). Dried seeds used for planting a new 
crop are known vectors of microbial diversity for plants, flowers and fruits 
(Lemanceau et al. 2017). Although microbial diversity could also come from the 
soil and/or bioaerosols, it is documented that seeds richer in oil (50%), protein 
(35%) and DNA, contribute the most to the selection and evolution of endophytes, 
which are microbes that reside in the internal plant tissues without adverse effects 
on their host (Lemanceau et al. 2017).

Microbes that colonize plant tissue contribute to the host growth and develop-
ment in multiple ways. Bacillus species contribute to cucumber plants through 
nitrogen-fixation and scavenging (converting such gas into a solid and usable form), 
deaminase activity and protease, pectinase or cellulose activity. Bacillus spp., 
Enterobacteriaceae and LAB assist with phosphate solubilization through the pro-
duction of organic acids or phosphatases (Khalaf and Raizada 2016). The 
Enterobacteriaceae family and Pseudomonas, are also able to produce auxin, a plant 
growth hormone, and siderophores used to chelate iron. Interestingly, Bacillus spe-
cies isolated from cucumber seeds cluster apart from Bacilli isolated from other 
cucurbit seeds (Khalaf and Raizada 2016). Given the specialized functionality of 
the plant derived endophytes, it is speculated that they may be transmitted by seeds 
and conserved for future generations to help secure this important symbiotic rela-
tionship between plants and their microbiomes.

The relationship between microbes and plants is enabled by the nutritional and 
anti-nutritional factors (i.e. oxalate, lectins, tannins, phytic acid) intrinsically pres-
ent in the later (Filannino et al. 2018). The response of lactic acid bacteria (LAB) to 
various stresses on the vegetation results in nutrient enhancement, stress reduction 
and consequently plant growth promotion (Filannino et al. 2018). Concomitantly, 
the plant-produced food is enriched in bioavailable and bioactive compounds 
(Filannino et al. 2018). Plants select their microbiome in the vicinity of the plant 
roots or rhizosphere, and seeds are involved in the transmission of microorganisms 
to future generations (Lemanceau et al. 2017). Microbes associated with vegetation 
have evolved to benefit from specific plants because of the easy access to nutrients 
(Khalaf and Raizada 2016). Microbes with a positive impact on plant growth and 
health are selected and maintained to evolve within the system.

Plant growth and development involves both biotic and abiotic factors. The range 
of abiotic factors produced by plants including oxygen, organic acids, vitamins and 
sugars can be used as nutrients and signals by microbes. Conversely, abiotic factors 
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produced by microbes including hormones, volatile compounds and small molecules 
impact plants immunity and growth. The close association of vegetables with the soil 
promotes higher microbial density and diversity in fresh produce (Samish and 
Etinger-Tulczynsky 1962). The availability of oxygen promotes microbial coloniza-
tion of the blossom end, seed cavity and the outer 6 mm layer of cucumbers, includ-
ing the exocarp and a portion of the mesocarp, consisting of 5–6 log of CFU/g of 
total aerobic microbes (Mattos et al. 2005). In tomatoes, microbial colonization is 
more frequently found near the stem-scar and central core and decreases closer to the 
exocarp (Lemanceau et al. 2017; Rastogi et al. 2012). Cabbage contains the greatest 
numbers of bacteria on the outer leaves and lower numbers toward the center of the 
head (Pederson and Albury 1969). The adhesion of bacteria to cucumber exocarp 
depends on contact time, cell species and density, and temperature. These factors 
impact the adhesion of Salmonella, Staphylococcus, Lactobacillus and Listeria to 
fresh cucumber surfaces in an aqueous solution (Reina et al. 2002). Bacterial adhe-
sion to the cucumber exocarp is less extensive at lower temperatures and shorter 
contact times (Reina et al. 2002). While Gram-negative bacteria, which are mostly 
motile, migrate to the cucumber mesocarp and persist commensally, inoculated gram 
positive LAB establish on the exocarp (Samish and Etinger-Tulczynsky 1962). 
Enterobacteriaceae, in particular the motile rods Erwinia spp., are known to colonize 
the internal cucumber tissue and produce carbon dioxide (CO2) from fermentative 
metabolism in the presence of oxygen (Samish and Etinger-Tulczynsky 1962).

The core bacteriome of fresh vegetables including fresh cucumbers, corn, cab-
bage, carrots, spinach and peas is composed of the two taxonomical families, 
Enterobacteriaceae and Pseudomonadaceae (Lopez-Velasco et  al. 2013; Manani 
et  al. 2006; Samish et  al. 1963; Samish and Etinger-Tulczynsky 1962; Shi et  al. 
2009; Weiss et al. 2007) (Figs. 1 and 2). However, fresh produce contains a diverse 
range of epiphytic microbiota. Average aerobic colony counts for fresh cucumbers, 
cabbage, and olives are estimated at 5.16 ± 0.76, 4.84 ± 0.26 and 1.90 ± 0.50 CFU/g, 
respectively (Pérez-Díaz et  al. 2014). Colony counts from Violet Red Bile agar 
plates for lactose fermenting coliforms from cucumber, cabbage and olive have 
been estimated at 4.58 ± 0.98, 4.36 ± 0.06 and below detectable levels, respectively 
(Pérez-Díaz et al. 2014). Pseudomonas, Pantoea, Chryseomonas and Enterobacter 
colonize tomatoes, lettuce and Chinese cabbage (Lee et  al. 2017; Ottesen et  al. 
2016; Shi et al. 2009). Bacillus species are present in lettuce, tomatoes and cucum-
bers (Ottesen et al. 2016; Shi et al. 2009; Rastogi et al. 2012; Ofek et al. 2014). The 
microbiome of tomatoes include Microvirga, Sphingomonas, Brachybacterium, 
Rhizobiales, Paracocccus, Microbacterium, Cyanobacterium, Hafnia, and Erwinia 
(Ottesen et  al. 2016; Shi et  al. 2009). The lettuce core microbiota includes the 
microorganisms listed above for tomatoes plus Massilia and Arthrobacter (Rastogi 
et  al. 2012). Furthermore, Acinetobacter, Burkholderia, Dickeya, Klebsiella, 
Pectobacterium, Rahnella, Serratia and Stenotrophomonas colonize fresh lettuce 
and Chinese cabbage (Lee et al. 2017). A study of the fresh cucumber microbiota 
showed the dominance of the Gram-negative bacteria Rhizobium, Pseudomonas, 
Acinetobacter, Sphingomonas, Sphingobacterium, Methylobacterium, 
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Fig. 1 Description of the relative abundance of OTUs found in samples of fresh and fermented 
cucumbers as determined by high throughput sequencing. Cucumber fermentation cover brine 
samples were obtained from batches brined with 6% sodium chloride. Only the bacterial commu-
nities are represented. Data was adapted from Medina-Pradas et al. (2016) and Pérez-Díaz et al. 
(2016, 2018)
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Aureimonas Sphingobacterium Methylobacterium
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Stenotrophomonas, Citrobacter and Klebsiella spp. (Pérez-Díaz et al. 2018). Despite 
the variations in the microbiota of specific vegetables in terms of density and diversity 
induced by type, variety, lot and harvesting location (Samish et  al. 1963), more 
recent investigations revealed the occurrence of a vegetable-specific core microbi-
ota (Rastogi et al. 2012). However, a noticeable difference exist between the micro-
bial load of vegetables cultivated in greenhouses and those grown in the field 
(Meneley and Stanghellini 1974; Leben 1972; Geldreich and Bordner 1971). The 
numbers of internally-borne bacteria in healthy cucumbers grown in trellises and 
covered by a glasshouse was below detection levels (Meneley and Stanghellini 
1974). Coliforms are absent in indoor- cultivated- foliage as well (Geldreich and 
Bordner 1971).
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Of interest is the fact that the LAB that dominate in vegetable fermentations are 
present in the corresponding fresh substrate in minimal numbers. Colony counts 
from MRS agar plates, typically used for the enumeration of LAB, particularly lac-
tobacilli, from fresh cucumbers and cabbage are estimated at 3.84  ±  1.21 and 
3.18 ± 0.33 Log CFU/g, respectively (Pérez-Díaz et al. 2014). In fresh olives the 
colony counts from MRS agar plates tend to be below detection levels, presumably 
due to its natural antimicrobial phenolic content (Pérez-Díaz et al. 2014). A charac-
terization of the population forming colonies on MRS agar plates inoculated with 
fresh cucumber homogenate revealed lack of selectivity by such medium (Pérez- 
Díaz et  al. 2018). Enterococcus (25%), Exiguobacterium (15%), Lactococcus 
(15%), Staphylococcus (13%), Lactobacillus (11%) and Leuconostoc (10%) are 
frequently isolated from MRS plates and three genera are infrequently encountered 
including Bacillus (6%), Aerococcus (4%) and Clostridium (1%) (Pérez-Díaz et al. 
2018). Only 8.6% of the colonies formed in MRS agar plates belonged to the 
Lactobacillus plantarum cluster, a species that prevails in vegetable fermentations 
and are widely used as starter cultures. However, presumptive LAB have been found 
in plant material in substantial numbers with seasonal-related variability (Mundt 
1970; Mundt and Hammer 1968).

Fig. 2 Summary of microbes found in a cucumber plant and the fresh fruit (left panel), in cucum-
ber fermentations (central panel) and the human gut (right panel), followed by an abbreviated list 
of functions needed to compete in the various habitats

Rhizosphere Microbiota

- Soil: Bacterioidetes & Actinobacteria
- Rhizoplane: Rhizobium, Cellvibrio, 

Saccarophagus, Devosia, Pseudomonas 
-Seeds: (59 isolated cultures)

-Dried Seeds:Bacillus & Paenibacillus

-Residual placenta and fruit pulp: 
Lactococcus,         

Cronobacter, Pantoea, Enterobacteriaceae & 
Pseudomonas

-Fresh Seeds: Microbacterium
(Khalaf & Raizada, 2016; Ofek and others, 

2014). 
Harvested Fruits 

-Rhizobium, Pseudomonas, Pantoea & 
Stenotrophomonas

(Pérez-Díaz and others, 2018.)

Rhizosphere, Plant & Fruit 

N-fixation and scavenging, deaminase activity & 
proteases, pectinase or cellulose activity, plant 

growth hormones (auxin) production, 
siderophores, phosphate solubilization

Cucumber Fermentation

Sugar conversion to organic acids, tolerance to 
extremely acidic pH, adhere to cucumber skin & 

tissue, hydrolyse indigestible components, 
antagonistic activity against spoilage 

and pathogenic microbes 

Fermented Fruits

-Early Fermentation: Pseudomonas, Pantoea, 
Stenotrophomonas, Comamonas, 

Acinetobacter, Wautersiella, Microbacterium, 
Flavobacterium, Enterobacter, 

Ochrobactrum, Citrobacter and Kluyvera
(Pérez-Díaz and others, 2018)

-Active Fermentation: Lactobacillus 
pentosus, Lb. plantarum, Lb. brevis, Weissella

spp., Pediococcus ethanolidurans, 
Leuconostoc spp. and Lactococcus spp. 

(Pérez-Díaz and others, 2016) 
-Spoilage of Fermented Cucumbers: 
Lactobacilli, Acetobacter, Prevotella, 

Dialister, Veillonela, Clostridium, 
Propionibacterium, Pichia.

(Medina and others, 2016 and Breidt and 
others, 2013)

Human Gut

Resistance to gastric acidity & bile toxicity, 
adhesion to the gut epithelium, hydrolyse

nutritional constituents (e.g. fiber, inulin and 
fructo-oligosaccharides), synthesize 

antimicrobial substances, production of short 
chain fatty acids from carbohydrates and 

glycosaminoglycan degradation.  

Human Gut

Bacteriodaceae, Clostridiaceae, 
Prevotellaceae, Eubacteriaceae, 

Ruminoccocaceaea, Bifidobacteriaceae, 
Lactobacillaceae, Enterobacteriaceae, 

Saccahromycetaceae, Methanobacteriaceae. 
(McDonald and others, 2016)

Lactobacilli: Lactobacillus acidophilus, 
Lactobacillus rhamnosus, Lactobacillus 

plantarum, Lactobacillus ruminis, 
Lactobacillus casei, Lactobacillus delbruckii.

(Rossi and others, 2016)
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 The Microbiota of Natural Fermentations

 LAB Consistently Prevail in Vegetable Fermentations

The diversity of the microbial population found associated with fresh vegetables is 
drastically reduced during the fermentation process, which supports the safety 
record of such preserved foods. It is generally accepted that the vegetable fermenta-
tion microbiota is dominated by three stages: initiation, primary fermentation and 
secondary fermentation (Garrido Fernández et al. 1997). During the initiation stage, 
the various Gram-positive and Gram-negative bacteria that colonize the fresh veg-
etable compete for dominance. The Enterobacteriaceae, Bacillus spp., LAB and a 
few other bacteria and yeasts may be active for several days or weeks depending on 
the temperature, water content, oxygen availability and salt concentration (Fuccio 
et al. 2016; Nychas et al. 2002; Panagou et al. 2008; Pérez-Díaz et al. 2016, 2018; 
Botta and Cocolin 2012; De Angelis et al. 2015). Eventually, the LAB prevail dur-
ing primary and secondary fermentation due to the low pH from the conversion of 
sugars to organic acids. Seven species of LAB prevail in vegetable fermentations: 
Enterobacter spp., Leuconostoc mesenteroides, Pediococcus spp., Lactobacillus 
brevis, Lb. plantarum, Lb. pentosus and Weissella spp. (Bleve et al. 2015; Botta and 
Cocolin 2012; De Angelis et al. 2015; Etchells et al. 1973; Hong et al. 2016; Kyung 
et al. 2015; Lee et al. 2016, 2017; Nychas et al. 2002; Park et al. 2012; Plengvidhya 
et al. 2007; Pérez-Díaz et al. 2016, 2018). Leuconostoc, Lactococcus and Weissella 
tend to lead during the primary fermentation of vegetables such as cabbage. 
Lactobacillus plantarum and Lb. pentosus are typically found in the finished vege-
table fermentations due to their resistance to extreme acidic pH (McDonald et al. 
1990). A succession of microbes is often needed to complete a vegetable fermenta-
tion. The complete fermentation of cabbage requires the activity of Leuc. mesen
teroides, Leuc. citreum and Weissella spp. which decrease the pH to approximately 
6.5, and are followed by Lb. plantarum, Lb. curvatus and other lactobacilli, which 
continue to drop the pH to about 4.5 (Plengvidhya et al. 2007). L. brevis ends the 
production of acids in a cabbage fermentation spearheading the final decrease in pH 
to ~4.0. The fermentation of kimchi proceeds at 18 °C for a few days followed by a 
longer incubation period at refrigerated temperatures to promote microbial stability 
and reduce the development of excess sourness (Pérez-Díaz et al. 2014). This type 
of temperature control provides advantageous conditions for the proliferation of 
heterofermentative Leuconostoc spp. at the outset, followed by the growth of homo-
fermentative lactobacilli and Weissella spp. (Jung et  al. 2012). The use of Leuc. 
citreum as a starter culture for kimchi fermentation has proven to prevent over-rip-
ening and growth of yeasts during refrigerated storage (Chang and Chang 2010).

Even though, salting is a critical step in vegetable fermentations, the function of 
sodium chloride with regards to the fermentation microbes is intrinsically restricted 
to the modulation of the density of certain species (Pérez-Díaz et al., submitted). 
The fermentation of cucumbers in water and 0.1% potassium sorbate to inhibit 
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yeasts results in the dominance of the heterofermentative lactic acid bacterium, 
Leuconostoc and the homofermentor, Lactococcus (Pérez-Díaz et al., submitted). 
Supplementation of cover brines with NaCl compromises the proliferation of 
Leuconostoc and Lactococcus, opening an opportunity for Weissella to prevail. 
Additionally, in systems brined with NaCl, Weissella, a heterofermentative lactic 
acid bacterium, competes with a number of Gram negative bacteria that are likely to 
compromise the quality of the finished product. Lactobacillus and Pediococcus are 
noted in salt free fermentations by day 3. The addition of a salt in cucumber fermen-
tation cover brines results in the dominance of Lactobacillus by day 7. Conversely, 
a lack of a salt in the fermentation cover brines yields comparatively more microbial 
diversity with less acid production even after 14 days. Pediococcus, Leuconostoc, 
Lactococcus and Weissella are present in salt free cucumber fermentations by day 
14. The spoilage associated Enterobacter is also present in salt free cucumber fer-
mentations by day 14. The microbes present in cucumber fermentations can pro-
duce acid and tolerate some salt and extremely acidic pH.

Bacteria present in fresh cucumbers such as Rhizobium, Pseudomonas, 
Acinetobacter, Sphingomonas, Stenotrophomonas, Sphingobacterium, Methylo
bacterium, Klebsiella, Pantoea and Citrobacter are also present on the first day of 
cucumber fermentations (Pérez-Díaz et al. 2018) (Figs. 1 and 2). However, the den-
sity of such populations start to decrease as a function of time and acid production. 
The presence of opportunistic pathogens such as Citrobacter freundii, C. brakii, 
Enterobacter spp., Pseudomonas fluorescens, Stenotrophomonas maltophilia and 
Kluyvera cryocrescens, and the antibiotic resistant pathogen Serratia marcescens 
during the initial stage of commercial cucumber fermentations is jeopardized by 
temperature, sodium chloride content of at least 3.5%, a pH below 4.5 and oxygen 
availability (Rothwell et al., unpublished; Olsen and Pérez-Díaz 2009). The popula-
tion density corresponding to these organisms reaches undetectable levels in com-
mercial cucumber fermentations by day 10 (Pérez-Díaz et al. 2018). It is presumed 
that upon initiation of the fermentation, the majority of the microbial population on 
fresh cucumbers, which localizes on the cucumbers exocarp (Mattos et al. 2005), is 
exposed to the full strength cover brine containing between 12 and 18% NaCl, a 
known preservative. A study of the salt tolerance of various LAB isolated from 
Spanish-style fermented olives and natural black olive fermentations suggests that 
66% are inhibited by 6% NaCl and those that are resistant cannot grow in the pres-
ence of 9% of the salt (Balatsouras 1985). Salt content is gradually increased to7% 
in Spanish-style table olive fermentation as a function of equilibration to maintain 
stability (Garrido Fernández et al. 1997).

Some particularities apply to the fermentation of certain vegetables. The micro-
biota of watery kimchi is dominated by Leuconostoc, Enterobacteriaceae, 
Lactobacillaceae and Pseudomonas regardless of fermentation temperature (Kyung 
et al. 2015). A study of the microbiota in traditional Korean cabbage kimchi revealed 
the presence of, in order of prevalence, Pediococcus pentosaceus, Leuconostoc cit
reum, Leuconostoc gelidum, Leuconostoc mesenteroides, Tetragenococcus, 
Pseudomonas and Weissella (Hong et al. 2016). Household and commercial kimchi 
fermentations were found to harbor the organisms listed above and Psychrobacter, 
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Hafnia, Lactococcus, Rahnella, Enterobacter, and Pantoea (Lee et  al. 2017). A 
study of ten representative kinds of kimchi that were refrigerated at 4  °C for 
30–35  days found that although some microbial diversity is present in the early 
stage of the fermentation, Weissella, Leuconostoc and Lactobacillus are dominant 
in the later stage (Park et al. 2012). Sauerkraut fermentations are characterized by 
the presence of Lc. mesenteroides, Lc. citreum, Lc. argentinum, Lactobacillus plan
tarum, Lb. paraplantarum, Lb. coryniformis, Pediococcus pentosaceous, Lb. brevis 
and Weissella (Plengvidhya et al. 2007). Commercial cucumber fermentations are 
dominated by Lactobacillus pentosus, Lb. brevis and Lb. plantarum regardless of 
salt type or content, and are followed, in relative abundance, by Pediococcus, 
Leuconostoc, Lactococcus and Weissella (Pérez-Díaz et al. 2018). The fermentation 
of other vegetables products such as capers consist of lactic acid production by 
predominantly Lb. plantarum and to a lesser extent Lb. paraplantarum, Lb. pento
sus, Lb. brevis, Lb. fermentum, P. pentosaceus, P. acidilactici, and Enterococcus 
faecium (Pérez Pulido et al. 2005).

Although, many researchers associated yeast with cucumber fermentations as 
early as the 1910s, given that gas production and bubbling was observed in the 
commercial process, a systematic classification study was not conducted until 
1941. The average yeast population count in commercial cucumber fermentations 
is estimated to initiate at 3 log of CFU/g and increases to 5–6 log of CFU/g in 
about 10 days (Etchells 1941). Such population remains somewhat stable until 
about days 20–30 of the fermentation followed by a gradual decline to undetect-
able levels (Etchells 1941). Fluctuations in yeast counts are commonly observed 
in cucumber fermentations with salt concentrations between 5 and 10% (Etchells 
1941), with a peak of activity on days 15 and 20, respectively (Etchells 1941). 
Yeast cells are primarily found on the skin of the cucumber fruits, exposed meso-
carps and the fermentation cover brines. The size of yeast cells prevents their 
penetration into the mesocarp through the fruits exocarp (Daeschel et al. 1985). A 
study classified 47 surface film- forming yeasts isolated from fermentations 
containing between 5 and 19% NaCl from various locations in the USA in the 
following genera: Debaryomyces membranaefaciens var. Hollandicus (18), 
Debaryomyces sp. (4), Endomycopsis ohmeri (12), Zygosaccharomyces halo
membranis (9) and Candida krusei (4) (Etchells and Bell 1950b, Fig. 3). Pichia 
was also isolated by the same group from fermentations containing less than 5% 
NaCl (Etchells and Bell 1950b). A study carried out to identify 1226 subsurface 
yeast isolated from 42 commercial cucumber  fermentations revealed four pre-
dominating genera in increasing order of abundance: the tiny yeast Torulopsis 
caroliniana (718), acid producing Brettanomyces versatilis (559), hyperosmo-
philic Zygosaccharomyces halomembranis (59), Hansenula subpelliculosa (49), 
Torulaspora rosei (6), Torulopsis holmii (4), Brettanomyces sphaericus (2), and 
Kloeckera magna (1) (Etchells and Bell 1950a, Fig. 4). In the fermentations stud-
ied, T. caroliniana dominated until day 30 of the fermentations and was followed 
by B. versatilis and Zygosaccharomyces spp. until the end of the study at 100 days 
(Etchells and Bell 1950a). T. holmii and Torulaspora rosei were detected towards 
the end of the T. caroliniana fermentation. Brettanomyces spp. were found to 
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Fig. 3 Populations of surface oxidative yeasts isolated from commercial cucumber fermentations 
brined with 5–19% NaCl and conducted in 40 outdoor vats packed between 1947 and 1948. Data 
adapted from Etchells and Bell (1950b)
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Fig. 4 Populations of subsurface fermentative yeasts and molds isolated from commercial cucum-
ber fermentations brined with 6 ± 2% NaCl and conducted in outdoor vats packed between 1946 
and 1947. A total of 1226 cultures were classified. Data adapted from Etchells and Bell (1950a). 
The yeasts Torulopsis caroliana, Brettanomyces versatilis, Brettanomyces sphaericus, and 
Torulaspora rosei are currently known as Candida lactiscondensi, Candida versatilis and 
Torulopsis versatilis, Pichia subpelliculosa, Candida etchelsii and Torulaspora delbruckii, 
respectively
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overlap with those species present between days 23 and 77 and suspected to derive 
energy from compounds other than glucose or fructose, possibly acetic acid, lactic 
acid or ethanol (Etchells and Bell 1950a). A follow up study confirmed the follow-
ing genera dominate in cucumber fermentations, in particular those performed in 
the USA midwest: Brettanomyces (versatilis and sphaericus; 29%), Torulopsis 
(holmii and caroliniana; 23%), Torulaspora (rosei; 15%), Hansenula (subpellicu
losa; 13%), Zygosaccharomyces (halomembranis, pastoris, globiformis; 10%), 
Saccharomyces (globosus; 5%), Candida (krusei; 2%) and Debaryomyces (mem
branaefaciens; 2%) (Etchells et  al. 1952). Attempts to study the population of 
yeasts present in commercial cucumber fermentations using DNA sequencing 
technology have been hampered by the inability to classify yeasts OTUs to the 
genera and species taxonomical levels. Such studies have been restricted to the 
identification of Capnodiales and Tremellales in fresh cucumbers with colony 
counts from Yeast and Molds agar plates to 2.82  ±  0.95  CFU/g, and 
Saccharomycetales, mostly Candida spp. and Aureobasidium, Hanseniaspora, 
Torulaspora, Cryptococcus and Hannaella in commercial cucumber fermentation 
cover brines containing 4.15 ± 0.68 CFU/g (Pérez-Díaz et al., unpublished).

Although colony counts for the population of yeast and molds from olives are below 
the detection level, their presence in fermentations is desirable for the development of 
specific flavors (Arroyo-López et al. 2008). Yeasts only propagate and predominate in 
olive fermentations (5.1 ± 0.86 CFU/g) if the fruits are neither properly lye treated nor 
heat shocked before brining (Mark et al. 1956). Yeasts present in olive fermentations 
include species of the genera, in order of prevalence, Candida, Debaryomyces, Pichia, 
Saccharomyces, Rhodotorula and Kluyveromyces (Mark et al. 1956; Marquina et al. 
1992). Yeasts naturally present in olives may form mixed biofilms with the LAB pre-
vailing in fermentations, which is evaluated for the delivery of probiotics to the human 
digestive tract upon the ingestion of fermented olives (De Bellis et al. 2010).

Significantly less information is available with regards to the yeast and molds 
population in cabbage and sauerkraut given that most of the research pertaining to 
such fermentations focuses on the LAB and quality issues. Yeast and mold colony 
counts from fresh cabbage is 2.87 ± 0.79 CFU/g (Pérez-Díaz et al. 2014). The bio-
surfactant producing yeast, Pseudozyma, was isolated from fruits and vegetables of 
the Brassica family and is been studied for the production of mannosylerythritol 
lipids (Konishi et al. 2014).

The community of bacteriophages, viruses that infect bacteria, in fermented 
foods is significantly less diverse than the counterparts found in many environmen-
tal habitats such as seawater, marine sediment, the human gut and soil (Park et al. 
2010). Although, many bacteriophages have been isolated from fermented vegeta-
bles, particularly sauerkraut and cucumber fermentations, three viral families have 
been implicated including Myoviridae, Siphoviridae and Podoviridae (Barrangou 
et  al. 2002; Lu et  al. 2003a, b, 2005, 2010, 2012; Yoon et  al. 2002, 2007). 
Bacteriophages are known to have a relevant function in the modulation of the 
microbiota during commercial fermentations, particularly in the manufacture of 
dairy products. The presence of bacteriophages in vegetable fermentations is con-
comitant with the abundance of the hosting LAB species. In cucumber fermenta-
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tions, bacteriophages infect primarily Lb. plantarum/Lb. pentosus and Lb. brevis, the 
most abundant LAB (Lu et al. 2012; Pérez-Díaz et al. 2016). The genomic organiza-
tion of bacteriophages from fermented vegetables and dairy products is similar (Lu 
et al. 2005, 2010). It is estimated that about 10% of the LAB population is sensitive 
to bacteriophages (Lu et al. 2012). The infection ability of specific bacteriophages 
found in a commercial cucumber fermentation may be limited to a species or strain, 
however, few of the viruses can also infect multiple species (Lu et  al. 2012). 
Bacteriophages able to infect multiple genera are rare (Lu et al. 2012). Bacteriophages 
able to infect Enterobacter spp. naturally present in commercial cucumber fermen-
tations have also been found (Lu et al., unpublished).

 Microbially Induced Spoilage of Fermenting and Fermented 
Vegetables

Increased microbial diversity exists in spoiled fermented vegetables at the cost of 
acceptable sensorial attributes.

Industrial vegetable fermentations mostly rely on the indigenous microbiota, 
which occasionally results in the growth of undesired microbes or microbial spoilage 
during long term storage. The presence of residual sugars and viable microbes in 
finished products can alter appearance. Undesirable microbes in vegetable fermen-
tations include Enterobacter, Pantoea, Eschericia, Acetobacter, Clostridium, 
Propionibacterium, Desulfovibrio, Pichia, Zygosaccharomyces, Saccharomyces, 
Wicherhamomyces, Rhodotorula, Alternaria, Mucor, Fusarium, Aerobacter, 
Aeromonas, Achromobacter, Paracolobactrum and Lactobacillus buchneri (Garrido 
Fernández et al. 1997; Nychas et al. 2002; Panagou et al. 2008; Gililland and Vaughn 
1943; Levin and Vaughn 1966; Moon et  al. 2014; Duran-Quintana et  al. 1979; 
Vaughn et  al. 1969, 1972; Ruiz-Cruz and Gonzalez- Cancho 1969; Franco and 
Pérez-Díaz 2012; Hernandez et al. 2007; Moon et al. 2014; Costilow et al. 1980; 
Arroyo-López et al. 2008; Golomb et al. 2013; King and Vaughn 1961; Franco and 
Pérez-Díaz 2012; Johanningsmeier and McFeeters 2013; Medina-Pradas et  al. 
2016; Fred and Peterson 1922).

The initiation of a vegetable fermentation is prone to produce butyric acid 
and/or sulphrydic compounds under anaerobiosis. A putrid olive fermentation, 
characterized by a manure-like and decomposing aroma, and a rancid butter odor 
develops as the consequence of the proliferation of Clostridium and Desulfovibrio 
species (Gililland and Vaughn 1943). Prevention of anaerobiosis at the bottom of 
fermentation tanks by air purging is used to impede the growth of the strict 
anaerobe and culprit, Clostridium. The emergence of sulphur-like aroma gener-
ated by Desulfovibrio spp. is commonly prevented by the implementation of 
good sanitation practices for fermentation vessels and potable water (Levin and 
Vaughn 1966).

A delayed decrease in pH during the initiation of a vegetable fermentation results 
in the proliferation of Enterobacteriaceae (Garrido Fernández et al. 1997; Nychas 
et al. 2002; Panagou et al. 2008; West et al. 1941) regardless of oxygen content. 
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Certain Enterobacteriaceae, such as Enterobacter spp., can metabolize the sugars 
naturally present in the vegetables and produce lactic acid, acetic acid and CO2 
(Garrido Fernández et al. 1997; Etchells et al. 1945; Samish and Tulczynsky 1962). 
Production of CO2 in olive and cucumber fermentations leads to bloater defect 
caused by the accumulation of the gas just below the epidermis or in the meso- and 
endocarps forming hollow cavities that mimic an internal bubble (Garrido Fernández 
et al. 1997; Fleming 1979). Cucumber and olive bloating represents the most costly 
spoilage in the production of the fermented products. Uncontrolled growth of 
Saccharomyces cerevisiae and Wicherhamomyces anomalus can also cause bloater 
defect in olive fermentations given the ability to produce CO2 from sugars (Duran-
Quintana et al. 1979; Garrido Fernández et al. 1997; Vaughn et al. 1972).

Softening of vegetables during fermentation is a defect associated mainly with 
the activity of yeast and is difficult to prevent. Rhodotorula minuta, W. anomalus, 
Debaryomyces hansenii, P. kudriavzevii, Alternaria, Fusarium and Mucor are 
known to produce proteases, xylanases or pectinases in vegetable fermentations 
causing softening of the plant tissues by degrading their pectin, cellulose, hemicel-
lulose and polysaccharide content (Hernandez et  al. 2007; Moon et  al. 2014; 
Costilow et al. 1980; Arroyo-López et al. 2008; Golomb et al. 2013). Pectinolytic 
bacteria, able to cause tissue softening have also been isolated from vegetable 
fermentations. Gram negative bacteria such as Aerobacter, Aeromonas, 
Achromobacter, Escherichia and Paracolobactrum produce tissue softening of 
black olives during the oxidation step, if applied at high temperature (Garrido 
Fernández et al. 1997; King and Vaughn 1961; Vaughn et al. 1969).

Pink sauerkraut is one of the most common defects in the production of such 
commodity. Although pink sauerkraut has been reported to be edible and is often 
sold at a lower price, it has been related to undesirable changes in texture, flavour 
and odour (Fred and Peterson 1922). Sodium chloride concentrations above 3%, 
high acidity, and extrinsic factors such as temperature and the supply of oxygen can 
be manipulated to control the pink sauerkraut defect (Fred and Peterson 1922).

As described above oxidative yeast are capable of proliferating on the surface of 
cucumber fermentation cover brines and cause a rise in pH, tissue softening and/or 
off odors and taste. Pichia manshurica and Issatchenkia occidentalis consume lac-
tic acid in aerobic or air purged cucumber and olive fermentations, which induces 
an increase in pH (Ruiz-Cruz and Gonzalez-Cancho 1969; Franco et  al. 2012). 
Pichia kudriavzevii causes kimchi spoilage characterized by undesirable changes in 
organoleptic properties (Moon et al. 2014).

The extreme acidic pH, high organic acid concentrations and lack of monomeric 
fermentable sugars ensure the long-term stability of fermented vegetables. Even 
though conditions are unfavourable for microbial growth at the end of a com-
plete fermentation, some especially unique microbes can initiate spoilage. 
Propionibacterium spp. metabolize sugars, or the lactic acid formed during primary 
fermentation, to produce propionic acid, acetic acid and CO2, inducing an increase 
in pH and volatile acidity (Gonzalez-Cancho et al. 1970). Rising pH spoilage of 
fermented cucumbers results in the development of cheese and manure-like aromas 
(Franco et al. 2012). Acetobacter spp. and Lb. buchneri are present in fermented 
cucumber spoilage at pH 3.3 (Franco and Pérez-Díaz 2012; Johanningsmeier and 
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McFeeters 2013; Medina-Pradas et al. 2016). Acetobacter spp. are commonly used 
in the production of vinegar and are known for converting lactic acid to water and 
carbon dioxide or acetic acid, concomitantly with the conversion of ethanol to acetic 
acid (Raj et al. 2001; Lefeber et al. 2010). Lb. buchneri is able to produce acetic acid 
and 1,2-propanediol from lactic acid during the first stage of the undesired second-
ary fermentation (Johanningsmeier and McFeeters 2015). Should the undesired sec-
ondary fermentation enable the increase in pH above 4.2, Propionibacterium and 
Pectinatus species, and Clostridium bifermentans and Enterobacter cloacae are 
able to convert lactic acid to propionic acid and butyric acid imparting the charac-
teristic putrid aromas (Breidt et  al. 2013b; Franco et  al. 2012). The activity of 
Propionibacterium spp. in olive fermentation spoilage and of L. buchneri in fer-
mented cucumber spoilage can be prevented by controlling the end of fermentation 
pH and salt concentrations (Garrido Fernández et al. 1997; Johanningsmeier and 
McFeeters 2015).

Spoilage associated LAB include Lb. plantarum, Lb. brevis, Lb. casei, Lb. para
casei and as mentioned above, Lb. buchneri. Lb. brevis is associated with the 
formation of a water-soluble red pigment in sterile cabbage juice at a pH of 5.7 ± 0.5 
and it is suppressed by anaerobic conditions (Stamer et al. 1973). Lb. casei and Lb. 
paracasei have been implicated in sporadic cases of red colored fermented cucum-
ber spoilage in fermented cucumber products (Díaz-Muñiz et al. 2007). Lb. casei 
and Lb. paracasei are able to degrade the azo dye tartrazine (FD&C yellow no. 5) 
used as a yellow colouring in cover brines. This type of spoilage is prevented by the 
addition of 0.1% sodium benzoate (Díaz-Muñiz et al. 2007). Lb. plantarum is the 
cause of the so-called yeast spots in fermented olives (Vaughn et al. 1953, 1969). A 
strains of Lb. plantarum (3.2.8) capable of producing exopolysaccharides and domi-
nant over Lb. pentosus in cucumber fermentations was also found responsible for 
the production of yeast spots in such fruit (Pérez-Díaz et al., unpublished).

 Mass Production Parameters for Vegetable Fermentations 
That Consistently Yield Finished Products with Acceptable 
Attributes for Consumers

A rapid decrease in pH and stability during long term storage are key to controlling 
the fermentation of vegetables.

There are three parameters that must be controlled in vegetable fermentations to 
obtain an acceptable product including a rapid initiation and acid production, the 
complete conversion of freely available sugars to organic acids and/or ethanol and a 
stable post-fermentation pH. The quick production of acids from sugars ensures a 
drop in pH below 4.6, which is critical for preventing growth of the deadly toxin 
producer, Clostridium botulinum (Ito et al. 1976). This is particularly relevant in 
vegetable fermentations conducted in closed vessels that support the development 
of anaerobiosis, a strict requirement for the proliferation of the spore former, Cl. 
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botulinum. At least 0.9% acetic acid in cover brines is needed to achieve the inhibi-
tion of the clostridial species in a cucumber fermentation (Ito et al. 1976). Artisanal 
preparations of table olives have been associated with botulinum outbreaks (Medina- 
Pradas and Arroyo-López 2015). As mentioned above a delayed decrease in pH 
creates an ideal scenario for the Enterobacteriaceae, naturally present in vegetables, 
to proliferate and produce excess CO2 conducive to bloater defect. A drop in pH to 
levels that are inhibitory for growth of Lb. plantarum/ Lb. pentosus before a com-
plete sugar conversion occurs, results in the availability of energy sources for spoil-
age microbes as described above. Unstable vegetable fermentations result in the 
establishment of conditions that allow growth of undesired microbes capable of 
utilizing lactic acid and thus, of rising the pH above 4.6, generating a public health 
concern from the potential production of the botulinum toxin. Thus, control of pH 
before, during and after a vegetable fermentation is a critical parameter and the most 
important one in the production of a safe preserved food.

The use of sodium chloride in vegetable fermentation cover brines has five main 
functions including the densitometric modulation of specific members of the micro-
biota, the speed of the fermentation, prevention of softening caused by salt sensitive 
microbes, imparting a salty flavour in the finished fermented product and assisting 
with the equilibration of the vegetable content with the cover brine by weakening 
the tissue membranes (Bell and Etchells 1961; Bell et al. 1950). For instance, more 
than 8% sodium chloride is needed in table olive fermentation for long term bulk 
storage to inhibit spoilage by Propionibacterium spp. (Garrido Fernández et  al. 
1997). A combination of pH 3.3 and 4% salt is needed in cucumber fermentations 
to prevent spoilage by Lb. buchneri (Johanningsmeier and McFeeters 2013). 
Although, sodium chloride has become synonymous with vegetable fermentations 
for centuries, the fermentation of certain vegetables, such as cucumber, was demon-
strated in closed containers with cover brines supplemented with calcium chloride 
as the only salt (McFeeters and Pérez-Díaz 2010). Sodium chloride-free cucumber 
fermentations in commercial open top tanks requires the addition of a preservative 
to inhibit yeasts and the growth of undesired microbes (Pérez-Díaz et  al. 2015). 
Cucumber fermentations in closed containers without salt and with potassium sor-
bate results in a complete conversion of the sugars to lactic acid and a more diverse 
community of LAB, sustaining the growth not only of Lb. plantarum and Lb. pen
tosus, but also that of Pediococcus, Weissella, Lactococcus and Leuconostoc after 
14 days (Pérez-Díaz et al., submitted). Although the absence of sodium chloride in 
a fermentation can support a greater microbial diversity, other factors must be 
applied to control the growth of microbes that can impart less appealing organolep-
tic characteristics in the finished product and compromise safety. Sauerkraut fer-
mentations with reduced sodium chloride, from 2 to 0.5%, resulted in an undesirable 
flavour profile (Johanningsmeier et al. 2005). Consuming vegetables that have been 
fermented without sodium chloride or any additive other than water is like playing 
the lottery where the winning price is a delicious and freshly putrefied fermented 
vegetable and the loosing ticket is food poisoning or diarrhea.

A starter culture is a critical factor in low salt vegetable fermentations and in 
achieving finished product consistency for mass production (Etchells et al. 1964; 
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Etchells et al. 1973; Vega Leal-Sánchez et al. 2003). It is also a main factor in the 
reduction of the microbial diversity in the industrial production of fermented vege-
table products. Pure starter cultures were introduced commercially in New Zealand 
in 1934 (Cogan and Hill 1993) beginning the era of “controlled” fermentations. 
Utilization of Lc. mesenteroides as a starter culture for low salt sauerkraut fermenta-
tions prevents off-flavour and odors (Johanningsmeier et al. 2005). The use of a Lb. 
plantarum starter culture for caper berry fermentation induces a consistent process 
and faster sugar catabolism (Palomino et al. 2015). Fermented vegetable products 
manufactured with a starter culture enjoy higher acceptability by consumers and 
improved nutritional characteristics (Martínez-Villaluenga et  al. 2012; Di Cagno 
et al. 2012). Starter cultures of Lb. delbrueckii and Lb. paracasei reduce the nitrite 
content in Chinese cabbage (Han et al. 2014). Lb. pentosus and Lb. plantarum are 
among the LAB species with major applications as starter cultures in fermented 
vegetables such as cucumber, capers and tables olives, albeit Lc. mesenteroides is 
also occasionally used in low salt fermentations such as sauerkraut (Corsetti et al. 
2012; Pérez-Díaz et al. 2015). However, the dominance of a starter culture in a veg-
etable fermentation intrinsically eliminates or reduces biodiversity selecting for 
those microbes that can tolerate a number of stresses associated with the specific 
habitat.

The exclusion of air from cucumber fermentations with nitrogen purging results 
in a higher quality pickle (Costilow et al. 1980). Air purging is commonly applied 
in cucumber fermentations to displace the carbon dioxide produced during the fer-
mentation and prevent bloater defect characterize by the formation of hollow cavi-
ties within the flesh (Fleming 1979). The incorporation of air in cucumber 
fermentations results in the proliferation of yeasts and molds and tissue softening 
(Costilow et al. 1980). Although, air purging could potentially increase the diversity 
of yeasts and molds in a cucumber fermentation, the resulting sensory attributes are 
undesirable. The need to reduce bloater defect and maintain product quality demands 
the incorporation of preservatives such as sorbic acid in cucumber fermentation 
cover brines to inhibit yeasts (Borg et al. 1972). Incorporation of sorbic acid addi-
tionally aids in the elimination of film-forming yeasts on the superficial cover brines 
that occasionally leads into a decreased acidity. Additionally, natural cucumber fer-
mentations without preservatives can sustain yeast growth after the primary fermen-
tation stage by LAB is initiated (Etchells 1941).

 Processing Parameters for Vegetable Fermentations That 
Could Increase the Delivery of Microbial Diversity to the Gut

Lower salt content and more diversified starter cultures are key parameters in aug
menting the diversity of desirable microbes in commercial scale fermentations.

Obviously, the processing parameters currently in place for the mass production 
of fermented vegetables have evolved to accommodate for consistency, acceptable 
sensorial characteristics and food safety. The incorporation of a more diverse 
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microbiota in a fermented vegetable product has not been prioritized. A commonal-
ity of vegetable fermentations, as it is done to date, is the reduction of biodiversity 
to accomplish a controlled fermentation that consistently delivers a healthy product 
of quality.

There is an emerging sector of the population with a preference for the con-
sumption of raw spoiled vegetables, coagulated soups and putrid fermented foods 
hoping to gain a beneficial health effect from the consumption of a broader micro-
bial diversity. People willing to rescue vegetables from the dumpsters, irrigate their 
root crops in their gardens with the sink effluent and pickle leftovers to enable the 
consumption of live foods expected to inoculate the gut, at the risk of sporadic diar-
rhea and food poisoning, to boost the immunological system (Holes 2010). 
Fermentation is considered by this sector of the population as one of the initial 
conditions of civilization that facilitated a sedentary lifestyle, before refrigeration 
developed (Holes 2010).

While there may be some truth in Sandor Katz saying that “we are killing our-
selves with cleanliness by killing every microbe that could enter our stainless-steel 
kitchens”; an intermediate point that preserves the safety hurdles in a fermentation 
process must be found. A middle point between the industrial perspective and the 
interest to boost the microbial biodiversity in the gut is achievable with the applica-
tion of science and a more flexible consumer base. Compromises are needed from 
both sectors to achieve healthy products with long term stability. But, how would 
the fermented vegetable product with a diverse microbiota be prepared? What would 
this elixir contain?

The main objective of food fermentation is to achieve long term preservation and 
extend the shelf-life of a fresh or about to spoil food. Thus, it is an intrinsic function 
of the fermentation to reduce or minimize microbial diversity and activity. A pri-
mary objective of fermentation is to transform the sugars naturally present in the 
vegetables and render them unavailable as an energy source for the proliferation of 
a number of microbes. Additionally the conversion of sugars to acids and alcohol 
causes a decrease in the pH of a vegetable matrix which ends up suppressing a num-
ber of microbes resulting in microbial stability. So, can fermented vegetables truly 
be carriers of a diverse microbiota?

Only the resistant microbes survive in a fermentation, which happen to belong to 
the same taxonomical genera present in the gut, as the colonic habitat is also charac-
terized by an acidic pH, limiting oxygen and the availability of complex undigestible 
sugar polymers and amino acids as primary energy source for microbes. If only 
fermented vegetables are considered, the list of survivors tends to be short, leading 
with Lb. plantarum and Lb. pentosus and followed by Leuconostoc, Weissella and 
Pediococcus. A number of other lactobacilli are also present in fermented vegetables 
in lower abundance. Thus, if the microbial diversity in a fermented vegetable is to be 
expanded the obvious choices are those microbes that survive a fermentation, which 
often times end up causing spoilage. Suffice it to remind the reader that spoilage is 
defined as undesirable changes in organoleptic properties as define by consumers. 
As described above, spoilage microbes in fermented vegetables tend to convert the 
lactic acid, acetic acid and ethanol commonly produced in the bioconversion to 
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 propionic and butyric acids imparting putrid and manure-like aromas to an other-
wise perfectly edible food (Gonzalez-Cancho et al. 1970; Raj et al. 2001; Lefeber 
et al. 2010; Johanningsmeier and McFeeters 2015). The fermented vegetable spoil-
age bacteria tend to be those that can use lactic and acetic acids and ethanol includ-
ing among others Clostridium, and Propionibacterium, which are also able to 
colonize the human gut. Such microbes assist in the conversion of undigestible 
fibers in the gut to short chain fatty acids like propionic and butyric acids that are 
utilized as energy sources by the epithelium. So, do we need to adapt to eating stinky 
fermented vegetables?

Preservation by fermentation must continue to remove the sugars naturally pres-
ent in the produce and yield a finished product with an extended shelf-life. Factors 
that science and consumers can modify, at least in theory, is the desirable metabolic 
product in a vegetable fermentation and the definition of an acceptable finished 
product, respectively.

A vegetable fermentation processing parameter that cannot be changed is the 
initiation of the fermentation in a closed container at a pH below 4.6. This parameter 
not only represents the exclusion of the deadly botulinum toxin in fermented vege-
tables (Ito et al. 1976) but also assures the eventual die off of microbes of public 
health significance, such as Listeria monocytogenes, Salmonella spp. and acid resis-
tant strains of Escherichia coli (Breidt and Caldwell 2011). Listeria monocytogenes, 
a food-borne pathogen, has become a major concern to the food industry over the 
past 30 years, mainly for refrigerated and ready-to-eat products. The bacterium is 
commonly found in the environment and has been isolated from various plant mate-
rials, including silage (Fenlon 1985), soybeans, corn (Welshimer 1968; Welshimer 
and Donker-Voet 1971) and cabbage (Seelinger and Jones 1986; Beuchat et  al. 
1986). Outbreak strains of L. monocytogenes are also able to grow on raw cabbage 
and in cabbage juice (Beuchat et al. 1986), but not if the pH is adjusted to 4.6 or 
below (Conner et al. 1986). Listeria monocytogenes can additionally survive and 
grow in green table olives after 2 months of storage (Caggia et al. 2004). The die off 
of Escherichia coli O157:H7 in cucumber fermentation cover brines takes 3 and 24 
days at a pH of 3.2 and 4.6, respectively (Breidt and Caldwell 2011). The develop-
ment of fermentation in the same cover brine reduces the die off of this pathogen to 
1 and 16 days. The survival of Salmonella spp. at a pH below 4.6 is also assured, 
given that it is less sensitive to acidic conditions than E. coli (Breidt et al. 2013a, b). 
Fermentation should continue to function as a sanitizer for fresh vegetables that 
could be potentially contaminated with agricultural run offs or the fecal matter from 
handlers. It is not necessary to push its limits by inoculating vegetables with 
microbes that are outside of the plants habitat. Compromises with regards to food 
safety parameters jeopardizes consumer’s health and are thus not negotiable.

There is flexibility within the existing processing parameters for vegetable fer-
mentations to host a diverse microbial population. A fully or partially fermented 
vegetable could be safely consumed by healthy adults if the equilibrated pH is 
between 4.5 and 3.3. The closer the pH is to 4.5 the greater the likelihood of con-
suming the most diverse microbiota a fermented vegetable can provide, which 
would be likely restricted to some Enterobacteriaceae, Pseudomonadaceae and 
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LAB. Enterobacteriaceae such as Enterobacter and presumptive Klebsiella and 
Pseudomonas were isolated from cucumber fermentations with a pH of 4.04 ± 0.15 
(Pérez-Díaz et al. 2018). These microbes are also present at the initiation of numer-
ous vegetable fermentations as described above. The reduction of sodium chloride 
in the fermentation of some vegetables may enable a more diverse fermentative 
microbiota. However, such an approach may not consistently deliver an edible and 
safe product. Additionally, with the elimination of salt other more permissive fac-
tors would have to be incorporated to achieve a complete and stable fermentation 
that produces an acceptable product.

The use of mixed starter cultures also offers an opportunity to enhance biodiver-
sity in a fermented product. Yeasts have robust enzymatic diversity, are considered 
bioprotectants in vegetable fermentations, enhance the growth of LAB and improve 
the organoleptic properties of certain pickles (Arroyo-López et al. 2008). The appli-
cation of starter cultures composed of yeasts and LAB, such as Lb. plantarum and 
Saccharomyces oleaginosus, leads to more complete sugar consumption in the fer-
mentation of carrots, cabbages, beets and onions, with a consequently higher acidity 
as compared to spontaneous fermentation (Gardner et  al. 2001; Montaño et  al. 
1997). The development of green and black olives containing probiotics has been 
achieved by the selection of compatible yeasts and LAB that can form biofilms on 
the fruits (Rodríguez-Gómez et al. 2014; Bleve et al. 2015). Mixed starter cultures 
of yeasts and LAB in green table olives also modify the concentration of free amino 
acids, phenols and volatile compounds and generates finished products with 
increased consumer’s acceptability (De Angelis et al. 2015). Additionally, the suc-
cessful fermentation of certain vegetables such as green beans necessitates mixed 
starter cultures to remove different sugars such as glucose, fructose, mannitol and 
cellobiose (Chen et al. 1983a, b). The use of Lb. plantarum LPCO10 as a starter 
culture and of Enterococcus casseliflavus cc45 and Lb. pentosus 5138A in sequen-
tial inoculations has proven effective in accelerating acid production and the die off 
of pathogenic microbes as compared to spontaneous fermentation of green table 
olives (De Castro et al. 2002; Leal-Sánchez et al. 2002; Vega Leal-Sánchez et al. 
2003). Further advancement in the understanding of the contributions of individual 
microbes to specific vegetable fermentations will offer the opportunity to develop 
fully functional and safe products that taste like fresh produce.

 Can Fermented Vegetables Aid in Augmenting Biodiversity 
in the Gut or Repopulating It?

Lactobacillus plantarum will continue to be central to the ability of fermented veg
etables to deliver beneficial health effects.

The human body is estimated to host 1014 bacteria, with the stomach and lower 
small intestine contributing the lowest amount (107 each) and the colon contributing 
the highest (1011) (Sender et  al. 2016). Intermediate values of bacterial counts are 
contributed by the skin, saliva, dental plaque and the upper small intestine to the 
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human microbiome (Sender et  al. 2016). It is also estimated that the number of 
eukaryotic cells are equal to the number of bacteria at 1014, with woman and newborns 
carrying twice as many bacteria as eukaryotic cells (Sender et al. 2009). The num-
ber of LAB rarely reach 109 CFU/g in a fermenting vegetable, which translates into 
0.001% of the gut microbiota (Fig. 1). Fully fermented cucumbers host a microbial 
load of lactobacilli and yeasts at 5.01 ± 3.75 (MRS agar plates) and 5.28 ± 4.81 
(Yeast and Mold agar plates) log of CFU/g, respectively, during long term storage 
(Pérez-Díaz et al. 2014). If the most active microbial population in a still fermenting 
vegetable survives passage through the digestive tract and reaches the colon, it will 
encounter a microbial jungle. A particular niche for the transiting microbes would 
have to exist, so that colonization can take place. The newly formed colony would 
have to metabolize the fibers, proteins, fat and polyphenols that are not digested by 
the host and are thus available in the gut to establish itself in the new habitat, sense 
its surrounding and efficiently compete with the indigenously diverse population. 
Alternatively, the transiting microbes may have the ability to simply attach to the 
existing microbial mass or epithelial gut, conquer a niche and establish itself in the 
gut. A more complex model for establishment in the gut would be through the asso-
ciation of certain less fitted microbes to a robust colonizer. It is likely that the result 
of this type of establishment in the gut would result in the production of compounds 
that could be beneficial or detrimental to the host’s health. However, there is evi-
dence suggesting that the human gut microbiome is resistant to colonization by 
foreign species (Salonen and deVos 2014; a review).

The human microbiome project directed by the US National Institute of Health 
reported that the metabolic activity of the microbes in the gut produce beneficial 
compounds such as vitamins and anti-inflammatories that the human genome can-
not produce (Lloyd-Price et al. 2016). In achieving the metabolism of compounds 
that are undigestible by humans, it becomes more relevant for the gut microbiome 
to contain a complete set of metabolic enzymes rather than specific microbes. 
Consequently, a variety of microbes would fulfill the need to metabolize fat or poly-
phenols and become a part of a stable healthy gut microbiome.

The human gut microbiome changes among healthy people with age, medical 
interventions and diet. Taking antibiotics causes an imbalance in the microbiome 
resulting in lower microbial diversity (McDonald et al. 2018). The necessary func-
tionalities are restored as a function of time even if the new microbiome composi-
tion is different. Despite the many advancements that have been made in 
understanding the human gut microbiome, its holistic microbial diversity is still 
unknown (McDonald et al. 2018). The influence of lifestyle, health state and diet on 
the composition of the human microbiome is still unclear. However, recent evidence 
has unexpectedly emerged on the influence of the consumption of 30 types of plants 
versus 10 on the human gut microbiome. This is specifically related to short-chain 
fatty acid fermenters (McDonald et al. 2018). The microbial fermentation of undi-
gested plant derived components suggests that diversity in the microbiome is related 
to the availability of a variety of dietary fibers and resistant starches.

The microbial diversity in the gut has been recognized as limited when compared 
to the environmental counterpart, but enormous if compared to the indigenous 
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 fermented foods microbiota (McDonald 2018). With the variability rate in the 
human gut metagenome the definition of a healthy human gut will continue to be 
elusive (Lloyd-Price et al. 2016), giving birth to the need for personalized nutrition. 
Contrary to the microbial diversity in the gut microbiome, with only a 30% con-
served metagenome (Lloyd-Price et al. 2016), the fermentome is composed of less 
than 50 genera in the initial stage of the process and a handful of genera during the 
active fermentation period. However, expansion of the diversity in the fermentome 
promises to better position fermented foods to contribute to the human gut 
metagenome.

Consumption of various vegetables in significant amounts is a main component 
of the food consumption guidelines around the world. But, should this translate into 
a recommendation for the consumption of a higher diversity of fermented vegeta-
bles regularly? A definitive answer to this question may not exist. As discussed 
above the raw vegetables microbiome is more diverse than that found in a fully 
fermented vegetable with acceptable sensorial characteristics by consumers. 
However, fermented vegetables have the potential to host more of those microbes 
commonly found in the human gut such as Clostridium, Lactobacillus, Enterococcus, 
Dialister, Veillonella, Prevotella, Bacteroides, Escherichia and Shigella at compar-
atively higher abundance (Barko et al. 2018). About to spoil of spoiling fermented 
cucumbers undergoing secondary fermentation at a pH of 3.7 contain all the genera 
listed above, except for Escherichia and Shigella (Medina-Pradas et  al. 2016). 
However, even if fermented cucumbers undergoing secondary fermentation with 
exotic aromas were to be consumed, the effectiveness of such an elixir in the micro-
bial diversity of the gut would depend on the individual microbiome composition 
and need to fulfil a metabolic niche.

Data generated from human feces suggests that a stable community of lactoba-
cilli is found in the human gut (Rossi et al. 2016). Lb. rhamnosus, Lb. ruminis, Lb. 
delbrueckii, Lb. plantarum, Lb. casei and Lb. acidophilus are among the 58 lactoba-
cilli species that have been found in human feces at densities fluctuating between 6 
and 8 log CFU/g (Rossi et al. 2016). Other lactobacilli species have been found at 
concentrations between 4 and 5 log of CFU/g of feces. Among the most prevalent 
lactobacilli found in the gut, only Lb. plantarum is consistently present in fermented 
vegetables in high concentrations (8 log of CFU/g).

The delivery of Lb. plantarum as probiotic to the human gut by consuming fer-
mented or partially fermented vegetables is considered a low-calorie, lactose-free 
alternative for obtaining beneficial health effects (Cauley 2016). Challenges exist 
with regard to the delivery of an effective dose of L. plantarum per serving size of a 
fermented vegetable to the gut including the subsequent establishment of the spe-
cific culture in the gut and positioning in a way that expresses the necessary genes 
associated with probiotic properties. Many studies have been conducted to elucidate 
the mechanism by which Lb. plantarum could impact human health (Hemert et al. 
2010; McDonald et al. 2018; Kishino et al. 2013; Marco et al. 2006). Lb. plantarum 
is one of the most competitive LAB with the ability to resist extremely acidic pH, 
high salt concentrations (>8% sodium chloride), colonize a variety of habitats, pos-
sesses a comparatively large genome among LAB and acquires genes by horizontal 
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transfer (McDonald et  al. 1990; Siezen and van Hylckama Vlieg 2011). Several 
strains of Lb. plantarum contain genes coding for N-acetyl-glucosamine/galactosamine 
phosphotransferase system, LamBDCA quorum sensing system, and components 
of the plantaricin biosynthesis and transport system potentially responsible for the 
stimulation of anti- or pro-inflammatory immune response in the gut (Hemert et al. 
2010). Lb. plantarum is also known to convert linoleic acid to conjugated linoleic 
acid, a metabolic reaction identified as a marker for microbes impacting gut health 
in individuals consuming more than 30 plants as part of a regular diet (McDonald 
et  al. 2018; Kishino et  al. 2013). Strains of Lb. plantarum isolated from various 
fermented vegetables are able to survive in simulated gastric and intestinal condi-
tions, adhere to intestinal Caco-2 and HT29 MTX cell tissues, catabolize fructoligo-
saccharides as the only carbon source and cholesterol, and inhibit pathogens from 
human sources (De Angelis et al. 2017; a review). Lb. plantarum is known to transit 
the mouse gastrointestinal tract in about 4 h. This probiotic maintains a presence in 
the stomach and small intestine and the cecum and colon for 4 and 8 h, respectively, 
in addition to displaying specific and differential responses at various sites along 
such mammalian gastrointestinal tract (Marco et al. 2006). Although, a strong body 
of evidence has been generated with regard to the potential of Lb. plantarum to 
deliver a beneficial health effect in the human gut, its ability to colonize a healthy 
gut and modulate specific responses/needs is still somewhat elusive. This task is 
further complicated by the fact that the healthy microbiome composition varies 
among individuals, the lack of in-depth knowledge of the metabolic potential 
needed in the gut to effectively process a plethora of food-derived undigestible com-
pounds and access to a developing wealth of knowledge on how the gut microbiome 
impacts body functions at large.

 Potential Impacts of Fermented Vegetables in the Human Gut 
Microbiome

Fermented vegetables can deliver prebiotics and preadapted probiotics to the 
Western gut.

The concept of nutrition has changed from the consumption of foods that satisfy 
our biological needs to personalized probiotic and prebiotic containing diets that 
boost our gut microbiome and health. Support of the gastrointestinal tract microbi-
ome diversity imparts a resilience that buffers against dysbiosis, a transient change 
in permeability, inflammation, pre-disposition to illness and infection and psycho-
logical imbalance (Karl et al. 2018). As described above, vegetable fermentations 
sustain a diverse bacterial, bacteriophage and yeast ecosystem that can serve to 
expand the catalog of reactions available to the gut microbiome during a perturba-
tion of health. The health promoting lactobacilli naturally prevailing in vegetable 
fermentations offer basic functionalities related to simple and complex carbohy-
drate catabolism and short chain fatty acid production to the gut (Gänzle 2015; a 
review). These functions are associated with the reduction of the gut pH to inhibit 
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pathogens and the production of energy for the epithelium, respectively. Similarly, 
as a vegetable fermentation proceeds a number of undesirable acid sensitive 
microbes in the indigenous microbiota are suppressed reducing the probability of 
the fermented finished product to deliver pathogenic microbes to the gut and conse-
quently functions associated with protein fermentation, production of sulfate and 
sulfites and the induction of inflammation (Pérez-Díaz et  al. 2018; Gililland and 
Vaughn 1943; Karl et al. 2018, a review).

Microbes in the gut derive energy from dietary components that are not digested 
(degraded nor absorbed) by the host and are secreted in the intestine or carbohy-
drates produced by the gut microbiome itself (Tingirikari 2018; a review). A sub-
stantial proportion of carbohydrates available to the microbiome in the human gut 
derives from plant material, particularly dietary fiber which is composed of cellu-
lose, hemicellulose, pectic substances, and lignin (Rincón-León 2003). Cellulose, 
hemicellulose and lignin can trigger and regulate bowel movement (Viuda-Martos 
et al. 2010). Pectic substances are water-soluble and abundant in the soft tissue of 
vegetables and fruits (15–20%) (Grigelmo-Miguel et al. 1999; García et al. 1995). 
Pectic substances influence the gel-forming and water holding capacity of the gut 
and serve as energy sources for the microbiome to induce an acidic pH in the colon 
and the production of short chain fatty acids and gases (Roberfroid 1993). Together 
the delivery of natural dietary fibers and of a diversity of microbes by a fermented 
vegetable represents a theoretical elixir for the gut. Dietary fibers that remain whole 
after transiting the digestive tract can be digested by the indigenous vegetables 
microbiome. Co-existence of dietary fibers and the vegetable microbiome in a fer-
mentation process prior to consumption is an opportunity to pre-adapt the microbes 
to the degradation of such complex carbohydrates and thus enable them to make a 
difference in and acidic habitat such as the gut upon colonization or transient pas-
sage. Consumption of un-pasteurized fermented  vegetables is thus a natural vehicle 
for the re-introduction of energy sources for the microbiome and microbial diversity 
not commonly present in the Western-like individuals with low intake of plant-
derived-foods, such as Prevotella (Sonnenburg et al. 2016). While the enrichment of 
cucumber fermentations with Prevotella indicates the development of spoilage, in 
the gut it can serve as a biomarker for dietary interventions (Medina-Pradas et al. 
2016; Salonen and deVos 2014; Gorvitovskaia et  al. 2016; Kovatcheva-Datchary 
et al. 2015; Verbeke et al. 2015). The dominance of Prevotella in the human gut is 
associated with the exposure to complex plant-derived carbohydrates (Salonen and 
deVos 2014).

The delivery of lactic acid producing microbes and possibly of lactic acid itself 
by fermented vegetables to the gut can also be advantageous. Production of lactic 
and acetic acids by LAB in vegetable fermentations consequently generates a need 
to resist the negative effect of the acids on the cells. LAB are notorious for their 
ability to produce mM concentrations of such acids and tolerate pH as low as 3.3 
(McDonald et al. 1990). Consequently, fermented vegetables can deliver significant 
concentrations of L- and D-lactic acid to the GI tract. Some lactobacilli incorporate 
D-lactic acid on the cell wall (Delcour et al. 1999). Nanomolar concentrations of 
D-lactic acid are produced by the human body from methylglyoxal metabolism 
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(Ewaschuk et al. 2005; Spencer et al. 2009). To date D-lactate acidosis is a rare 
condition in human and has not been associated with the consumption of fermented 
foods, but with surgical intervention (Uribarri et al. 1998). The millimolar concen-
tration of L-lactic acid produced in mammals can be increased by excess microbial 
activity in the gut (Ewaschuk et al. 2005). L-lactic acid is currently recognize as an 
energy source for the human skeletal muscles (Lund et  al. 2018). Lactic acid is 
microbially converted to propionic and butyric acids in the gut which are energy 
sources for the gut epithelium and other organs (Fitch and Fleming 1999). Thus the 
availability of lactic acid in the gut, should it not be absorbed in the upper digestive 
tract, could serve as an energy source for the microbiome and the epithelium.

 Conclusion: Can Fermented Vegetables Seed  
the Gut- Associated Microbiota?

The ability of fermented vegetables to deliver bacterial consortia to the human gut 
is still undefined. Logically, one would think that the higher microbial diversity a 
fermented vegetable can sustain the higher the probability of such product to deliver 
diversity to the gut. It can also be deduced that a freshly fermented vegetable con-
taining viable cells of Lb. plantarum could serve as a vehicle for inoculation of the 
gut. Once in the gut, Lb. plantarum could establish itself, should a niche exist for its 
many genome encoded functionalities or leave a footprint in the gut as it transits. 
While it seems to be premature to hypothesize whether other LAB found in vegeta-
ble fermentations such as Leuconostoc, Pediococcus, Lactococcus, Weisella would 
colonize the gut, there is circumstantial evidence implicating a niche for fermented 
vegetable spoilage associated microbes in the gut including Prevotella, Veillonella, 
Dialister, and Clostridium among others. Regardless of the specific microorganisms 
delivered to the gut by fermented vegetables, such microbes would be advanta-
geously pre-adapted to the utilization of dietary fibers, particularly pectic sub-
stances, an acidic pH and to substantial concentrations of lactic acid, acetic acid and 
ethanol. Such pre-adaptation could represent a competitive advantage for their 
establishment in the gut.
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Abstract As human society has evolved from small, nomadic groups of hunter-
gatherers to large, stationary civilizations, there has been an increased reliance on 
the preservation of foods to sustain populations through periods of reduced agricul-
tural productivity. Microbial fermentations have been used for millennia to preserve 
high water activity foods such as fruits, vegetables, and meats. Originally, a process 
called “backslopping”, in which a small portion of a previously successful fermen-
tation is used to inoculate fresh substrate was used to generate starter cultures for 
future fermentations. However, these processes fell from favor in the nineteenth 
century concurrently with the rise in public interest and governmental regulations 
concerning food safety. Starter cultures for mass-produced fermented foods were 
subsequently required to be produced from defined GRAS microorganisms, trigger-
ing a systematic reduction of microbial diversity seeding the digestive tract. 
Recently, several landmark studies have highlighted the importance of a healthy gut 
microbiome leading to a renewed interest in more traditional (artisanal) methods of 
food fermentations. New methods of mixed-strain starter culture production, par-
ticularly immobilized cell reactors, present attractive alternatives to the more tradi-
tional batch reactors due to their ability to produce a more robust and diverse starter 
all in one step. Additionally, advances in culture preservation technology, like 
freeze- and spray-drying, have increased the long-term viability and reduced the 
cost of starter cultures.
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 Introduction

Food preservation, ethnic traditions, and microbial coevolution are intimately cor-
related to the shaping of human populations. At the beginning of human history, 
migration provided our hunter-gatherer ancestors the opportunity to consume from 
diverse food sources and their associated microbes (Cordain et al. 2005). At some 
point, the communities reached a critical size making this type of feeding practice 
unsustainable for overall population growth (Buchanan 2018). Thus, human growth 
stagnated and, to achieve an extended population density, a pause for technological 
innovations was required (Boserup 1976). Agricultural development then became a 
vital practice, appearing when the human population was estimated at a global max-
imum of ten million (Holliday et  al. 2014). Direct consequences of agricultural 
practices were the reduction of population mobility, the reduced consumption of 
freshly harvested foods, and a need to store food. At that time, feeding from stored 
foods became not only essential but also a physiologically rewarding process that 
led to an adequate and balanced diet.

Foods of every origin ripen, rot, or spoil; processes that accelerate once the food 
is harvested. This natural attribute leads to microbial pre-digestion, which after con-
sumption has an unquestionably large impact on human health and wellbeing 
(Marco et al. 2017). During the unfavorable hunting and cultivating periods, food 
maintenance and preservation required methods to transiently extend food stability 
and availability. To overcome this food limitation, natural processes to challenge 
accelerated rotting due to microbial spoilage and contamination were required 
(Hammond et al. 2015). Accordingly, to conquer a new critical maximum in popula-
tion size, every human group surviving from the sustainable production of indige-
nous foods (from limited local diversity) was again forced to innovate. They 
implemented procedures that reduced and delayed spoilage specific for each food 
and climate, and it is at this time when cyclic methods became an integral part of 
community identity and expertise. Humans that inhabited extreme cold climates 
froze whale meat, those in hot climates learned to sundry foods, those at high alti-
tudes seized upon the extreme daily variations of temperature to freeze-dry meats or 
vegetables, and individuals in temperate climates learned the magic of fermentation 
(fervere). All of them developed methods to extend and stabilize foods by bio- 
transforming them into new, enriched products (Amit et al. 2017; Food Preservation 
2018). Sadly, at present, the fermentation practices of “boiling without heat” are 
being neglected, forgotten, and in some cases banned. Methods belonging to our 
treasured ethnic heritage, communicated through generations, are at war with mod-
ern practices to control microbial spoilage and contamination, which often lead to 
food waste (Wu et al. 2018).

Initially, food storage practices of low-water activity seeds, tubers, and root 
crops dominated agricultural methods of production and harvest (Black and 
Pritchard 2002; Blomstedt et al. 2018). However, since high water activity is ideal 
for microbial proliferation, the preservation technologies concerning fruit, vegeta-
bles, and meats demanded new innovations (Doulgeraki et al. 2012; Leff and Fierer 
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2013). Accordingly, the observation of reproducible food decomposition between 
food harvest periods linked to microbial growth played a central role in preservation 
and storage (Prokopov and Tanchev 2007). Empirical trial-error processes led to 
“backslopping” (culture) methods which were assimilated into the human cultural 
practices but are restrictively exercised today. Nevertheless, these practices are 
regaining favour confirming the heightened interest in ancient food processing tra-
ditions (Sieuwerts et al. 2008).

Thus, for communities to settle down, artisanal fermentation practices needed to 
be established leading to novel foods and new food safety challenges. In an environ-
ment prone to microbial contamination, microbial-human coevolution warranted 
relative safety against food-borne diseases. Moreover, we could theorize that the 
continuous replenishment of non-pathogenic microbes through diet limited the 
impact of pathogens. Additionally, the selected microbes, individually or as a con-
sortium, offered dedicated functions and generate essential nutrients critical for a 
balanced diet and human survival (Nair et al. 2016).

In the 1800s, the French microbiologist Louis Pasteur provided the basis for 
understanding  food-born disease causation by developing pasteurization methods 
(Dubos 1960), which resulted in a radical extension of human lifespan. Implementation 
of pasteurization delayed food spoilage, limited community exposure to food-borne 
diseases and reduced death rates. It is important to state here that pasteurization 
methods, as they are applied today, are not sterilization techniques; however, the 
original sterilization intent conceived by Pasteur is still correctly interpreted today. 
Consequently, a direct connection between heat treatment, pasteurization, and avoid-
ance of food spoilage will remain forever assimilated into our vocabulary as syn-
onyms of safe preservation. This health-associated correlation also shaped a social 
fascination for food sterilization that survives today. Food preservation practices 
employing heat enhanced human lifespan and over time have been positively associ-
ated to our common germophobic interpretation of the microbial universe. Not sur-
prising is our society’s persistent perception of the close relationship between 
non-pathogenic and pathogenic microbes with the outcome of a permanent war on 
microbes, and a cultural, pervasive and progressive elimination of microbes and their 
metabolic functions from our diet.

While pasteurization was justified a century ago, in an environment prone to 
microbial contamination and food-borne diseases, we are now entering a period of 
renovated interest in reincorporating key microbes to our diet. Moreover, society is 
demanding the implementation of knowledge-based hygiene practices and the 
return to low-heat food treatments. Although it is extremely problematic from the 
safety perspective to restore fully traditional artisanal preservation practices, con-
trolled fermentation can save ethnic preservation traditions and add back essential 
ingredients to our food, including live microbes, with positive impacts to our health 
(van Hylckama Vlieg et al. 2011; Marco et al. 2017). Furthermore, different types 
of microbial cultures and their specific metabolic functions are intricately linked to 
their food and biotransformation process.
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 “Backslopping” (Culture) Practices

Liquid remnants from previous spontaneous processes or undefined mixtures of live 
microorganisms are the essential ingredients for some food biotransformations. 
Backslopping is defined as the transference of a portion of a successful fermenta-
tion with desired traits to fresh raw material as inoculant for initiation of a new 
fermentation. Since aging of a microbial culture is cyclical and transient in nature, 
large amounts of cells (viable and non-viable) will accumulate in sugar-containing 
water solutions until the carbon source is depleted. Time will determine final cell 
viability of the culture since the population will be exposed to its own toxic metabo-
lites over time. This cycle will restart as soon as sufficient numbers of viable cells 
are added (or land and settle) in a new sugar-containing solution and the abundance 
of viable microbes comprising the initial mix will play a fundamental role in the 
technological characteristics of the final product. Obviously, this method adds 
uncertainty to the final product, which plays an important role in its final unique 
flavor (Irlinger and Mounier 2009; Gilbert et al. 2014; Schornsteiner et al. 2014; 
González-Córdova et al. 2016; Zheng et al. 2018). Specifically, it is this inconsis-
tency and capacity for adaptation to ever changing environmental conditions (raw 
materials, season, temperature) that create the different and fascinating “individual-
ity” of artisanal products.

The historically consistent success of food fermentations and their associated 
backslopping practices generated significant interest within the scientific commu-
nity starting in the mid-twentieth century, which subsequently led to efforts to  isolate 
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the microorganisms responsible for food fermentations. This happened for a variety 
of reasons, including (1) to allow for convenient and consistent food fermentations 
permitting larger production, (2) to investigate strains for properties relevant to 
human health and industry, and (3) strains shown to be safe enabled the food indus-
try to comply to emerging food safety regulations (Altieri et al. 2017).

Until recently, identification and classification of microorganisms in fermented 
foods, and indeed in all ecosystems, relied on culturing techniques and biochemical 
testing. This led to the development of various growth media specifically formu-
lated for the cultivation of microbes associated with food (De Man et al. 1960; Kline 
and Sugihara 1971; Vandenberg et al. 1993). The isolation of strains associated with 
desirable fermented foods provided a unique opportunity in the food industry and 
allowed companies to use single strains or blends of strains to achieve specific char-
acteristics in their foods. In addition to streamlining the production of fermented 
foods, these isolations led to the discovery of antimicrobial compounds such as 
Reuterin (Talarico et al. 1988) and small antimicrobial peptides called bacteriocins 
(Klaenhammer 1988; Axelsson et al. 1989).

With the vastly increased availability of affordable DNA sequencing options in 
the early- to mid-2000s came a renewed interest in the characterization of know 
strains and search for novel strains connected to food fermentations. The applications 
of next-generation sequencing as applied to fermented foods vary from 16S rRNA 
amplicon-based community surveys to the whole genome sequencing (Klaenhammer 
et al. 2005; van Hijum et al. 2013). The information gained from these technologies, 
along with culturing techniques, can be used to formulate defined mixed-strain starter 
cultures that simulate the diversity found in artisanal fermented foods, thereby con-
ferring much, if not all, of the health benefits conveyed by these foods.

 Traditional Methods to Generate Monocultures

Microbiological research has provided an understanding of the microbial ecology 
singularities associated with each food system (Cocolin and Ercolini 2015). The 
microbes responsible for the transformation of specific foods have been screened 
for decades and are currently further investigated using molecular and next genera-
tion sequencing methods (Dolci et al. 2013; Yang et al. 2014; Bokulich et al. 2016; 
Chombo-Morales et  al. 2016; Chen et  al. 2017; Murugesan et  al. 2018). 
Traditionally, the identification of niche-specific strains capable of reinitiating fer-
mentations was a required step before today’s mandated application of heat treat-
ment to foods. Industrial simplicity and economy led to the generation of 
monocultures or blended strains using large scale pure culture techniques and were 
followed by the development of methods of conservation to allow cell survival and 
activity retention during long-distance transportation while offering flexibility and 
convenience during application. Generating the desirable uniformity among fer-
mented foods triggered a systematic reduction of the microbial diversity entering 
our gastrointestinal tract.
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Thus, the traditional and most of the contemporary methods of cell proliferation 
are usually performed using selected mono- or mixed cultures blended after produc-
tion, on the premise that we can consistently culture and harvest planktonic homo-
geneous viable and non-viable cell suspensions. The challenge is then to maintain 
survival, efficacy, and stability of the strains over time. As described earlier, during 
production strains are exposed to cyclical challenges. These cyclic periods of cell 
proliferation, inferred from nature and reproduced in our laboratories, are methods 
presently denoted as a batch mode of operation. In some cases, this conventional 
production method has been combined with challenging cells to sub-lethal stresses 
to enhance stability, followed by the addition of protectants and/or microencapsula-
tion to increase cell protection and stability. Unavoidably, batch cultures generate 
populations containing mixtures of cells in different physiological states that fre-
quently lead to high experimental variability. This heterogeneity is exacerbated 
when cell harvest time is prolonged due to the link between cell viability and stabil-
ity, and the mode of operation process (Mikelsaar et al. 2011). In summary, tradi-
tional batch methods are prone to the generation of variable cultures due to 
compromised cell viability and stability during bacterial growth, preparation, and 
harvest, hence probably leading to ineffective cell preparations.

 Current Methods of Culture Production

There is a growing demand for technologies that generate high cell counts while 
also ensuring cell stability, consistency, and process scalability (Di Cagno et  al. 
2013). In nature, microorganisms often live as highly organized communities of 
sessile cells enclosed in a self-produced polymeric matrix (or biofilm) that adheres 
to an inert or living surface (Costerton et al. 1999; Junter and Jouenne 2004). The 
formation of biofilms is a major strategy for bacterial survival. As an example, natu-
ral biofilm structures are found attached to food particles and to the gut mucosa 
(Macfarlane et al. 1997; Cinquin et al. 2004). Once biofilms reach certain density, 
sessile cells undergo complex cell-to-cell interactions and quorum-sensing signals 
accumulate to threshold concentrations triggering the expression of genes in differ-
ent parts of the films and at different stages of their development (Costerton et al. 
1999). The triggering of multiple resistance mechanisms leads to more resistant 
cells comprising the biofilm (Junter and Jouenne 2004; Rangel 2011).

A parallel to natural biofilms is found in immobilized cell reactors where the 
biological catalyst is kept fixed in a natural or artificial matrix while substrates, 
products, and a small fraction of cells (planktonic cells) continuously flow in the 
mobile phase (Champagne et al. 1994). Cell culture methods that simulate biofilm 
behavior have been employed to perform high cell density fermentations for both 
cell and metabolite production using reactor configurations that include batch reac-
tors, continuous stirred tank rectors, fluidized bed reactors, and packed bed reactors. 
Previous publications have described biofilm operation in a packed bed reactors 
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filled with porous solid supports (Bruno-Bárcena et al. 1999, 2001) and reviewed 
the biofilm as a technology applied to production (Dagher et al. 2010). Several stud-
ies have also shown that immobilized (sessile) and released (planktonic) bacteria 
exhibit changes in growth, morphology, and physiology compared with cells pro-
duced in conventional cell-free cultures (Doleyres et al. 2002, 2004).

 What Parameters Should Be Controlled During Culture 
Production?

Despite the importance of viability and stability of bacteria in food, studies have 
shown large fluctuations and poor viability of these microbes in food matrices 
(Schillinger 1999; Masco et al. 2005) while there seems to be an overall lack of 
studies that have assessed cell viability and stability during storage. The factors that 
impact viability of starters ultimately decrease their efficacy during food transfor-
mations and their beneficial impact after consumption (Macori and Cotter 2018).

One of the most critical factors to consider for improving viability and stability 
early in the production process is the growth phase at which cultures should be har-
vested. Obviously, sufficient cell concentration and a cost-effective efficiency of the 
process restrict the harvest to times not earlier than the end of the logarithmic growth 
phase during batch culture or cyclic processes. Specifically, idiophase or early sta-
tionary phases are the preferred harvesting times. However, stability needs to be 
evaluated for most strains since there is a clear relationship between time of harvest 
and shelf-life. Therefore, cultures should be harvested and cooled when they reach 
homogeneous physiological states to ensure the efficacy of the food transformation 
as well as technological reproducibility (Bruno-Bárcena et al. 1998).

Another impactful component on viability and stability of fermented foods is the 
growth medium used to generate starter cultures. Typical media routinely used at 
laboratory scale are not cost-effective for large-scale production and, since different 
strains differ in their auxotrophic requirements, the traditional approach for provid-
ing growth factors cost-effectively has been to utilize complex nutrients such as 
peptones, whey permeates, yeast extracts, and others. Additions of Tween80, differ-
ent combinations of salts, and reducing agents traditionally complete the formula-
tions (Bruno-Bárcena et al. 1998; Salminen et al. 2004). It is important to consider 
that a cost-effective growth medium should not be the only criterion when selecting 
an appropriate platform. Instead, suitable microbial functional capabilities can only 
be assured by the optimal medium (Tavan et al. 2002; Lahtinen et al. 2012).

The physical and chemical variables historically recognized as the most critical 
for controlling specific growth rate and maximizing viability are strain-dependent 
and include oxygen, pH, and temperature (Pont and Holloway 1968; Cogan et al. 
1971). However, optimal physical and chemical variables, which can guarantee 
higher specific growth rates, do not always deliver process-resistant viable cells that 
are also stable during storage.
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Complex microbial communities involved in food fermentation usually prolifer-
ate under conditions of limited oxygen indicating that these microorganisms have 
not evolved or acquired complete sets of enzymatic mechanisms for protection 
against oxygen radicals (Condon 1987). Consequently, controlling oxygen concen-
trations during production have consequences on the final viability numbers after 
proliferation and during future stability. Additionally, viability of the generated 
monocultures or blend of strains will be compromised if exposed to aerobic envi-
ronments during storage.

The characteristic microaerophilic or anaerobic conditions required for culturing 
create a shortage of electron acceptors, a limitation leading to the metabolic biotrans-
formation of sugars to incomplete oxidized products (organic acids or alcohols). Thus, 
oxygen limitation has determined an evolutive adaptation of the strains dominating 
traditional food fermentations, and these types of organisms are only able to carry out 
fermentative metabolic processes generating organic acids as end products (Septembre-
Malaterre et al. 2018; Ai et al. 2019). The generated organic acids, which also have 
antimicrobial activity, are ultimately responsible for a pH reduction in the culture, 
which acts as a growth-limiting factor as well. While the acidophilic features of lactic 
acid bacteria are well known in comparison with other taxonomic groups, this toler-
ance does not prevent a decrease in cell viability leading to poor stability. Additionally, 
this reduction is directly proportional to the time of exposure to the undissociated 
form of the acid at low pH values. Thus, control of pH during growth at values from 
5.4 to 6.5 depending on the specific microbe usually increases total biomass and the 
number of viable cells (Salminen et al. 2004). Moreover, oxygen and acid tolerance 
are more interconnected than initially predicted since evidence has showed that anti-
oxidant enzymes like superoxide dismutases and peroxidases actually provide protec-
tion against acid stress (Bruno-Bárcena et al. 2010; Leite et al. 2014) and it is becoming 
clear that industrially friendly strains possessing more antioxidant defense capabilities 
retain viability and exhibit greater stability during storage.

Finally, the optimal culture temperature will allow cells to proliferate at their 
maximum specific growth rate, maximizing process productivity. According to their 
origin microbial strains can be classified anywhere from psychrophiles or “cold- 
loving” to thermophiles, which thrive at higher than normal temperatures. 
Interestingly, a study has shown that a decrease in culture temperature can favor 
biomass accumulation due to a reduction in wasted energy for cell maintenance 
(Cogan et al. 1971; Bruno-Bárcena et al. 1998).

 Preservation of Starter Cultures

Traditionally, starter cultures used in households and in the early food industry con-
sisted of liquid cultures or fermented foods that needed to be continually transferred 
to preserve viability. It was not until the 1960s that the food industry began to show 
an increased interest in the quality (i.e. cell viability) and preservation of starter 
cultures (Mäyrä-Mäkinen 2004) as the growing market required better methods for 
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preservation of microbial cultures before the culture or the fermented food reached 
the end user.

Current methods of culture preservation include freezing, freeze-drying, and 
spray-drying, each with its own benefits and drawbacks. It is important to note that 
the successful preservation of starter cultures is completely dependent on the qual-
ity of the input culture, which in turn is dependent on a robust production process. 
The earliest form of preserved and concentrated cultures used in the food industry 
were frozen concentrated cultures. The introduction of this technology allowed fer-
mented food manufacturers to forgo the process of in-plant culture amplification, 
which is not only expensive, but is prone to microbial contamination and bacterio-
phage (bacterial viruses) infection (Mäyrä-Mäkinen 2004; Santivarangkna et  al. 
2007). However, frozen, concentrated starter cultures must be maintained at sub- 
zero temperatures from −20 to −40 °C during storage and transport, which increases 
costs. Freeze-drying is an attractive alternative to freezing, particularly because 
storage temperatures are not a major factor in the stability of the culture in the short 
term. However, freeze-drying requires the use of sophisticated equipment and rela-
tively long process times and it is hence expensive to perform (Santivarangkna et al. 
2007). An alternative temperature-stable preservation process that has been investi-
gated for use with concentrated starter cultures is spray drying. This process involves 
atomizing a concentrated liquid culture and passing it though a heated stream of air 
to remove the water from the tiny droplets. Spray drying is considerably cheaper 
(approximately 80% reduction in costs) than freeze-drying, but the process gener-
ally leads to reduced cellular viability compared to freeze-drying (Özilgen 1996; 
Santivarangkna et al. 2007).

The maintenance of cellular viability is critical when considering preservation 
methods and is perhaps the most important factor in the preservation process as 
diminished activity of cultures is deleterious to downstream processes. Also, a 
high concentration of the starter culture appears to have a protective effect since 
concentrated cultures are more active than non-concentrated cultures when 
exposed to the same preservation method (Özilgen 1996). Of particular interest in 
the freezing and freeze-drying methods, are cryoprotectant compounds. 
Cryoprotectants are water- sequestering compounds ranging from sugars and sugar 
alcohols (i.e. lactose and sorbitol), to amino acid salts (i.e. monosodium gluta-
mate). There is substantial evidence that cryoprotectants are able to protect cellu-
lar viability by preventing the formation of intracellular ice crystals that form 
solute gradients and damage the structure of the cell (Carvalho et al. 2004; Mäyrä-
Mäkinen 2004; Santivarangkna et al. 2007).

 A Summary and Conclusions

The evolution of human society from nomadic hunter-gatherer groups to the civili-
zation we see today has been directly influenced by the microbially-mediated pres-
ervation of foods. The development of agriculture practices reduced the tendency of 
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early human populations to relocate, and as these stationary populations grew, long- 
term storage of produced foodstuff was mandatory so that communities could sur-
vive the winter and the occasional drought. High initial water activity in foods like 
vegetables and meats mean that these foods are particularly susceptible to spoilage 
immediately after harvest and it is these foods that benefitted most from microbial 
fermentation and subsequent preservation. Traditionally, remnants from previous 
successful fermentations were used to perpetuate the preservation of different types 
of foods, often for generations, in a process called “backslopping”. These processes 
fell out of favor in the nineteenth century alongside growing concerns about food 
safety and with the development of more modern food preservation techniques such 
as pasteurization. However, in more recent history, there has been a resurgence of 
interest in the beneficial impact of fermented foods, leading to an entire food indus-
try surrounding these products. Governmental safety regulations require defined 
ingredients, and as such, most industrially fermented foods require the use of starter 
cultures composed of GRAS strains.

Currently, and for the past several decades, starter cultures are produced using 
large industrial batch fermenters. Even when a fermented food requires multiple 
strains, the strains are produced separately and mixed after expansion to produce the 
starter. However, batch fermentations have an inherent variability that can lead to 
compromised cellular viability between batches. Thus, there has been an increasing 
demand for new starter culture production processes in which cell viability and 
stability is improved. One such alternative process is the use of immobilized cell 
reactors. These systems tend to produce cells that are more robust and can poten-
tially be used to produce a mixed culture starter in a single step. To produce vigor-
ous and stable starter cultures, several additional variables must be controlled, 
including growth medium choice, oxygen levels, pH, and temperature during fer-
mentation and storage, and method of preservation. Due to the large-scale nature of 
modern industrial fermentations and the physical separation between culture pro-
duction plants and food production plants, concentration and preservation of starter 
cultures is a necessity. Freezing, freeze-drying, and spray drying are preservation 
methods used in the industry, each having their own benefits and drawbacks.
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Introduction to the Oral Cavity

Roland R. Arnold and Apoena A. Ribeiro

Abstract The oral cavity plays a critical role as the seeder and gatekeeper of the 
microbiome that populates the continuum of mucosal surfaces of the gastrointesti-
nal tract, as well as that of the respiratory tract. The mouth has a variety of discrete 
niches and environmental conditions (microhabitats) that select for and discriminate 
against a vast array of microorganisms that ultimately determine the microbiome. 
The oral microbiome is an important contributor to host health and refers specifi-
cally to the microorganisms that reside on or in the human oral cavity and its con-
tiguous mucosal surfaces to the distal esophagus. The oral microbiome is composed 
of approximately 700 species of bacteria, and also includes viruses, fungi, protozoa 
and archaea associated with the varied microhabitats that define the oral microbial 
ecosystem. The normal microbiota of the mouth is responsible for maintaining 
homeostasis of the oral cavity, but is also responsible for two of the most common 
diseases of bacterial etiology in humans—dental caries and periodontal diseases. 
Oral diseases have also been linked to systemic chronic diseases including: cardio-
vascular disease, stroke, abnormal pregnancy outcomes, diabetes, aspiration pneu-
monia, cancers and Alzheimer’s disease. This Chapter aims to highlight the unique 
features of the main niches that compose the oral cavity and have influence on its 
microbiome composition.

Keywords Oral microbiome · Oral environment · Salivary microbiome · Teeth 
surfaces microbiome · Oral tissue surfaces microbiome

In its position at the beginning of the digestive tract, the oral cavity plays a critical 
role as the seeder and gatekeeper of the microbiome that populates the continuum 
of mucosal surfaces of the gastrointestinal tract, as well as that of the respiratory 
tract. The oral environment includes several unique features that create a variety of 
ecological niches that select for microorganisms that establish in consortia 
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 communities. Other orally-introduced microorganisms fail to establish in this highly 
selective environment and after initial processing in the oral cavity transit through 
the mechanical and chemical gauntlet of washing sheer forces, shedding surfaces, 
mucins, antimicrobials, reactive oxygen and nitrogen species, lytic enzymes, acids, 
bile salts etc. from the esophagus (Kongara and Soffer 1999) through the stomach 
and to the small intestines and lower GI tract. There is a variety of discrete niches 
and environmental conditions (microhabitats) encountered along the way that select 
for and discriminate against a vast array of microorganisms that ultimately deter-
mine the gut microbiome.

The oral microbiome is an important contributor to host health and refers specifi-
cally to the microorganisms that reside on or in the human oral cavity and its con-
tiguous mucosal surfaces to the distal esophagus (Dewhirst et al. 2010; Peterson 
et al. 2013). The oral microbiome is second only to that of the colon in microbial 
density, richness and diversity with around 700 species of bacteria, and also includes 
a variety of viruses, fungi, protozoa and archaea associated with the varied micro-
habitats that define the oral microbial ecosystem (The Human Microbiome 
Consortium 2012; Aas et al. 2005; Paster et al. 2006; Chen et al. 2010; Dewhirst 
et  al. 2010). The normal microbiota of the mouth is responsible for maintaining 
homeostasis of the oral cavity, but is also responsible for two of the most common 
diseases of bacterial etiology in humans—dental caries and periodontal diseases 
(read chapter “Dysbiosis of the Oral Microbiome” of this section for more details 
about these diseases). In addition, there is mounting evidence that links oral dis-
eases to systemic chronic diseases including: cardiovascular disease, stroke, abnor-
mal pregnancy outcomes, diabetes, aspiration pneumonia, cancers and Alzheimer’s 
disease (Scannapieco and Binkley 2012; Seymour et  al. 2007; Whitmore and 
Lamont 2014; Atanasova and Yilmaz 2014; Dominy et al. 2019). Thus, an under-
standing of the determinants that shape and define the oral microbiome is crucial to 
address both oral and broader systemic health.

Likewise, the human diet, which begins its processing in the oral cavity, is a 
central determinant in shaping the structures and activities of the gut microbiome 
(reviewed in Singh et al. 2017). However, despite the global roles of diet in oral 
microbiome evolution and the awareness that diet plays a vital and dynamic role in 
shaping the gut microbiome (Singh et al. 2017), relatively less is known regarding 
direct or indirect influences of diet on the oral microbiome (Kato et  al. 2017). 
Throughout human evolution, our environment and societal norms have had demon-
strable influences on the composition of our microbiome, increasingly so during the 
Neolithic, industrial revolution and modern eras (Gillings et al. 2015). Microbial 
DNA sequencing of ancient calcified dental plaque suggests that when humans 
turned to agriculture, and later to modern starch- and sugar-rich diets, the microbes 
colonizing their teeth changed drastically (Adler et al. 2013). Sequencing of micro-
bial DNA from the calcified dental plaque of mesolithic to medieval human skele-
tons indicated that the oral microbial populations of individuals who lived in early 
farming communities were much less diverse than those of hunter-gatherers, and 
harbored more bacteria linked to diseases such as periodontal diseases (Costalonga 
and Herzberg 2014). Contemporary microbial populations are, in turn, less diverse 
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than those of earlier farming communities and are dominated by bacteria linked to 
diseases such as those that cause dental caries. With the introduction of refined 
sugar to our diet, certain bacteria such as the mutans streptococci genetically 
adapted their metabolism to successfully compete against other bacteria through 
increased acid tolerance and acquisition of sucrose-specific enzymes (glucosyl 
transferases) that make water-insoluble extracellular carbohydrate polymers (glu-
cans) that provide a selective (glucan-specific receptors and acid tolerance) matrix- 
defined environment for specific microbiome development (plaque accumulation) 
on teeth (Cornejo et al. 2013). The introduction of antibiotics and the promotion of 
the oral hygiene practices of brushing and flossing also likely had profound effects 
on the composition of the oral microbiome (Marsh 2010). Modern day excesses in 
consumption of acidic drinks and refined sugars have impacted the oral ecosystem 
contributing to both caries and periodontal diseases (Adler et al. 2013).

Clues as to the influences of the environment and the unique features of the oral 
cavity on the acquisition and shaping of the oral microbiota can be gained by fol-
lowing the consequences of initial environmental exposure of an infant. The micro-
biome of the mother is naturally the first source for the establishment of a normal 
oral microbiome and thus the delivery mode (vaginal vs caesarean) is an important 
determinant for initial microbial exposure (Dominguez-Bello et  al. 2010). 
Furthermore, this initial exposure also shapes the diversity of the oral microbiome 
later in the infant’s life as vaginally-born children show a proportionally significant 
difference in oral taxa at 3 months that discriminates them from children born by 
caesarean section (Lif Holgerson et al. 2011). The nature of feeding also has demon-
strable effects on oral microbiome composition with 3-month-old breast-fed infants 
having significantly higher proportions of lactobacilli than formula-fed infants 
(Holgerson et al. 2013). The eruption of teeth provides a variety of new surfaces to 
select for microbial colonization that reveal strains that are obligate hard (non- 
shedding) surface colonizers as well as creating new retention sites at the epithelia- 
tooth interface (gingival crevice) (Sampaio-Maia and Monteiro-Silva 2014). By the 
age of three, the oral microbiome is already complex and becomes increasingly 
diverse with age (Crielaard et al. 2011). The loss of primary teeth and the eruption 
of permanent teeth represent other major dynamic alterations in oral microhabitats 
that are associated with shifting compositions of the oral microbial communities 
(Xu et al. 2015).

Once established, the microbiome should be sustained. However, the oral micro-
biome is in constant fight for survival, against host-protection mechanisms. For the 
resident microbiota, the oral cavity is not homogenous, presenting a variety of 
microhabitats that challenge microbial colonization and persistence (Aas et  al. 
2005; Dewhirst et  al. 2010) including constant bathing of all accessible surfaces 
with the exocrine secretions of salivary glands and the highly disruptive and poten-
tially hazardous activities involved in the processing of food and the mechanics of 
speech. The teeth and their specialized epithelial surroundings, the tongue, lips, 
cheeks, tonsils and hard and soft palates are all adapted to facilitate a variety of oral 
functions and each presenting its own highly heterogenous and dynamic ecological 
landscape that is reflected in the significantly different microbial communities that 
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have successfully occupied all of these sites (Xu et al. 2015; Lamont et al. 2018). 
The oral cavity presents a warm and moist environment that by its nature is indis-
criminately opened to exposure to external challenges. Ironically, while the food 
that provides nourishment to the body is initially introduced through the oral cavity, 
the availability of diet-derived nutrients to the populating microbiome is limited by 
design. Successful colonizers must adapt to acquiring sustenance from host-derived 
sources such as saliva and gingival crevicular fluid (a serum-like tissue exudate 
from where the gingiva (gums) attach to the teeth) and/or from the intermittent 
availability of food debris and dietary carbohydrates (Xu et al. 2015). Another chal-
lenge is the availability of stable sites for attachment and biofilm development. 
Despite the fact that the oral mucosal epithelial cells are rapidly and totally turning 
over, the newly exposed cells are continually repopulated with microbial colonizers. 
In contrast, the teeth provide the only natural non-shedding surface in the human 
body and provide unique microhabitats that permit persistent and extensive biofilm 
development (Marsh and Devine 2011).

Due to the high complexity of the oral cavity, represented by an ecosystem with 
different inner-ecosystems, and in view of the aforementioned, this Chapter aims to 
highlight the unique features of the main niches that compose the oral cavity and 
have influence on its microbiome composition.

 Characterization of the Distinct Ecological Niches That 
Determine the Oral Environment

The oral ecosystem is broadly defined by its diverse structures and tissues including 
saliva, the non-shedding surfaces of teeth and their surrounding soft tissues, the 
dorsal and lateral surfaces of the tongue, the mucosal epithelial surfaces of cheeks, 
lips, palate and teeth, that each provide distinct microhabitats, growth conditions 
and nutrient availability that select for discrete and highly specialized populations 
of microorganisms (Paster et  al. 2006; Zaura et  al. 2009; Lamont et  al. 2018). 
Therefore, microbiomes from the same sites of different individuals had greater 
similarities than different sites within the same individual. In addition, microflora 
attach to surfaces continuously shed into the saliva, making salivary microbiota the 
“fingerprint” of the oral microbiome inhabiting on the oral mucosal surfaces (Fábián 
et al. 2008). The profiles of 40 cultivable bacterial species were able to distinguish 
saliva, oral soft tissue surfaces, and supragingival and subgingival plaque samples 
in healthy subjects (Mager et al. 2003).

 Saliva

The oral cavity is continuously bathed in saliva that is critical to the preservation of 
oral tissues and maintenance of oral health and makes major contributions as the 
initial interface to our environment and diet. It is a clear, slightly acidic mucoserous 
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exocrine secretion that is a complex mix from multiple glands strategically located 
throughout the oral and pharyngeal cavities. The major salivary glands include 
paired parotid glands that deliver serous secretion through a duct in the buccal 
mucosa of the cheeks opposite the maxillary first molars, and the submandibular 
and sublingual glands found in the floor of the mouth that deliver mixed serous and 
mucous secretions. The numerous minor glands are mucous secreting and distrib-
uted throughout the oral cavity including the lower lip, tongue, hard and soft palate, 
cheeks and pharynx (Humphrey and Williamson 2001). These glands together 
secrete an average daily flow of whole saliva varying, in health, between 1 and 1.5 L.

Salivary glands are innervated by both sympathetic and parasympathetic nerve 
fibers and secretion is controlled by a salivary center in the medulla. There is an 
unstimulated salivary flow that follows a circadian rhythm, peaking in late after-
noon with almost no flow during sleep and a normal day time flow that ranges from 
0.3 to 0.4 mL/min, with any flow <0.1 mL/min considered to be abnormal (reviewed 
in Dawes et al. 2015). The submandibular glands contribute 65% of this unstimu-
lated flow with 20% coming from parotid, 8% from sublingual and <10% from 
minor glands. Salivary flow is stimulated by at least three types of stimuli associated 
with food ingestion: mastication (the act of chewing), gustatory (with acid the most 
stimulatory and sweet the least) and olfactory (a relatively poor stimulator). Under 
stimulation, salivary flow rates can peak at 7 mL/min and there is a shift in the glan-
dular contributions with the serous (watery) parotid glands now contributing >50% 
of the total volume. Stimulated saliva can contribute as much as 80–90% of the 
daily cumulative flow and the composition of stimulated saliva changes dramati-
cally from that of unstimulated flow.

Although saliva is a very dilute fluid (approximately 99% water) and hypotonic 
relative to plasma, it contains a number of critical constituents that contribute to its 
many functions (reviewed in Dawes et al. 2015). There are a variety of electrolytes 
including sodium, potassium, calcium, magnesium, bicarbonate, thiocyanate, fluo-
ride and phosphates. In addition, there are proteins shared with other exocrine secre-
tions, immunoglobulins, enzymes, mucins and nitrogenous products including urea 
and ammonia. While the washing and diluting effects of the water in saliva are 
important contributors to the oral environment and the processing of food, the sali-
vary mucins, principally MUC5B (high molecular weight) and MUC7 (low molecu-
lar weight), coat all of the surfaces of the oral cavity including the forming food 
bolus with a slimy, viscoelastic lubricant that reduces the friction between opposing 
surfaces during such processes as mastication, swallowing and speaking. 
Furthermore, these mucins form an important part of the acquired enamel pellicle 
that rapidly coats the exposed tooth surface and the mucosal film that forms a thin 
surface on mucosal epithelial cells. In addition to protecting these surfaces from 
environmental insults such as the demineralizing actions of acids, they present a 
selective challenge to colonizing microorganisms. The rapid (within seconds) 
adsorption of these and other protein and peptide constituents of saliva to these 
surfaces limits direct accessibility for microbial attachment and would favor those 
microorganisms with receptors for these pellicle coatings. The selective binding of 
these molecules to these surfaces would also serve to concentrate and retain these 
molecules from their highly dilute concentrations in saliva. The hypotonic nature of 
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saliva would also facilitate essential ionic attractions to the favor of pellicle forma-
tion. In addition to creating potential binding sites for colonization, the mucins 
potentially in concert with other surface-active molecules in saliva rapidly bind to 
microbial surfaces clumping them together, limiting their surface attachment and 
mechanically favoring clearance by the washing action of saliva flow during stimu-
lation. These saliva and subsequent esophageal coatings might also serve to protect 
orally-introduced microorganisms in their transit through the digestive tract to 
microhabitats more favorable to their colonization (Sarosiek and McCallum 2000).

The bicarbonate, phosphate, urea and ammonia serve to modulate the pH and 
buffering capacity of saliva. Because of low concentrations (~5  mmol/L) during 
unstimulated salivary flow, bicarbonate does not provide a strong acid-buffering 
capacity. In contrast, when salivary flow is stimulated, especially with acid, the 
bicarbonate levels dramatically increase in proportion to the flow rate to levels that 
exceed that found in plasma (reviewed in Dawes et al. 2015). Bicarbonate as the 
primary buffer in saliva is ideal as its reaction with hydrogen ions yields carbonic 
acid that is converted to water and the volatile gas carbon dioxide by salivary car-
bonic anhydrase VI (Kivela et  al. 1999). This arrangement results in an overall 
slightly acidic pH range of 6–7 that fluctuates from a low of 5.3 (unstimulated flow) 
to 7.8 (peak flow). Demineralization of the enamel surface occurs when acids dif-
fuse through the plaque and pellicle into the liquid phase between the enamel crystal 
structures of the tooth. This crystalline structure begins dissolution at a pH below 
5.5, the critical pH for caries development (Edgar 1990). Saliva greatly influences 
the pH of the plaque environment orchestrated by the metabolism of the acidogenic 
bacteria that constitute this biofilm population, thereby limiting caries progression 
(Stephan 1944). Therefore, determining the buffering capacity of saliva rather than 
its direct pH is considered a useful tool as a component of the diagnostic assessment 
of a patient’s caries activity/risk (Larmas 1992).

Maintaining tooth integrity is also a function that depends heavily on the compo-
sition and distribution of saliva. In addition to buffering the demineralizing actions 
of bacterially generated and diet introduced acids, the high salivary concentrations 
(supersaturated with respect to hydroxyapatite) of calcium and phosphate under the 
regulation of salivary proteins such as statherin, histatins, cystatins and proline-rich 
proteins are engaged in an ongoing process of replacement of minerals lost during 
demineralization of the enamel surfaces of the tooth (reviewed in Dawes et  al. 
2015). These proteins form a protective barrier as part of the pellicle on the hydroxy-
apatite surfaces of teeth that regulates the demineralization-remineralization pro-
cess including the incorporation of fluoride into the maturing enamel surfaces. This 
allows remodeling of the apatite crystal including the displacement of magnesium 
and carbonate in the enamel structure with the stronger and more acid-resistant 
fluoride-apatite crystals (reviewed in Edgar 1990).

Saliva is central to the oral processing and the sensory aspects of food including 
not only the pleasant aspects of taste, but also screening and reflex responses to 
potentially noxious substances (reviewed in Dawes et al. 2015). Saliva provides the 
solvent for tastants to be delivered to their respective receptors on taste buds distrib-
uted throughout the mouth and surrounding oral apparatus (Matsuo 2000). There 
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are five recognized basic taste receptors that in addition to taste sensation serve as 
salivary stimulants including in order of their stimulant potency: sour, salt, bitter, 
sweet and umami (savory) (reviewed in Dawes et al. 2015). Saliva provides a first 
line of defense against potential noxious substances by dilution through reflexive 
increase in salivary flow and either elimination of a noxious taste before swallowing 
by spitting or secondarily by coughing or vomiting before further progression 
through the digestive tract. These taste stimulants as well as the mastication process 
make significant contributions to the initial processing of food. The more food is 
chewed the greater the mixing of saliva with the food bolus and the more gustatory, 
as well as olfactory stimulation occurs. One of the main proteins in saliva is alpha- 
amylase that splits starches into maltotriose, maltotetrose and some higher oligosac-
charides (Kaczmarek and Rosenmund 1977). As its pH optimum is near neutral, it 
is not thought to play much of a digestive role once the food bolus reaches the gas-
tric juices. Its exact role in the oral cavity is not clear, although it might facilitate 
more rapid clearance of retentive food starches, thus minimizing the availability of 
this potential metabolite for the oral microbiome. There are also lingual lipases in 
the secretions from the glands of von Ebner on the human tongue (Spielman et al. 
1993), but their low levels do not support a significant role for these lipases in 
human digestion of fats. In summary the major contribution of saliva to the initial 
digestion of food is likely in the formation of a cohesive bolus covered by mucin 
that facilitates swallowing.

In terms of microbiome development, one of the most important functions is 
the facilitation of the removal of food, drink and food debris from the mouth. The 
clearance of fermentable carbohydrates including sucrose, fructose and glucose 
and acidic drinks and foods as soon as possible is critical to the maintenance of 
homeostasis of the oral microbiome by limiting microbial metabolism. This is 
facilitated by relatively high salivary flow rates during food processing versus 
low residual volumes by the incomplete syphon operation of swallowing 
(Dawes 2012).

Despite the fact that saliva has no indigenous microbiota, whole saliva contains 
up to 108 colony forming units per mL of cultivable bacteria. Compared to other 
body fluids, saliva provides a nutrient poor milieu for bacterial growth and its tran-
sient presence in the oral cavity is more consistent with the role of washing and 
removal of shedding surfaces. All epithelial surfaces in the oral cavity desquamate, 
releasing cell associated bacteria into the bathing saliva. It has been estimated that 
the entire surface layer of the oral mucosa is replaced every 3 h (Dawes 2003). Most 
of these cells are associated with ~100 bacteria, suggesting that newly exposed epi-
thelial surfaces must be continuously and rapidly recolonized. This rapid turnover 
limits the opportunity for the development of diversity and bacterial density through 
biofilm stability and secondary colonization on most oral epithelial surfaces. The 
retentive and protected surfaces of the tongue are the exception permitting dense 
and diverse microbial growth. These properties are indeed consistent with the fact 
that the microbial profile of saliva is most similar to that of the shedding soft tissues 
and disproportionately reflective of the more retentive and thus densely populated 
papillate surfaces of the tongue (Mager et al. 2003; Keijser et al. 2008).
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As discussed earlier saliva constituents contribute in many ways to the composi-
tion of dental biofilms on both soft and hard surfaces. Selected proteins from saliva 
populate the bathed enamel surface as acquired enamel pellicle. These do not bind 
uniformly, but associate in discrete patches with one protein influencing the binding 
of another through protein-protein interactions (Siqueira et  al. 2012; Schweigel 
et  al. 2016). This in turn creates discrete sites for interaction with the microbial 
adhesins of pioneering colonizers in the initiation of biofilm formation on the tooth 
surface (Gong and Herzberg 1997; Gong et al. 2000) and for interspecies interac-
tions to facilitate plaque maturation (Cavalcanti et al. 2016). Likewise, salivary con-
stituents also rapidly coat the mucosal epithelial surfaces of the oral cavity and 
likely also contribute to the surface mucosal layers of the esophagus that also con-
tains 600–700 mucous glands that secrete bicarbonate and mucous (Sarosiek and 
McCallum 2000). In common with other exocrine secretions that bathe mucosal 
surfaces, saliva delivers a variety of antimicrobial molecules any of which could 
affect oral biofilm formation. These include the acquired secretory IgA antibodies 
(Brandtzaeg 2013) and the innate or constitutive defense proteins (van’t Hof et al. 
2014) including lactoferrin, lysozyme, salivary peroxidase, cationic peptides, 
proline- rich proteins, defensins and the previously mentioned mucins (Offner and 
Troxler 2000) and the salivary agglutinin GP340 (Leito et al. 2008). In addition to 
influencing the composition of the oral microbiome, these salivary constituents 
could initiate antimicrobial influences on potential colonizers of both the digestive 
and respiratory tracts. As the tooth surface approaches, the gingival margin, there is 
less salivary access and more access to gingival crevicular fluid shifting nutrient and 
binding site availabilities to favor a more fastidious and less acid- and oxygen- 
tolerant microbiota.

 Teeth

Unlike the shedding surfaces of the oral epithelia, the tooth surfaces are the only 
non-shedding surfaces naturally available in the oral cavity. This property allows for 
stable anchoring and long-term biofilm development and maturation. As discussed 
above, the hydroxyapatite mineral of the enamel of the crowns and any exposure of 
the root and subgingival regions of the tooth are rapidly coated with salivary pro-
teins or in the case of subgingival surfaces with admixes of salivary and serum 
proteins. These protein-rich pellicles become the actual sites of initial adherence by 
the more mechanically-restricted pioneering microbial colonizers (Siqueira et  al. 
2012; Kolenbrander et al. 2010). These pioneer streptococci have evolved  specialized 
adhesins that specifically bind to ligands presented by the acquired pellicle that 
require sheer-induced conformational changes of the adhesins (Ding et al. 2010). 
These initial colonizers provide new opportunities for the introduction of secondary 
species initially through specific interspecies co-aggregation. As the biofilm 
matures, the changing architecture (e.g. extracellular matrices), metabolic products 
(lactic acid) and altered atmospheric conditions become prime determinants of the 
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developing plaque composition (Valm et al. 2011). The dental plaque is built in a 
continual, order process characterized by succession of different bacterial species, 
each one with relevant roles in every step of biofilm construction that imaging stud-
ies have revealed as an oral microbial biogeography (Welch et al. 2016). Species 
participating in the process of biofilm formation are traditionally characterized as 
“early” and “late” colonizers. Among early colonizers the viridans streptococci 
group is considered a cornerstone of the oral biofilm puzzle given its ability to bind 
saliva proteins through Antigens I and II.  In this manner, streptococcal species 
become the first colonizers able to bind tooth surfaces and promote arrival of sec-
ondary colonizers by intergeneric co-aggregation (Kolenbrander et  al. 2002). 
Actinomyces naeslundii is one of the secondary colonizers and a well-known co- 
aggregation partner of streptococci (Palmer Jr et al. 2003). Fusobacterium nuclea-
tum is considered a key player given its capability to co-aggregate both with early 
and late colonizers of the oral biofilm, the latter group characterized by species 
belonging to Bacteroidetes and Spirochaetes (Kolenbrander et al. 1989). Recently, 
the microbiome composition of dental biofilm assigned the amplicon reads in to 10 
bacterial phyla, 25 classes, 29 orders, 58 families, 107 genera and 723 species 
(Ribeiro et al. 2017).

As suggested earlier, the plaque that forms at the gum margin (supragingival) is 
more influenced by saliva-derived acquired enamel pellicle than its more saliva 
sequestered subgingival counterpart. The growth of the microbial community in the 
subgingival sulcus, if undisturbed can extend its growth along the root and away 
from the salivary environment facilitated by the host inflammatory response pro-
voked by bacterial growth and metabolism resulting in loss of tissue integrity. This 
environment becomes more protein-rich, more anaerobic with a more stable pH and 
temperature and reduced salivary and mechanical sheer forces. Consequently, the 
subgingival environment matures to favor more anaerobic, asaccharolytic and pro-
teolytic Gram-negative species rather than the facultative, saccharolytic Gram- 
positive species that characterize the supragingival biofilms.

The tooth crown can be further divided into five distinct ecological niches: occlu-
sal or chewing surfaces; the approximal surfaces or contact points between teeth; 
the supragingival surfaces; the buccal or cheek-contacting surfaces, and the lingual 
surfaces impacted by the tongue. The occlusal and approximal surfaces provide 
sequestered sites that are mechanically less challenging to microbial colonization 
and favor retention of growth promoting food debris not cleared by the washing 
action of saliva. The approximal and supragingival surfaces near the gum line are 
less accessible to tooth brushing permitting stagnation and promotion of a serum- 
like exudate, gingival crevicular fluid that further alters the proportional composi-
tion of the microbiota. The occlusal surfaces are not influenced by crevicular fluid 
access, but the enamel surfaces do form pits and fissures that provide retention areas 
for sustained plaque growth. These surfaces are thus the most susceptible to tooth 
decay. The approximal and lingual surfaces of the molar teeth harbor microbial 
communities of greater diversity than that of the flat surfaces of buccal and anterior 
teeth. The composition of the tooth microbiota is determined not only by its location 
in the mouth and its proximity to salivary flow from nearby ducts, but also by the 
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anatomy of the tooth surface and proximity to the surrounding gingiva. Those niches 
that present opportunities for undisturbed, sustained establishment of biofilm on the 
tooth result in more diverse, but potentially more pathogenic microbial communi-
ties (Zaura et al. 2009; Simón-Soro et al. 2013). This speaks to the efficacy of repeti-
tious oral hygiene procedures to provide timely disruption of the maturation process 
of plaque as both a caries and periodontal disease intervention.

 The Surfaces of Soft Tissues

Despite continual turnover of the superficial epithelial surfaces, the oral mucosa is 
constantly populated with microorganisms (Costalonga and Herzberg 2014). The 
populating of the newly exposed surfaces demands selective proficiencies of these 
species that likely translate in to their ability to efficiently colonize other surfaces 
such as those found in the esophagus and the trachea. The transient nature of the 
surfaces of the cheeks and palate and the efficiency of the washing action of saliva 
compared to other more stable ecological niches results in limited microbial coloni-
zation of minimal diversity with bacterial monolayers on shedding epithelial cells 
(He et al. 2015). In contrast, the surface topography of the tongue offers more pro-
tected microhabitats that permit the buildup of multilayered microbial biofilms of 
much greater density comprised of considerable diversity including highly fastidi-
ous, strict anaerobes. These anaerobes can flourish in the protected and nutritionally 
rich environments provided by the crypts of the tongue dorsa, and their metabolic 
end-products are an established source of halitosis (Scully and Greenman 2008).
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Defining the Healthy Oral Microbiome

G. M. S. Soares and M. Faveri

Abstract The human mouth harbors one of the most diverse microbiomes in the 
human body and includes bacteria, viruses, fungi, protozoa, and archaea. This chap-
ter revises the traditional methods utilized to study the mouth microbiota as well as 
novel technologies that allowed to have a complete picture of the oral microbial 
repertoire. The differences in microbiota composition between the different oral 
microenvironments saliva and mucosa and a broad stroke of the non-bacterial mem-
bers of the oral microbiome are also presented.

Keywords Oral microbiome · Methods to study the oral microbiome · Oral 
biofilms · Open-ended molecular diagnostic · Oral health · Non-bacterial oral 
microbiome

 Introduction

Microorganisms (animalcules) of the oral cavity have been studied with great inter-
est since Anton van Leeuwenhoek first examined the plaque between his teeth with 
his early version of the microscope in 1683 (van Leeuwenhoek 1683). A variety of 
conventional methods have since been used to analyze the composition of the oral 
microbiome, including increasingly more sophisticated microscopy, cultural analy-
ses, enzymatic assays and immunoassay (Dzink et  al. 1989; Moore and Moore 
1994). From these studies we have learned that the human mouth harbors one of the 
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most diverse microbiomes in the human body, including viruses, fungi, protozoa, 
archaea as well as bacteria. Using cultivable methods, approximately 300 species 
from the human oral cavity have been isolated, characterized and formally named. 
We also recognized early on that there were many more morphotypes present than 
could be cultivated. The data produced during these studies were extremely infor-
mative and laid the foundation for the next phase, which started in the 1990s, when 
new molecular targeted techniques were introduced and enabled major advances in 
the study of the microbiota associated with oral health and disease. During the 
2000s, the introduction of new open-ended sequencing techniques rekindled char-
acterization of the oral microbiome (Sakamoto et al. 2000; Paster et al. 2001; Kumar 
et al. 2006; Keijser et al. 2008; Faveri et al. 2008; Petrosino et al. 2009). Using these 
new approaches, several bacterial species that have yet to be cultivated, have been 
associated with different states of periodontal health or disease (Sakamoto et  al. 
2000; Kumar et al. 2006; Keijser et al. 2008; Faveri et al. 2008).

During at least three decades different methods of culture independent methods 
of identification have been used to characterize the oral microbiome, such as PCR 
(Ashimoto et al. 1996; Li et al. 2005; Tanner et al. 2006), real time-PCR (Sakamoto 
et al. 2001, 2004; Gomes et al. 2008) and in-situ hybridization (Thurnheer et al. 
2004; Al-Ahmad et al. 2007; Zijnge et al. 2012; Mark Welch et al. 2016). According 
to the relevance of bacterial species to periodontal health and disease, a panel of 40 
strains was prepared to be used with the Checkerboard DNA-DNA hybridization 
technique (Socransky et al. 1998). This microbiological tool has the advantage of 
allowing analysis of thousands of oral samples in a relatively short period of time, 
but the Checkerboard technique is a bacterial culture-driven tool, and important data 
of sets of species that had yet to be cultivated were still lacking in the literature. 
Therefore, open-ended techniques were welcomed and became useful, and some 
research groups have begun to use cloning and sequencing to evaluate the oral 
microbiome of healthy and diseased subjects (Kroes et al. 1999; Sakamoto et al. 
2000; Paster et al. 2001). The earlier data provided by these microbiological tools 
estimated that 500 taxa could colonize the oral cavity, and found that 347 species/
phylotypes could be found in the subgingival environment. Of these, 215 were novel 
phylotypes and 140 were detected only once. Moreover, the presence of members of 
phyla never previously detected in oral samples, such as OP11 (SR1) and TM7, as 
well as Deferribacteres (Synergistetes) were detected (Paster et  al. 2001). It is 
important to note that these pioneering studies, which had used complete or partial 
sequencing of the 16S ribosomal RNA (16S rRNA) gene by Sanger sequencing 
(Paster et al. 2001; Aas et al. 2005; Faveri et al. 2008; Shchipkova et al. 2010); or by 
pyrosequencing (Keijser et al. 2008; Zaura et al. 2009; Griffen et al. 2012); as well 
as the emergence of new genomic technologies, including next-generation sequenc-
ing (NGS) and bioinformatics tools, have provided powerful approaches toward 
understanding the oral microbiome.

Indeed, culture-independent methods have provided great insight into the diver-
sity of the microbiome, but to investigate the properties and potential of an organ-
ism, it needs to be grown in culture and therefore culture methods, once again, 
became essential for the characterization of the oral microbiota. This new era of 
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culturing oral microorganisms has incorporated new techniques such as in vitro 
biofilm models, and more recently, ex vivo biofilm models, primarily with the pur-
pose of understanding the function of each microorganism within the biofilm com-
munity (Soares et al. 2015; Klug et al. 2016). The understanding of biofilms as 
multispecies communities has shifted the focus from the role of individual species 
within the biofilm to a view of how they behave and how they change from a con-
dition of heath to one of disease. Another important point in trying to understand 
the oral microbiome lies in observing the unique characteristic of the oral cavity 
composed of both hard and soft tissues, and both covered by saliva (see chapter 
“Introduction to the Oral Cavity”).

Therefore, this chapter presents a current overview of the composition of the 
healthy oral microbiome, with focus on current knowledge about the diversity of 
these biofilms, based on the results of the studies that have used cutting-edge open- 
ended approaches. In addition, a brief discussion regarding the strengths and weak-
nesses of these new diagnostic techniques is also presented. This body of information 
might help to understand the shifts occurring in the composition of healthy biofilm 
structures that may lead to the development of an oral imbalance, and consequently, 
a state of dysbiosis that may lead to some types of oral diseases or even contribute 
to some changes in human non-oral microbiota.

 The Role of Open-Ended Molecular Diagnostic Methods 
in the Study of Oral Biofilm Diversity

During the last few years, great progress has been made toward the application of 
novel molecular microbiological tools in studies of the human microbiota, including 
the oral microbiome. The cutting-edge open-ended molecular techniques allow for 
genome mapping of the entire microbial spectrum in a sample, and provide compre-
hensive characterization of both the cultivable and not-yet-cultivable microbiota 
associated with health and disease. These techniques permit an overview of the 
microbial communities as a whole, which represents an important advantage over 
culture and even over other molecular targeted tools, such as polymerase chain reac-
tion (PCR), DNA probes and microarrays (Hiyari and Bennett 2011; Wade 2011). 
The large body of information derived from these sequencing techniques has 
revealed new species that could act as pathogens in several oral infections (Paster 
et al. 2001; Faveri et al. 2008; Kumar et al. 2012), including different conditions of 
the oral cavity such as endodontic infections (Siqueira Jr and Rôças 2005; Li et al. 
2010), peri-implantitis (Koyanagi et al. 2010, 2013; Kumar et al. 2012), and peri-
odontitis (Faveri et al. 2008; Griffen et al. 2012).

From 2001 to 2010, Sanger sequencing was the most widely used DNA sequenc-
ing method for studying the microbial diversity of the oral biofilm (Paster et al. 2001; 
Kumar et al. 2006; Faveri et al. 2008; Shchipkova et al. 2010). Several studies pub-
lished in the 1990s indicated that sequencing of the small ribosomal subunit gene 
(16S rDNA) could be useful for microbial identification (Weisburg et al. 1991; Green 
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and Giannelli 1994; Cilia et al. 1996). The 16S rDNA gene is present in all prokary-
otes and contains variable regions that are unique between microorganisms providing 
a means of identification. The 16S rRNA genes can be extracted from heterogeneous 
samples, amplified and sequenced, and then compared with databases such as the 
Human Oral Microbiome Database (Chen et al. 2010). Therefore, the construction 
and analyses of ribosomal gene libraries are very important undertakings that will 
provide tools for studying microbial ecology. Although a large body of phylogenetic 
data for microbial identification has been generated via Sanger sequencing, new 
sequencing technologies that offer a series of additional benefits have recently 
emerged. One of these new sequencing technologies, pyrosequencing and Illumina 
MiSeq, is faster and more cost-effective than Sanger sequencing (Rastogi et al. 2013; 
Harrington et al. 2013) and allows thousands to hundreds of thousands of sequence 
reads, with up to 27 million sequences being generated in a single run (compared 
with a few hundred by means of the traditional method) (Harrington et al. 2013).

Sanger sequencing and NGS are powerful methods for evaluating oral biodiver-
sity; however, DNA extraction and PCR amplification have been reported to be 
potential sources of bias associated with these techniques (Diaz et  al. 2012; 
Abusleme et al. 2014). The understanding of possible limitations, intrinsic bias and 
inherent variability of the different diagnostic methods is crucial for the proper eval-
uation and interpretation of the results of the various studies. Diaz et  al. (2012) 
evaluated the possible bias of DNA isolation and PCR amplification of 
454- sequencing of 16S rRNA gene. The authors used three different laboratory- 
created samples (mocks) of seven bacterial species (Streptococcus oralis, 
Streptococcus mutans, Lactobacillus casei, Actinomyces oris, Fusobacterium 
nucleatum, Porphyromonas gingivalis and Veillonella sp.). Mock 1 contained equal 
numbers of 16S rDNA molecules, mock 2 equal numbers of cells and mock 3 
unequal numbers of cells of these seven bacterial oral species. In theory, no differ-
ence in the number of readouts of these species would be expected in mock 1, since 
they comprised equal amounts of genomic DNA for each species. On the other 
hand, mocks 2 and 3 could potentially be affected either by some bias of the PCR or 
sequencing processes or the cell lysis procedures. However, mock 1 did not show 
the estimated results, as F. nucleatum produced a higher number of reads and A. oris 
and L. casei a lower number of reads than expected. In addition to being under- 
represented in mock 1, A. oris and L. casei were also under-represented in mocks 2 
and 3, which could be due to some PCR bias. Both S. mutans and P. gingivalis were 
shown in lower abundance than expected only in mocks 2 and 3, suggesting that 
these species were less effectively lysed. Other research groups have also observed 
some of these biases associated with the Sanger or 454-sequencing techniques (de 
Lillo et al. 2004; Abusleme et al. 2014).

The results of the above-mentioned studies suggest that although 
454- pyrosequencing is a powerful technique for investigating the oral microbial 
diversity, the abundance of species is subject to empirical bias introduced through 
the methods used for DNA isolation and amplification. Investigators should be 
aware of these limitations to minimize technical errors by accounting for them 
while designing the studies and evaluating their data.
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 Microbiome of Oral Health

Using a target microbial method, the checkerboard DNA-DNA hybridization tech-
nique, Socransky et al. (1998) described the definition of microbial complexes that 
distinguished between health and disease. Thus, the species associated with peri-
odontal health were grouped in the yellow, purple and green complexes as well as 
the group of Actinomyces ssp. All these bacterial species were named initial colo-
nizers of the tooth surface and were considered of greater importance during biofilm 
initiation (Socransky et al. 1998). The yellow complex is composed of a group of 
streptococci: Streptococcus mitis, Streptococcus sanguinis, S. oralis, Streptococcus 
gordonii and Streptococcus intermedius. The purple complex includes Actinomyces 
odontolyticus and Veillonella parvulla. Finally, the green complex comprises 
Capnocytophaga sputigena, Capnocytophaga gingivalis, Capnocytophaga ochra-
cea, Eikenella corrodens and Aggregatibacter actinomycetemcomitans serotype a. 
Following these four groups, the authors described the orange complex as being a 
bridge for the colonization of bacterial species associated with disease. The orange 
complex is composed of Fusobacterium nucleatum nucleatum, Fusobacterium 
nucleatum polymorphum, Fusobacterium nucleatum vincentii, Fusobacterium peri-
odonticum, Prevotella intermedia, Prevotella nigrescens, Parvimonas micra, 
Eubacterium nodatum, Campylobacter rectus, Campylobacter showae, 
Campylobacter gracilis and Streptococcus constellatus. The red complex harbors 
the bacterial species considered as overt periodontal pathogens and include 
Tannerella forsythia, P. gingivalis and Treponema denticola. The last group of bac-
terial species were regularly present, but were not assignable to a specific health 
status. This group was named “Others” and included Eubacterium saburreum, 
Gemella morbillorum, Leptotrichia buccalis, Peptostreptococcus acnes, Prevotella 
melaninogenica, Neisseria mucosa, Streptococcus anginosus, Selenomonas noxia 
and Treponema socranskii. Although the red and especially the orange complex 
species could also be found in healthy dental biofilm samples, their frequency and 
proportions were lower in comparison with those in biofilm samples of periodontal 
disease (Socransky and Haffjee 2005). Therefore, a microbial profile compatible 
with health would be formed by similar bacterial species as those in disease, but in 
different levels and proportions. Following these concepts, several studies such as 
Ximénez-Fyvie et  al. (2000), Ramberg et  al. (2003), Haffajee et  al. (2005) per-
formed in-depth analyses of oral samples, and the knowledge about oral microbiota 
took a great leap forward in a few years, however with the limitation in use of 
culture- driven techniques.

Considering the need for open-ended analyses of the oral microbiota several 
studies (Kroes et al. 1999; Sakamoto et al. 2000; Paster et al. 2001; Aas et al. 2005) 
started to describe microorganisms that had not yet been cultivated by the sequenc-
ing method. The data derived from such studies, in association with the original 
panel described by Socransky et al. (1998), estimated that up to 500 species may 
colonize the oral cavity. Therefore, with the purpose of contributing to this topic, 
Kumar et al. (2006), using cloning and the Sanger sequencing method compared the 
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subgingival microbiota of periodontal health and disease and found significant 
differences in the microbial profiles that discriminated these conditions. They 
reported higher levels of S. mitis and S. sanguinis in healthy subgingival biofilms 
and suggested that these species were the dominant taxa in periodontal health. 
These results corroborated the findings of earlier studies of culture-dependent tech-
niques (Socransky et al. 1998). In addition, Zaura et al. (2009) using 454 pyrose-
quencing, studied the biofilm of the healthy oral microbiome, and characterized 
some bacterial phylotypes as the core microbiome. This study selected three healthy 
subjects and collected samples of supragingival dental biofilm, saliva and mucosal 
swabs from the cheek, hard palate and tongue surfaces. Samples from tooth surfaces 
showed higher diversity and abundance of OTUs. The authors demonstrated that 
core microbiome harbored mainly the known bacterial species from the genera 
Streptococcus, Corynebacterium, Neisseria, Rothia, Veillonella, Actinomyces, 
Granulicatella, Porphyromonas and Firmicutes. Finally, the authors showed that on 
an average, each individual sample harbored 266 “species-level” phylotypes.

In order to organize the enormous bank of data from the sequencing studies, a 
database was created and named “The human oral microbiome database” (http://
www.ehomd.org) (Chen et  al. 2010). This database provided a naming scheme 
whereby each human oral taxon (HOT) was given a unique number. This HOT num-
ber was linked to their source, sequence information, synonyms, taxonomic hierarchy, 
bibliographic information and status. About 35,000 clones of different samples of oral 
conditions, as well as 1000 clinical oral isolates from culture collections (Dewhirst 
et  al. 2010) were analyzed and sequenced. The expanded human oral microbiome 
database contains approximately 645 taxa, of those: 50% are named species, about 
16% are unnamed cultured taxa and, 34% are uncultured phylotypes. After all this 
progress, an individual’s healthy oral microbiome was identified as harboring between 
100 and 200+ bacterial species (Dewhirst et al. 2010; Griffen et al. 2012).

Bik et al. (2010), on an average, described 236 different OTUs sequenced from 
dental biofilm and saliva samples from 10 healthy individuals, of which the majority 
belonged to 9 bacterial phyla already identified, and 24 were new OTUs. The authors 
noticed different patterns of genus dominance when each individual was compared; 
five subjects presented dominance of Streptococcus sp.; two, Prevotella; and of the 
other three individuals one each presented either more Neisseria, Haemophilus or 
Veillonella. The diversity of microbiota from different subjects has frequently been 
described, however, as explained in the section The role of open-ended molecular 
diagnostic methods in the study of oral biofilm diversity, each method has some 
limitations that might cause such diversity, in addition to other factors that might 
define each individual microbiome, such as human genetics or lifestyles.

The data generated from the oral microbiome were assembled in a database with 
the aim of creating a core human oral microbiome (Griffen et al. 2011). A group of 
seven phyla was described as commonly found and another seven, were named rare 
phyla. Of these, 14 phyla, five, have only uncultivated species. The same group of 
authors (Griffen et al. 2012) used 454 sequencing of 16S rRNA genes to compare 
the subgingival microbiota of 29 patients with periodontitis with those of 29 
periodontally healthy individuals. Once more, lower community diversity was 
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identified in health than in disease. Abusleme et al. (2014) sequenced two subgingi-
val samples from ten periodontally healthy patients, to try once more to identify the 
most prevalent bacterial species. The results of the study showed the genera Rothia 
and Actinomyces as the core microbiome in periodontal health, and other 
 health- associated OTUs included five Actinomyces spp., a Streptococcus spp. 
closely related to S. sanguinis, two Proteobacteria and a Porphyromonas spp. 
closely related to Porphyromonas catoniae, and another group of genera observed 
both in heath and in disease, mainly represented by F. nucleatum ss. These results 
corroborated the findings of a previous analysis (Zaura et al. 2009; Griffen et al. 
2012) and are presented in detail in Table 1.

With the aim of observing the changes between each step from oral health to 
disease, Kistler et al. (2013) used 454 pyrosequencing of 16S rRNA genes to char-
acterize the composition of plaque during the transition from periodontal health to 
gingivitis of 20 subjects. The authors observed an increase in the number and 
diversity of OTUs according to the establishment of gingivitis, and an average of 
up to 299 OTUs per sample were detected, from which a cluster analysis described 
a microbiome compatible with previous results (Griffen et  al. 2012; Abusleme 
et  al. 2014) and added a new bacterial species. The higher relative abundance 
observed was from taxa S. sanguinis, Rothia dentocariosa, V. parvula, F. nuc. 
subsp. polymorphum, S. mitis/HOT064/HOT423/HOTA95/HOTE14, Streptococcus 
cristatus/HOT071, F. nuc. subsp. vincentii, Lautropia mirabilis, P. gingivalis and 
L. buccalis.

Recently, Belstrøm et al. (2016) used the molecular technique named HOMINGS 
to describe the composition of saliva samples. This methodology uses Human Oral 
Microbe Identification with next generation sequencing. A total of 30 saliva samples 
were analyzed and the results showed a range of 120–260 bacterial species in orally 

Table 1 The most abundant OTUs in periodontal health

Rothia sp. (Rothia dentocariosa OT 
587)

Fusobacterium sp (F. nucleatum ss. nucleatum OT 
698)

Actinomyces sp. (Actinomyces sp. OT 
170)

Fusobacterium nucleatum ss. vincentii OT 200

Actinomyces gerenceriae OT 618 Fusobacterium nucleatum ss. animalis OT 420
Actinomyces sp. (A. naeslundii OT 176) Veillonella parvulla OT 161

Actinomyces sp. OT 177 Eikenella corrodens OT 577

Actinomyces sp. (A. odontolyticus OT 
701)

Unclassified Pasteurellaceae (Haemophilus sp. OT 
8266)

Streptococcus sp. (S. sanguinis OT 758) Pseudomonas sp. (P. pseudoalcaligenes OT 740)
Porphyromonas sp. (P. catoniae OT 283) Corynebacterium matruchotii OT 666
Unclassified Xanthomonadaceae Campylobacter gracilis OT 623
Burkholderia cepacia OT 571 Lautropia mirabilis OT 022

Streptococcus sp. (S. mitis OT 677)
Granulicatella adjacens OT 534

Name in parentheses depicts the oral taxon (OT) from the HOMD with the highest hit (>97%) to 
the OTU representative sequence, in OTUs with no consensus taxonomy. Data from Abusleme 
et al. (2014)
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healthy individuals. The authors observed statistically significant different mean 
numbers of bacterial taxa from subjects with periodontitis (n = 220) and dental car-
ies (n = 221) compared with the numbers in orally healthy individuals (n = 174). 
However, the ten most predominant genera and the 20 most predominant bacterial 
species agreed with the findings of previous studies (Griffen et al. 2011; Abusleme 
et al. 2014) (Table 2).

In summary, the overall results of the studies indicated an enormous variability of 
microbial species, however a CORE of the most predominant bacterial species, for 
now, was defined. For the future, efforts continue to be made by distinct microbio-
logical study groups to identify, name and characterize all these microorganisms.

 Microbiome of Different Habitats of the Oral Cavity

It is well known that the oral cavity comprises different niches of microorganisms, 
and studies have observed a selected microbiota related to different oral surfaces 
(See Part II chapter “Introduction to the Oral Cavity”; Mager et  al. 2003; Zaura 

Table 2 Species detected in subgingival biofilm samples

Streptococcus mitis pneumoniae Treponema vincentii medium

Streptococcus sanguinis Anaeroglobus geminatus

Moraxella osloensis Prevotella denticola

Acinetobacter junii Prevotella intermedia

Granulicatella adiacens Desulfobulbus R004

Acinetobacter sp RUH1139 Treponema socranskii subsp

Streptococcus intermedius Selenomonas sputigena

Arthrobacter woluwensis Eubacterium brachy

Actinomyces viscosus naeslundii Prevotella tannerae

Brachybacterium rhamnosus Tannerella forsythia

Lautropia AP009 Bacteroidales oral taxon 274

Gemella morbillorum TM7 oral taxon 437

Rothia dentocariosa Porphyromonas endodontalis

Rothia aeria TM7oral taxon 349

Comamonadaceae nbu379c11c1 Peptostreptococcus stomatis

Haemophilus parahaemolyticus Campylobacter rectus

Lautropia mirabilis Aggegatibacter AY349380

Actinomyces massiliensis Eubacterium yurii subsp

Actinomyces oral taxon 171 Treponema maltophilum

Haemophilus P3D1 620 TM7 401H12

Streptococcus oral taxon B66 Selenomonas EY047

Comamonadaceae 98 63833

Comamonadaceae VE3A04

The species listed were detected ≥0.2% different in health and periodontitis samples
P ≤ 0.05 after FDR correction for all taxa shown. Data from Griffen et al. (2012)
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et  al. 2009; Faveri et  al. 2008). Zaura et  al. (2009) compared biofilm samples 
collected from tooth surfaces with different niches in the oral cavity, including the 
mucosa of the tongue, cheek and palate. The principal component analysis was used 
and distinct microbial profiles were found when samples originating from shedding 
surfaces were compared with samples obtained from solid surfaces (teeth). Fifteen 
taxa were found in common in all patients and in all sites analyzed, including: the 
genera Streptococcus, Neisseria, Corynebacterium, Rothia, Actinomyces, 
Haemophilus, Prevotella, Fusobacterium, Granulicatella, Capnocytophaga, repre-
sentatives of the Veillonellaceae, Neisseriaceae and Pasteurellaceae families, the 
Bacteroidales order and unclassified Firmicutes, and an additional four taxa were 
found in all but one sample: genus Porphyromonas, Leptotrichia, TM7 genera 
incertae sedis and Campylobacter.

The biodiversity of oral bacteria in saliva and on oral mucosa was again ana-
lyzed in 2012 (Diaz et al. 2012). The authors collected samples from five individu-
als and used a 454-pyrosequencing method to describe the microbial profiles of 
these samples. The authors identified 455 OTUs and the genera, Streptococcus and 
Gemella, were the most common in mucosa, whereas 26 genera were highlighted 
in saliva, including Eubacterium, Mogibacterium, Catonella, Oribacterium, 
Peptostreptococcus, Megasphaera, Selenomonas and Solobacterium. The species 
levels analysis showed V. parvulla, P. melaninogenica, F. periodonticum and S. 
mitis as predominant strains in the saliva of healthy subjects as well as Neisseria 
sicca and Neisseria flavescens, which were observed in saliva and had low affinity 
for mucosa.

More recently, Belstrøm et al. (2016), used the Human Oral Microbe Identification 
with Next Generation Sequencing (HOMINGS), to analyze the salivary microbiota 
of five healthy individuals. Samples were collected at intervals of 4 h over a period 
of 24 h; and after 7 days the same protocol was repeated. The authors wanted to 
study the variability within and between subjects during plaque formation. They 
observed almost no variation within individuals, and a range of 153–307 bacterial 
species between them. The predominant genera identified were Streptococcus, 
Haemophilus, Prevotella, Rothia and Neisseria.

In summary, the oral health microbiomes of different sites other than the tooth 
surface have been well characterized, and the affinity of specific species for differ-
ent sites has been identified.

 The Definition of the Non-bacterial Species in the Healthy 
Oral Microbiome

The majority of efforts to define the healthy oral microbiome have focused on iden-
tifying the bacterial species; however, other microorganisms are clearly living in 
these same habitats. Over the last few decades, viruses, protozoa, fungi and archaea 
have been investigated relative to their presence, co-aggregation and function in the 
oral environment. Wade (2013) described the human mouth as one of the most 
diverse microbiomes in the human body.

Defining the Healthy Oral Microbiome
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The presence of viruses has been identified in different oral health conditions; 
however, viruses are primarily associated with disease. Although viruses may colo-
nize and replicate without causing any symptoms, viruses were mostly identified in 
periodontal disease, which did not define the virus as a pathogen, but exposed the 
difficulty of routinely identifying viruses. Future metatranscriptomic analysis of 
biofilm or tissue samples might help to elucidate a potential association between 
active viral and oral conditions. Among the viruses most frequently identified are: 
Human papilloma virus (HPV), Epstein–Barr virus and human cytomegalovirus 
(Teles et al. 2013).

Protozoan species were found as part of the normal microbiome, with most of the 
cases identified being Entamoeba gingivalis and Trichomonas tenax found in sub-
jects with poor oral hygiene and gingival disease, and therefore considered potential 
opportunistic pathogens. Fungal species are represented by Candida species; they 
present without symptoms in approximately half of the individuals tested, and their 
prevalence increases with age. The fungal oral microbiome characterization in 
healthy individuals found 85 fungal genera (Ghannoum et al. 2010). Twenty sub-
jects were evaluated and the predominant genera identified were Candida, 
Cladosporium, Aureobasidium, Saccharomycetales, Aspergillus, Fusarium, and 
Cryptococcus.

Archaea members are restricted to a small number of species/phylotypes, all of 
which are methanogens. The most frequently found archaea are Methanobrevibacter 
oralis and un-named Methanobrevibacter phylotypes, Methanobacterium curvum/
congolense and Methanosarcina mazeii. Matarazzo et  al. (2011) investigated the 
presence of Archaea in subgingival oral biofilm samples from periodontally healthy 
and diseased subjects. The microbial diversity of samples was defined by sequenc-
ing archaeal 16S rRNA, and the presence of Archaea was detected in 26 of 30 sub-
jects and in the majority of sites. A similar result was observed in periodontal 
disease biofilm samples, but with a higher level of presence. The most frequent 
species identified was M. oralis. Considering the results, the authors highlighted the 
possible relationship of increased numbers of Archaea species in diseased sites.

Overall, the oral microbial species other than bacteria found in the oral cavity are 
still in the process of being evaluated. This does not reduce their potential impor-
tance in the oral cavity with further studies using promising new techniques are 
justified and necessary to better understand the complex ecosystems that define the 
unique niches in the oral cavity.

 A Current Overview of Understanding Microbial Diversity

Incomplete coverage of the richness of microbial diversity, even at greater sequenc-
ing depths, was demonstrated as partly being the cause of the high variability of 
species observed with different sequencing methods (Diaz et al. 2012). The same 
study suggested that comparing communities by their structure was more effective 
than comparisons based solely on membership. The inter-subject variability found 
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was lower in community structures than in sites, and so were the differences between 
salivary and mucosal communities within subjects. Moreover, different require-
ments from different sites might clearly be the cause of microbial variability, which 
includes concentration of oxygen and pH. Rosier et al. (2018) described mecha-
nisms of stability and variances in oral microbiota, and added to previous aspects, 
the variations in age, lifestyle, genetics and even environment of individuals (Kilian 
et al. 2016). However, the composition of oral microbiome changes as the biofilm 
matures, for instance, compared with other biofilm communities of the body, the 
oral microbiome in health is normally considered the most stable community over 
time (Zhou et al. 2013).

The oral microbiome is so complex that it might be considered almost impos-
sible to assign a function to each organism within the community. Most important, 
however, is the functional role of each microorganism and it is probable that the 
range of such functions is more limited than the phylogenetic range of species 
present. Within each habitat, and depending on the health or disease status, a 
restricted range of functions may be needed and could be provided by a variety of 
organisms. The most important functions are presumed to be nutritional. For 
instance, the methanogens (Archaea) use short chain fatty acids in the production 
of methane (Lepp et al. 2004), and different species of sulphate-reducing bacteria, 
such as Desulfobulbus and Desulfomicrobium and Desulfovibrio can be found 
(Langendijk et al. 2001).

Oxygen sensitivity is another aspect that defines microbiome variability. There 
are relatively few species of obligate aerobes in the mouth. The principal aerobic 
genera are Neisseria and Rothia species, which are the earliest colonizers of tooth 
surfaces (Diaz et al. 2006). The most numerous genera found in the oral cavity are 
facultative anaerobes including Streptococcus and Actinomyces. As oral biofilms 
grow, and become mature communities, they rapidly become anaerobic, which 
explains the high proportions and large number of species of obligate anaerobes that 
are found in the mouth. One important aspect has been demonstrated: that is, mem-
bers of an oral bacterial community can cooperate to protect each other from atmo-
spheric stresses (Socransky and Haffjee 2005). The presence of the obligate aerobe 
Neisseria has been shown to enable obligate anaerobes to grow in a mixed-culture 
biofilm under aerobic conditions (Bradshaw et al. 1996).

This diversity is likely to lend versatility to the community providing for the 
ability to respond to environmental stresses in the most appropriate ways. Xie 
et al. (2010) used a combination of 454 and Illumina sequencing platforms with 
the aim of assembling a gene catalog of the dental plaque microbiota with the final 
objective not only of identifying, but also of defining the ecological roles of most 
of the species/phylotypes in mediating plaque homeostasis. The development of 
genetic methods has allowed the functional potential of the oral microbiome to be 
assessed. For instance, metagenomic sequencing using next generation sequenc-
ing methods has established significant differences between oral health and dis-
ease by coding sequences of a variety of virulence factors (Alcaraz et al. 2012; 
Liu et al. 2012).

Defining the Healthy Oral Microbiome
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 Concluding Remarks

The oral health microbiome may be considered the commensal microbiota, which 
plays an important role in maintaining oral and systemic health. The presence of the 
oral microbiota itself in the oral cavity inhibits the colonization of potential patho-
gens and opportunistic microorganisms. However, to define the precise composition 
of the oral microbiome is difficult considering that the mouth is an open system, and 
is frequently exposed to exogenous bacteria from food, water, air and the normal 
microbiota of other persons via proximal contact. Studies on the composition of the 
oral microbiome started in the 1990s and from the beginning, the main focus of 
these studies has been the search for presence, counts, proportion and function of 
each of the microorganisms. A sequence of evolutions in methodologies has allowed 
the evaluation of an enormous number of samples, by numbers of groups of research-
ers around the world. A considerable amount of data from studies using culture and 
molecular targeted techniques supported the notion that most oral strains detected in 
oral health were also found in disease. Thus, it has been widely accepted that there 
was a great similarity between the compositions of the oral microbiome in different 
heath conditions, and more than the profile, the counts and proportion of species are 
the most important differences distinguishing health from disease. In the last few 
decades, the use of cutting-edge open-ended diagnostic techniques to study the 
diversity of oral microbiota has brought new insights on this subject. The overall 
results of these studies have revealed that the structure of the microbiome has a 
higher diversity of microorganisms than initially appreciated. Hundreds of new bac-
terial species have been identified, and association of other domains of microorgan-
isms demonstrated, giving us an overview of the oral heath microbiome. However, 
studies continue with the most ambitious aims to fully define the exquisite complex-
ity of the oral ecosystem and its central role as a determinant of both local and sys-
temic health.
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Dysbiosis of the Oral Microbiome

Apoena A. Ribeiro and Roland R. Arnold

Abstract The oral cavity is influenced by the dietary characteristics of each indi-
vidual. It is in the oral cavity that food will cause the first impact within the human 
body and its microbiome, due to its composition and consistency. On the other hand, 
the oral microbiome will affect food processing and impact the human gut microbi-
ome, since bacterial biofilm that is processed within saliva forms the food bolus, 
which will then be swallowed. The mouth is one of the most heavily colonized parts 
of our bodies and its microbiome consists of microorganisms that live in symbiosis 
with healthy individuals who have adequate dietary and oral hygiene habits. 
Nevertheless, perturbations in the microbiome due to certain stress factors, such as 
high carbohydrate intake and biofilm accumulation, can lead to dysbiosis and the 
development of oral diseases. The most prevalent diseases in the oral cavity are 
dental caries and periodontal diseases including gingivitis and periodontitis, but 
endodontic (pulp) and soft tissue infections are also prevalent. Thus, this chapter 
will describe the influence of dietary habits on the oral microbiome, the develop-
ment of prevalent oral diseases, and their relation to the gut microbiome.

Keywords Oral microbiome dysbiosis · Dental caries · Streptococcus · 
Endodontic infection · Periodontal disease

 Introduction

The famous quote “we are what we eat” suggests the direct impact of dietary habits 
and lifestyle on our systemic health. As portal of entry for the digestive system, the 
oral cavity is greatly influenced by the dietary characteristics of each individual: it 
is in the oral cavity that food will cause the first impact within the human body, 
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since it influences the mouth environment by its composition (leading to pH fluctua-
tion) and consistency (sticky, liquid or hard food). Food is first introduced to the oral 
cavity to initiate the processing pathway and then swallowed to ‘travel’ though the 
gastrointestinal tract. For this reason, a two-way relationship exists: the dietary 
composition can have direct impact on the oral microbiome composition, activity, 
and local disease development; on the other hand, the oral microbiome, the transient 
microorganisms and the functional components of the oral cavity will affect food 
processing and impact the human gut microbiome, since oral biofilm is the major 
microbial constituent of the saliva that facilitates the formation of the food bolus 
that is subsequently swallowed (see chapter “Baby’s First Microbes: The Microbiome 
of Human Milk”).

The oral cavity provides different oral structures and tissues for bacterial coloni-
zation and community development, including saliva, gingival fluid, and keratin-
ized/non-keratinized epithelial or mineralized tooth surfaces, such as the tongue, 
gingiva and teeth (Kolenbrander 2000; Aas et al. 2005; Simón-Soro et al. 2013a, b). 
The mouth is one of the most heavily colonized parts of our bodies and, as explained 
in the first chapter of this section, the microbiome of the oral structures consists of 
microorganisms that live in symbiosis with healthy individuals who have favorable 
dietary and oral hygiene habits. This balance is possible due to the diverse microbial 
communities that prevent the colonization of foreign pathogens and contribute to a 
healthy host physiology (Hezel and Weitzberg 2015). Nevertheless, perturbations in 
the microbiome due to certain stress factors, such as high carbohydrate intake, 
undisturbed biofilm development, and/or saliva alterations in volume or composi-
tion, can lead to imbalances in the symbiotic composition of the commensal popula-
tions and the development of oral diseases (Marsh 1994, 2016). There are both 
shifts in species and their functional expressions associated with dysbiosis charac-
teristic of both caries and periodontal diseases (Belda-Ferre et  al. 2012; Griffen 
et al. 2012; Wang et al. 2013; Jorth et al. 2014).

The oral cavity must be recognized as a complex macro ecosystem, composed of 
different microhabitats with distinct characteristics that either favor or prevent dif-
ferent species from establishing. It has been shown that different microbiome pro-
files can be verified among different tooth surfaces in the same individual, but very 
similar microbiome profiles are observed on the same tooth surfaces within differ-
ent individuals. For example, Streptococcus were found at high abundance on the 
buccal surfaces of teeth and sulci, but were found at lower levels on the lingual 
surfaces of the same tooth (Simón-Soro et al. 2013a, b). In terms of structure, muco-
sal surfaces (constantly shedding) will favor microorganisms that can express 
unique receptors with high affinity to rapidly re-adhere to the newly exposed muco-
sal cell; whereas, other microorganisms accumulate in dental plaque mainly in pro-
tected areas of the tooth, such as the occlusal and the interproximal surfaces. Teeth 
are the only natural non-shedding surfaces in the human body and provide unique 
opportunities for undisturbed biofilm formation and sustained fermentation of 
dietary carbohydrates sufficient to permit accumulation of metabolic end-products 
such as lactic acid to alter the environmental pH (Marsh and Devine 2011). Teeth 
can also be recognized as harboring different micro-ecosystems, since they present 
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differentiated habitats with singularities such as differences in saliva access and 
flow, oxygen availability, different temperatures, pH and food retention. For exam-
ple, smooth free surfaces of the tooth (buccal and lingual) are constantly being 
“washed” by salivary flow, are highly aerated and are subjected to sheer forces from 
the lips, tong and other teeth during mastication. It leads to a development of biofilm 
in an ordered fashion, located closely to the gingival margin, markedly with bacteria 
that have strong adhesins to the pellicle that coats the enamel. On the other hand, 
protected surfaces, such as that of the pit and fissures on occlusal surfaces, and the 
interproximal spaces (in between contacting teeth) are characterized by a com-
pacted biofilm formed mostly by short rods and often Actinomyces spp. in a con-
densed inner layer, and a looser biofilm layer is seen with a random arrangement of 
bacteria, including S. mitis, Veillonella spp. and Fusobacterium spp. (Dige et  al. 
2014). The most prevalent diseases in the oral cavity are dental caries and periodon-
tal diseases including gingivitis and periodontitis, but endodontic (pulp) and soft 
tissue infections are also prevalent. These diseases are mainly caused by the oral 
microbiome imbalance, which may also play an important role in altering the 
homeostasis of systemic conditions, including gut diseases and its microbiome. 
Thus, this chapter will describe the influence of dietary habits on the oral microbi-
ome, the development of these diseases, and their relation to the gut microbiome.

 Dental Caries as a Dysbiosis

Despite all the knowledge and years of research, dental caries remains the most 
common chronic disease in the United States (NCHS—National Center for Health 
Statistics 2017), as well as in the rest of the world (Bagramian et al. 2009; Bourgeois 
and Llodra 2014). Recent data from the CDC showed that, in the US, the prevalence 
of untreated cavities among children remains high, affecting 19.5% of children 
between the ages of 2 and 5  years and 22.9% of children and adolescents aged 
6–19 years. Dental caries is four times more common than asthma among adoles-
cents aged 14–17 years, and it also affects 9 out of 10 adults older than 20 years 
(NCHS—National Center for Health Statistics 2017). Although the percentage of 
untreated dental caries declined steadily from 39.0% in 1988–1994 to 24.7% in 
2011–2014 for children and adolescents aged 5–19 living below the federal poverty 
level, this percentage was similar in 1988–1994 and 2011–2014 for adults of all 
income levels (NCHS—National Center for Health Statistics 2017).

Dental caries can be defined as a biofilm-mediated dysbiosis (Fig. 1a). It is char-
acterized by the dissolution of tooth tissues (enamel and dentin) by acid produced 
by oral bacteria as a result of the fermentation of dietary carbohydrates. When the 
fermentation process is enhanced by the excessive and/or frequent ingestion of fer-
mentable sugars, the buffering capacity of saliva overwhelmed and the sustained 
local reduction in pH leads to the demineralization of enamel, cementum, and den-
tin. Due to the highly dynamic nature of the disease, resulting from continuous 
physical-chemical interactions between the tooth surface and biofilm that covers the 
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surface, multiple pH fluctuations in the biofilm lead to episodes of mineral loss 
(demineralization) and mineral gain (remineralization) of the teeth. If equilibrium 
of these episodes is not achieved over time, demineralization will reach the level 
when an incipient lesion, known as active white spot lesion (Fig. 1b), can be visu-
ally detected by a trained professional (Xu et al. 2014).

Chemically, the lesion is characterized by the dissolution of the calcium and 
phosphate constituents of enamel. The acid production depends on the carbohydrate 
intake from dietary sources. If the demineralization episodes exceed the remineral-
ization process, the development of the disease will not be controlled, and the lesion 
will not be arrested. Clinically, the destruction of the enamel tissue progresses with 
a breakdown of the superficial layer, leading to a cavity that is more prone to accu-
mulate biofilm (Fig. 1c) and the lesion is more likely to rapidly progress, affecting 
the underlying tissue, called dentin. At this point, a change in the bacterial composi-
tion and metabolic profiles can be observed, with species that produce proteolytic 
enzymes capable of affecting the collagen fibers that compose dentin (Fig. 1d).

The bacterial microbiome from dental biofilms can harbor more than 720 unique 
species. 800 to 1000 different oral bacterial taxa (as sharing >98.5% 16S ribosomal 
RNA (rRNA) sequence identity) can be identified with more modern techniques 
with differences in abundance and diversity patterns across age, sample quality and 
origin, and health status (Dewhirst et al. 2010). Since diversity on oral health was 

Fig. 1 Clinical pictures of dental caries. (a) Patient with multiple lesions caused by dental caries 
disease; (b) Incipient caries lesion, known as active white spot lesion (arrows), is the first clinical 
sign of caries disease; (c) Dentin cavity, a clinical sign of lesion development, from white spot 
lesion, to cavitation (arrow); (d) dentin tissue destruction caused by proteolytic enzymes produced 
by bacteria from the biofilm
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the theme of the previous chapter, the focus now will be towards the core group of 
phylotypes found under diseased conditions (Becker et al. 2002; Ling et al. 2010; 
Ribeiro et al. 2017), that are different from those observed in healthy conditions 
(Bik et al. 2010; Dewhirst et al. 2010; Zaura and Mira 2015). However, it is impor-
tant to recognize that it is still necessary to find consistent bacterial markers across 
studies and cohorts.

A key aspect to consider in relation to caries dysbiosis is that the development of 
carious lesions does not occur in all teeth nor on all surfaces of a tooth at the same 
time nor with the same intensity. Although many studies compared the microbiome 
associated with caries activity by using pooled samples (for example, saliva and 
pooled biofilm from multiple tooth surfaces) (Li et al. 2007; Aas et al. 2008; Bik 
et al. 2010; Peterson et al. 2013), it is important to recognize the highly local nature 
of the microhabitats responsible for disease progression and that pooled sampling 
will compromise the resolution of the microbial composition at the involved sites. A 
study conducted by Dige et al. (2014) showed the spatial distribution of bacterial 
taxa in vivo at various stages of occlusal caries, applying a molecular methodology 
involving fluorescence in situ hybridization (FISH) and confocal microscopy. 
S. mutans could be observed on sites with both active and inactive caries, but not on 
clinically sound enamel; whereas, Bifidobacterium spp. were only detected in sites 
with active caries. Lactobacillus spp. was not detected on clinically sound and non- 
cavitated sites.

By using 16S rRNA amplicon sequencing combined with the BLASTN-based 
search algorithm for species identification, a recent study compared healthy and 
caries active occlusal tooth surfaces from 12-year-old children. It was found that the 
sites varied not only among individuals, but also among caries samples from the 
same individual. Interestingly, the same levels of members of the genera 
Streptococcus, Pseudomonas, Granulicatella, Actinomyces, Prevotella and 
Veillonella, traditionally associated with caries active patients, were found on both 
sound surfaces and active white spot lesions, but the percentage of Actinobaculum 
and Porphyromonas were higher in active white spot lesions. On the other hand, the 
numbers of Klebsiella and Acinetobacter species were higher on sound surfaces. 
The presence of eight bacterial taxa were observed in active carious sites (Abiotrophia 
defectiva, Actinomyces sp._Oral_Taxon_448, Propionibacterium acidifaciens, 
Actinobaculum sp._Oral_Taxon_183, Streptococcus gordonii, Streptococcus sp._
Oral_Taxon_064, Streptococcus oralis, Streptococcus pneumoniae and Rothia den-
tocariosa). Five bacterial taxa (Lactobacillus johnsonii, Actinomyces gerencseriae, 
Actinomyces naeslundii, Cardiobacterium hominis and Streptococcus sp._Oral_
Taxon_B66) were present at significantly higher proportions in the biofilm from 
healthy occlusal surfaces (Ribeiro et al. 2017).

Another oral microbiome investigation, conducted on saliva samples from adults 
with dental caries, reported that higher levels of two bacterial taxa (Streptococcus 
salivarius and Solobacterium moorei) and three bacterial clusters (Streptococcus 
parasanguinis I and II and sp. clone BE024_ot057/411/721, Streptococcus para-
sanguinis I and II and sinensis_ot411/721/767, S. salivarius and sp. clone FO042_
ot067/755) were found compared to individuals without caries activity (Belstrøm 
et al. 2016).

Dysbiosis of the Oral Microbiome



176

As a recognized complex disease, dental caries has been identified as a two-step 
process, namely initiation/demineralization of enamel followed by progression 
through dentin, characterized by a succession of microorganisms (Simón-Soro et al. 
2013a, b). Healthy biofilms are characterized by high numbers of species, while 
mature biofilms express lower bacterial diversity because it requires special abilities 
from the microorganism to survive and to overcome a hostile environment. For 
example, S. mutans, one of the most studied bacterial specie involved in caries ini-
tiation and progression, can harbor different virulence factors such as the ability to 
form biofilm by the synthesis of adhesive glucans from sucrose by the action of 
three glucosyltransferases (GtfB, GtfC, GtfD; encoded by gtfB, gtfC and gtfD, 
respectively) (Merritt and Qi 2012) and glucan-binding protein (Banas and 
Vickerman 2003). This biofilm-forming capacity varies widely among strains 
(Merritt and Qi 2012; Banas and Vickerman 2003). Other virulence factors include 
the cell surface protein antigen c (Pac), responsible for bacterial adherence to the 
salivary pellicle (Palmer et  al. 2013); production and excretion of organic acids, 
such as lactic acid; and the production of antibacterial bacteriocins, such as  mutacins 
I and IV (Paes Leme et al. 2006). Species other than S. mutans, such as S. sobrinus, 
Rothia dentocariosa, Actinomyces species and S. salivarius are also related to the 
early stages of dental caries due to the genetic virulence repertoire that allows these 
species to set up the environment for more acid-tolerant and acidogenic species, 
including Scardovia wiggsiae and Actinomyces sp. HOT 448 (Kressirer et al. 2018).

The cariogenic biofilm is characterized, then, by bacterial species with the ability 
to: (1) adhere to the tooth surface, (2) produce water-insoluble exopolysaccharides 
(EPS)-rich matrix, which will limit the diffusion of the carbohydrate fermentation 
end products (acids) and, (3) survive in this environment with organic acid accumu-
lation due to the presence of a diffusion-limiting EPS-rich matrix. This causes an 
acid dissolution of the enamel mineral due to the localized acidic pH microenviron-
ments across the biofilm structure and at the tooth-biofilm interface (Ilie et al. 2012; 
Xiao et al. 2017).

Knowledge obtained through NGS technology has enabled research of tradi-
tional bacterial species, which have been investigated for years and are considered 
the most cariogenic species (Loesche 1986; Lang et al. 1987; Alaluusua et al. 1996; 
Burt et al. 1998; Harris et al. 2004; Palmer et al. 2010; Kanasi et al. 2010). A recent 
study showed that both healthy and diseased sites show high relative abundance of 
Streptococcus mutans and low abundance of Streptococcus sobrinus and a relation-
ship between these species and the presence of active white spot lesions could not 
be observed (Ribeiro et al. 2017). Bacterial species other than S. mutans and S. sob-
rinus, e.g., species of the genera Lactobacillus, Prevotella, Propionibacterium, non- 
mutans streptococci and Actinomyces spp., may also play important roles in caries 
initiation and biofilm community interactions (Aas et al. 2008; Simón-Soro et al. 
2014; Ribeiro et al. 2017).

Since initiation and progression of dental caries are carbohydrate-dependent, 
some studies also investigated the influence of dietary habits on the oral microbi-
ome related to dental caries. The first dietary stimuli have a strong influence on the 
etiology of caries at later developmental stages. For example, meta-analyses have 
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shown that early childhood caries (ECC) is more frequent in bottle-fed children. 
The disease is characterized by a high caries activity and rapid tooth destruction in 
3-month-old babies up to the age of 3  years (Avila et  al. 2015) due to frequent 
sucrose intake at an early age, influencing increased colonization with acidogenic 
(acid producing) and aciduric (acid tolerant) cariogenic bacteria. Many studies also 
found that S. mutans and S. sobrinus are the predictive factors for dental caries 
(Alaluusua et  al. 1996; Burt et  al. 1998; Kanasi et  al. 2010; Harris et  al. 2004; 
Loesche 1986; Palmer et  al. 2010). However, bacterial species from genera 
Lactobacillus, Prevotella, Propionibacterium and Actinomyces are also related to 
caries initiation and progression (Aas et al. 2008; Simón-Soro et al. 2014; Ribeiro 
et al. 2017). Additionally, sucrose is a substrate for the production of extracellular 
and intracellular polysaccharides, two components that determine biofilm forma-
tion and structure (Paes Leme et al. 2006). Thus, the constant intake of fermentable 
sugars in daily diet results in increased carbohydrate fermentation by acidogenic 
bacteria, which results in lactic acid production, followed by longer periods of low 
pH and the selection of aciduric bacteria, such as S. mutans, Lactobacilli and 
Bifidobacteria, that survive under these conditions (Marsh 1994, 2016).

Among the highly abundant species observed in biofilm from adolescent patients 
with high and frequent carbohydrate intake, Lactobacillus spp. showed higher 
counts in dental biofilms in situ in the presence of glucose + fructose and sucrose, 
and correlations were also found between intake of confectionery-eating events and 
lactobacillus levels among 12-year-old schoolchildren (Beighton et  al. 1996). In 
addition, the association between relative abundance of bacterial species and fre-
quency of carbohydrate intake (high vs low consumption) was shown by Ribeiro 
et  al. (2017): among 12-year-old patients with high frequency of carbohydrate 
intake (more than two times between meals), statistically significant differences in 
the increased relative abundance were observed among Actinomyces gerencseriae, 
Actinomyces naeslundii, Lactobacillus crispatus and Streptococcus vestibulares.

The relationship between fermentable carbohydrate intake and oral microbiome 
in adult populations showed that mutans and non-mutans streptococci of several 
types, including S. sanguinis and S. salivarius, are known to be extremely abundant 
in the mouth and present acidogenic and acid-tolerant properties (Guggenheim 
1968; Nyvad and Kilian 1990). However, concerning their relation the development 
of caries, some data suggest an inverse relationship of S. sanguinis and abundance 
of mutans streptococci (Loesche and Straffon 1979). On the other hand, lactobacilli 
are known as highly acidogenic from carbohydrates as well as being extremely acid 
tolerant.

As for the influence of dietary habits on the oral bacterial metabolism, a meta-
transcriptomic approach was used to investigate the active oral microbiota before 
and after a carbohydrate meal (Benítez-Páez et  al. 2014). It was found that the 
metabolism of the microbiota changed, irrespective of the quality of the diet of the 
individual. Interestingly, no changes were observed in one individual who had never 
had dental caries, indicating a strong resilience (that is, a high capacity to overcome 
stress factors and recover from perturbations). Thus, it is an important factor for oral 
homeostasis since inadequate resilience can lead to oral diseases when disease driv-
ers are strong or sufficiently persistent.
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Fermentable carbohydrates will lead to decreased biofilm pH due to bacterial 
metabolism. Microbial communities located in acidic pH strata biofilms show low 
diversity of microbial populations, with Lactobacillus species being prominent. In 
comparison, the distinctive species of a more diverse flora are associated with more 
neutral pH regions of carious lesions, including Alloprevotella tanerrae, Leptothrix 
sp., Sphingomonas sp. and Streptococcus anginosus (Kianoush et al. 2014). These 
findings were also observed by a more recent study that showed that the high con-
sumption of fermentable carbohydrates was associated with a reduction in bacterial 
diversity.

Altogether, these observations highlight the non-specific source, polymicrobial 
nature, and complex metabolic and community dynamics of dental caries and pro-
vide a deeper understanding of the differences in bacterial composition associated 
with health and initial development of caries, and the influence of the diet in the 
microbiome composition and metabolism.

 Endodontic Infections

If dental caries is left untreated, the lesion can progress through the dentine into the 
root canal that contains the vasculature and innervation (pulp) that maintains the 
vitality of the tooth. The pulp becomes infected associated with inflammation and 
pain and ultimately dies. Infectious agents can also reach the pulp through dentinal 
tubules when the distance between the approaching border of the carious lesion and 
the pulp is sufficiently small. There can also be direct pulp exposure resulting from 
fractures or failing restorations and salivary contamination.

Due to the characteristics of the vasculature of the pulp, infections could poten-
tially result from bacteremia. Infections of the dental pulp are generally polymicro-
bial in nature with anaerobic proteolytic bacteria dominating (Munson et al. 2002) 
presumably due to the necrotic nature of the environment. Persistent infection can 
progress through the foramen of the root tip resulting in an abscess in the alveolar 
bone presenting as a periapical lesion (periapical periodontitis).

Interestingly, in refractory (persistence following treatment) endodontic infec-
tions, the most commonly identified species cultured are the Gram positive entero-
cocci. These are considered commensal inhabitants of the gastrointestinal tract and 
are not normally found in the mouth in health, resulting in some controversy as to 
the source of this infection. It is possible that they are introduced through transient 
bacterium from the gut (Goh et al. 2017). In regard to the fermented food topic of 
this volume, it has been demonstrated that enterococci are found in both unpasteur-
ized and pasteurized cheeses and can persist in the mouth for some time after their 
consumption (Razavi et al. 2007). Further studies have demonstrated that entero-
cocci can gain access to the root canal by microleakage through the temporary fill-
ing materials used between endodontic treatment visits (Kampfer et al. 2007). It 
therefore has been suggested that cheese and perhaps other fermented dairy and 
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meat products might be a source of enterococci infection challenge during the 
endodontic treatment course and that patients should avoid eating foods known to 
be colonized by enterococci (Goh et al. 2017; Wade 2013).

 Periodontal Diseases: Gingivitis and Periodontitis

As discussed previously, the biofilm that accumulates on the tooth surface exposed 
to the oral cavity (supragingival plaque) is saliva-bathed, composed mainly of sac-
charolytic, acidogenic and aciduric populations of bacteria selected by dietary sugar 
on nutrient poor enamel surfaces of the teeth. In contrast, there are unique ecologi-
cal niches created by the architecture and dynamics of the supporting structures of 
the teeth that select for asaccharolytic, nutritionally fastidious, acid-intolerant, pro-
teolytic anaerobes.

The attachment of epithelium to teeth in a healthy dentition occurs at the transi-
tion from the enamel surfaces of the crown of the tooth to the cementum of the root 
(cemento-enamel junction) forming a thin barrier (junctional epithelium) that pro-
tects the underlying supporting structures. The teeth are suspended in sockets in the 
alveolar bone of the jaws by periodontal ligament. The gingiva (gums) create a 
sulcus (gingival crevice) surrounding teeth that is composed of unique specialized 
gingival epithelial cells and keratinocytes. This arrangement creates a close associa-
tion between the non-sloughing hard surfaces of the teeth and the renewable soft 
tissue of the gingiva that limits accessibility of saliva and provides microbial attach-
ment sites on both mineral and cell surfaces bathed in a protein rich, tissue-derived 
gingival crevicular fluid (GCF) of this subgingival space. This relatively seques-
tered site if undisturbed permits a hierarchical development of complex biofilm 
communities driven by environmental alterations in nutrient availability, oxygen 
limitations, specific interspecies co-aggregations, synergisms and antagonisms.

As with the supragingival plaque, the early subgingival colonizers are predomi-
nated by facultative anaerobes including the saccharolytic streptococci and actino-
mycetes. If the biofilm is permitted to develop without mechanical disruption (oral 
hygiene), robust bacterial species such as Fusobacteria and Prevotella (Ramberg 
et  al. 2003) neutralize the pH of this subgingival environment by nitrogenous 
metabolism and stimulate increased efflux of GCF further promoting proteolytic 
activity allowing a shift in the microbial communities toward the establishment of 
more acid-intolerant, oxygen-sensitive, more diverse, inflammation-promoting and 
potentially periodontopathic species.

 Gingivitis

Gingivitis is arguably the most common bacterial disease of humans with a preva-
lence greater than 90% in adults (Coventry et  al. 2000). Following meticulous 
cleaning of the teeth, the gingival margins proximal to the gingival crevice are 
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rapidly repopulated (within hours) with pioneer colonizers predominated by Gram 
positive, aerotolerant anaerobes including streptococci and actinomycetes (Nyvad 
and Kilian 1990; Ramberg et  al. 2003; Li et  al. 2004). This initial adherence is 
favored by the selective affinity of these bacteria for epitopes of the salivary proteins 
that specifically adsorb to tooth surfaces (pellicle) and coat the epithelium (Murray 
et al. 1992). If left undisturbed, the accumulating biofilm of these primary coloniz-
ers provides new attachment sites for selected other species through specific co- 
aggregation interactions (Kolenbrander et al. 2006) and by metabolic reduction in 
oxygen tension favoring more anaerobic Gram negative species including 
Fusobacterium, Treponema and members of the phylum Synergistetes (Zijnge et al. 
2010). This increase in the proportions of Gram negative, asaccharolytic and anaer-
obic bacteria results in the accumulation of endotoxins, metabolic end-products and 
lytic enzymes that irritate the gingivae activating pro-inflammatory pathways result-
ing in the clinical signs of gingivitis, including red, swollen and inflamed gums that 
bleed either spontaneously or on gentle probing. These clinical presentations are 
entirely reversible with restoration of effective oral hygiene (Loe et al. 1965). It is 
generally considered that there are no specific pathogens associated with gingivitis, 
but rather plaque load and especially its level of maturity (transition to Gram nega-
tive anaerobes) correlate with disease severity (Socransky 1977). Because estab-
lished gingivitis is frequently not painful, it can remain undiagnosed in the absence 
of routine dental care, and thus go untreated for many years without progressing to 
irreversible periodontitis.

 Periodontitis

Periodontitis is a bacterially-induced chronic inflammatory disease of the periodon-
tium that includes not only inflammation of the gingiva, but also destruction of the 
tissues that surround and support the teeth including the periodontal ligament and 
the alveolar bone. In susceptible individuals, inflammation in the gingival tissues 
results in the destruction of the epithelial and connective tissue attachments to the 
tooth through the activities of neutral proteases, elastases, collagenases and metal-
loproteinases (Smith et al. 1995; Golub et al. 1997; Hernández et al. 2010). In an 
attempt to repair, the junctional epithelium responds to the damage by migrating 
toward the apex of the tooth possibly due to the proteolytic activity of degranulating 
neutrophils within the gingival environment (Bosshardt and Lang 2005; Eskan et al. 
2012). This is measured clinically as attachment loss by calibrated dental probing as 
a metric of periodontal disease severity. This retreating attachment of the connective 
tissue results in a deepening of the sulcus forming a periodontal pocket providing an 
anaerobic environment and neutral pH favoring asaccharolytic, proteolytic anaer-
obes (Eggert et al. 1991) creating a vicious cycle. The resulting biofilm ultimately 
provokes a chronic inflammatory response in the surrounding connective tissue that 
drives the destruction of the alveolar bone that supports the tooth (Armitage 2004).
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While accumulation of biofilm triggers gingivitis, the presence of biofilm alone 
is not sufficient to progress to periodontitis as evidenced by the clinical course 
observed with untreated chronic gingivitis mentioned above. It is now evident that 
complex interactions between immune response elements of the host with the bio-
film are required for progression to periodontitis. In this scenario, it is proposed that 
most of the tissue damage is due to a dysbiotic microbial community’s subversion 
of the host response leading to an inappropriate, exaggerated inflammatory response 
(Darveau 2010; Kilian et al. 2016). The resulting local inflammation provokes an 
increased flow of the nutrient-rich gingival crevicular fluid possibly associated with 
bleeding and a reduction in oxygen favoring a shift from a symbiotic microbial 
population to the more nutritionally fastidious, protein-dependent obligate anaero-
bic dysbiosis (Marsh et al. 2015). The resulting inflammation damages the sulcular 
epithelium providing red blood cells for bacterial hemolysis and release of hemo-
globin for processing by heme-dependent bacteria such as Porphyromonas 
gingivalis.

Since the 1950s, investigators have sought to identify the microbial species criti-
cal for the initiation and progression of periodontitis. From these studies, it was 
clear that there were profound shifts in the microbial community structures that 
were associated with the transition from a healthy gingiva to disease and specific 
organisms were proposed as potential periodontopathogens based on culture biases 
and virulence properties identified in animal models. In 1994, Socransky and col-
leagues employed checkerboard DNA-DNA hybridization techniques that permit-
ted enumeration of then relatively large numbers of species in very large numbers of 
samples. Using 40 species-specific DNA-DNA hybridization probes to quantitate 
oral bacteria in the subgingival plaque samples from healthy and periodontally dis-
eased sites (Socransky et al. 1998), they first advanced the idea of discrete microor-
ganisms working together to cause disease. They defined five different “complexes” 
based on their level of association with disease severity. These complexes were 
color coded with the most highly associated with chronic severe periodontitis iden-
tified as the “red complex” that included three species: P. gingivalis, Tannerella 
forsythia and Treponema denticola. Although sometimes present in low numbers in 
healthy subjects (Kumar et al. 2003), the red complex was considered to be respon-
sible for initiation and progression of disease. The disappearance (or significant 
reduction) of red complex was associated with successful periodontal treatment and 
again became prominent when inflammation and deep pockets reappeared thus ful-
filling a modification of Koch’s postulates (Socransky 1977). The “orange complex” 
demonstrated a less stringent association with disease, but were considered founda-
tional for the subsequent colonization by the “red complex” and included among 
others Prevotella spp., Fusobacterium spp. and Parvimonas micra. On the other end 
of the spectrum, members of the “yellow complex” (Streptococcus gordonii, 
Streptococcus intermedius, Streptococcus mitis, Streptococcus oralis and 
Streptococcus sanguinis) and of the “purple complex” (Actinomyces odontolyticus 
and Veillonella parvula) were mainly associated with healthy sites. The selection of 
the probes used in these studies was by necessity based on culture data and were 
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therefore restricted by the same biases that confounded other culture-dependent 
studies.

Using more contemporary sequencing approaches, the power to study bacterial 
community compositions has grown exponentially and has facilitated identification 
of novel associations between periodontitis and previously uncultivable or previ-
ously underappreciated species including the Gram positive Filifactor alocis 
(Griffen et al. 2012) and Peptostreptococcus stomatis and species from the genera 
Prevotella, Synergistes (Vartoukian et  al. 2009), Megaspaera, Selenomonas and 
Desulfobulbus (Kumar et al. 2003; Dewhirst et al. 2010). Many of these species cor-
relate as strongly with disease severity as do the classic “red complex”. It is now 
clear that periodontitis is a polymicrobial infection that arises from the expansion of 
so-called pathobionts within the microbial community that leads to dysbiosis- 
associated pathologies (Hajishengallis 2014). This shift in dominance from symbi-
onts to pathobionts appears to be driven by low prominence microorganisms 
(keystone pathogens) that are capable of modulating the host response and possibly 
the pathobionts directly (Frias-Lopez and Duran-Pinedo 2012) leading to an altera-
tion in the nutrient foundation of the community through a subverted inflammatory 
response. P. gingivalis has long been associated with human periodontitis and is 
capable of orchestrating disease in a variety of animal models. Recent studies sug-
gest that its role is more consistent with that of a keystone pathogen in that it is not 
a potent inducer of inflammation, but rather can impair host innate and adaptive 
defenses in ways that alter the growth, composition and development of the entire 
microbial community resulting in homeostatic disruption driving commensals 
toward pathobionts that deregulate inflammation causing bone loss (reviewed in 
Hajishengallis 2014; Costalonga and Herzberg 2014). The inflammatory destruc-
tion of host tissues provides a nutrient-rich inflammatory exudate (e.g. degraded 
host proteins and hemin) favoring the growth of asaccharolytic and proteolytic bac-
teria resulting in a dysbiotic shift in the microbiota further altering the environment 
to create new niches for sustaining and expanding the periodontopathic communi-
ties at the expense of the homeostatic symbionts associated with periodontal health.

 Dietary Influences on Periodontal Diseases

There is evidence that periodontal diseases are influenced by diet. For example, 
vitamin C depletion can lead to profuse gingival bleeding, lower serum magnesium/
calcium levels, lower antioxidant micronutrient levels, and lower docohexanoic acid 
intake have also been shown to significantly correlate with higher levels of peri-
odontal diseases (reviewed in Chapple et al. 2017). Vitamin B12 deficiency was also 
associated with periodontal disease progression and bone and periodontal ligament 
destruction (Zong et al. 2016).

In relation to carbohydrates, subjects on a high-carbohydrate diet develop gingi-
vitis because it increases the risk of inflammation and thus gingival bleeding (Hujoel 
2009; Sidi and Ashley 1984), whereas a switch to a “Stone Age” diet, based on 
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whole grains of barley, wheat, herbs, honey, milk, and meat from domestic animals 
(goats and hens), resulted in a decrease in gingival bleeding (Baumgartner et  al. 
2009). Thus, fermentable carbohydrates (sugars and starches) are recognized as the 
most relevant common dietary risk factor for periodontal diseases, because glyce-
mia drives oxidative stress and advanced glycation end-products may also trigger a 
hyper inflammatory state (reviewed in Chapple et al. 2017).

Thus, there is evidence that together with sugar restriction, functional foods may 
improve clinical treatment outcomes following the adjunctive ingestion of fruit and 
vegetable extracts (Chapple et al. 2012) and probiotics (Martin-Cabezas et al. 2016), 
although evidence is limited and biological mechanisms not fully elucidated 
(Chapple et al. 2017). There is also an intriguing study that suggests that a diet that 
includes frequent ingestion of fermented foods might positively influence periodon-
tal health (Takeshita et al. 2014). This study compared the salivary microbiomes of 
orally healthy adult participants from a representative community in Japan with that 
of a cohort from South Korea. This selection was based on national surveys that 
suggested that South Koreans had better periodontal health than that of Japanese, 
despite their similar inherent backgrounds. The microbiota of the Japanese indi-
viduals comprised a more diverse community, with greater proportions of 17 
 bacterial genera, including Veillonella, Prevotella and Fusobacterium, compared to 
the higher proportions of Neisseria and Hemophilus species found in Korean saliva 
samples. A previous study by this group found that salivary microbiomes with larger 
proportions of Prevotella and Veillonella were associated with periodontitis; 
whereas, larger proportions of Neisseria, Hemophilus and Porphyromonas were 
associated with periodontal health (Takeshita et al. 2009). Therefore, the salivary 
microbiome composition of the Korean cohort could be considered healthier than 
that of the Japanese subjects, even though all of these individuals were orally 
healthy. The authors noted that there are major differences in the diets of these two 
cohorts and suggested that the Korean preferences for spicier foods and especially 
for the fermented vegetables, kimchi, might contribute to these differences in their 
microbiomes (Takeshita et al. 2014).

 The Influence of Oral Health on the Gut Microbiome

To the best of our knowledge, there are no studies that show that caries dysbiosis has 
a direct impact on the gut microbiome. Thus, any correlation between presence of 
active dental caries and gut microbiome remains unclear and further investigations 
are highly recommended.

However, it is well known that the gut microbiome is highly impacted by the 
quality of food intake. The microorganisms that reside in the human colon fulfill 
their energy requirements mainly from diet- and host-derived complex carbohy-
drates. Individual bacterial species exhibit different preferences for the same set of 
glycans and this maintains a competitive environment, which promotes stable 
coexistence and shows that predictable changes in the gut microbiota can improve 
health through diet (Tuncil et al. 2017).
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The use of probiotics can contribute to bacterial resilience (bacterial capacity to 
recover from perturbations caused by disease drivers) and, thus, represents benefi-
cial functions (e.g., preventing biofilm acidification, biofilm accumulation, or harm-
ful inflammation) (See chapter “Microbial Manipulation of Dysbiosis: Prebiotics 
and Probiotics for the Treatment of Oral Diseases”). A recent systematic review of 
50 studies (3247 participants) concluded that current evidence is insufficient for 
recommending probiotics for managing dental caries (Gruner et al. 2016). However, 
instead of using general dairy products or gut-associated bacteria, the identification 
of new probiotic species without acidogenic characteristics and the development of 
individualized treatments could improve these results in the future (López-López 
et al. 2017). The idea for the oral cavity would be to obtain indigenous probiotic 
species or communities with certain beneficial functions (e.g., arginolytic pathways 
produce ammonia or denitrification pathways produce nitric oxide) to compete for 
the bacterial sites and food consumption, and, instead of decreasing the biofilm pH, 
raising it or maintaining it to a neutral level (Rosier et al. 2017).

Another interesting observation was published recently by Yasuda et al. (2017) 
while investigating the effect of the use of systemic and topical fluoride in the oral 
and gut microbiome. Topical and systemic fluoride are regularly used products for 
dental caries prevention and treatment due to their capacity for increasing mineral 
remineralization of the dental tissues and inhibiting energy harvest in oral cariogenic 
bacteria (such as S. mutans and S. sanguinis). Fluoride also inhibits bacterial growth 
by inhibiting the enzyme enolase, which catalyzes the conversion of 2-phosphoglyc-
erate to phosphoenolpyruvate (the last step of anaerobic glycolysis), thus leading to 
bacterial depletion (Marquis 1995; Qin et al. 2006). By treating mice with low or 
high levels of fluoride over a 12-week period (fluoride exposures at levels commonly 
found in municipal water and dental products), followed by 16S rRNA gene ampli-
con and shotgun metagenomic sequencing, they found changes in oral microbiome 
in both the low- and high-fluoride groups. Several operational taxonomic units 
(OTUs) belonging to acidogenic bacterial genera (such as Parabacteroides, 
Bacteroides, and Bilophila) were depleted in the oral community. In addition, fluo-
ride-associated changes in oral community composition resulted in depletion of gene 
families involved in central carbon metabolism and energy harvest (2-oxoglutarate 
ferredoxin oxidoreductase, succinate dehydrogenase, and the glyoxylate cycle). 
However, fluoride treatment, exposure at physiological levels, did not induce a sig-
nificant shift in the overall composition of the oral microbiome, and even on the 
established gut microbiome or function, possibly due to absorption in the upper gas-
trointestinal tract. Fluoride-associated perturbations thus appeared to have a selective 
effect on the composition of the oral, but not on the gut microbial community.

 Systemic Consequences of Oral Dysbiosis

Oral bacteria have been proposed to play a role in a number of human systemic 
diseases, including atherosclerotic cardiovascular disease (Dietrich et  al. 2013), 
stroke, abnormal pregnancy outcomes, rheumatoid arthritis, respiratory tract 
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infections including pneumonia, meningitis or brain abscesses, inflammatory bowel 
disease and colorectal cancer (Scannapieco and Binkley 2012; Dewhirst et al. 2010; 
Han and Wang 2013; Chapple and Genco 2013; de Pablo et al. 2009) and even links 
to Alzheimer’s disease (Shoemark and Allen 2015). Dysbiosis in periodontal dis-
ease likely triggers bacteremia facilitating systemic dissemination of oral bacteria 
(Forner et al. 2006). Dissemination has been demonstrated for select strains (but not 
all) of P. gingivalis through modifications in vascular permeability and septicemia 
from sequestered sites in animal models (Genco et al. 1991). Oral administration of 
P. gingivalis in a mouse model had direct effect on the gut microbiome and pro-
vokes inflammatory changes in various tissues and organs (Arimatsu et al. 2014). Is 
it possible that P. gingivalis can play a role as a keystone pathogen in the gut? It is 
well known that severe periodontitis negatively impacts glycemic control, not only 
in diabetes, but in subjects without diabetes. Severe periodontitis is an established 
risk factor for the onset of type 2 diabetes, and periodontal disease severity corre-
lates with diabetic complications (Chapple and Genco 2013). It therefore follows 
that good oral hygiene is important not only to dental health maintenance, but 
should also be considered for controlling total microbial load that disseminates to or 
influences extra-oral infections and inflammation (Han and Wang 2013).

 Summary

In dental caries, biofilm microbiome stability is disturbed by the high and frequent 
consumption of fermentable carbohydrates, thus this dietary habit is considered a 
disease driver. The indigenous microbiota ferment these carbohydrates into organic 
acids and the local pH will drop from 7.0 to below 5.5 when the acid surpasses the 
buffering capacity of the biofilm and saliva. Acidogenic and aciduric species that are 
adapted to the acidic conditions in the biofilm environment will gain a selective 
advantage. Over time, dysbiosis is characterized by a shift in the microbiota, leading 
to a less diverse and more cariogenic community that is more efficient at fermenting 
carbohydrates (i.e., saccharolytic) and more adapted to growth and metabolism in 
low pH (i.e., aciduric). These include, but are not limited to, aciduric representatives 
of Lactobacillus, Streptococcus, Veillonella, Bifidobacterium and Actinomyces. 
During the low pH period, enamel demineralization (mineral loss) exceeds reminer-
alization (mineral gain). If the acidic conditions persist or are repeated frequently 
without sufficient time for remineralization, then a caries lesion may develop. Thus, 
a dietary habit defined by frequent carbohydrate intake can lead to a positive feed-
back loop, causing a shift to a saccharolytic, acidogenic and aciduric microbiota 
that can cause irreversible dental carious lesions over time.

In periodontal diseases, a microbiome composed of asaccharolytic, nutritionally 
fastidious, acid-intolerant, proteolytic anaerobes is observed, and is related to a 
chronic inflammatory response in the surrounding connective tissue that drives the 
destruction of the alveolar bone that supports the tooth. The microorganisms highly 
associated with chronic severe periodontitis are identified as the “red complex”, 
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which includes three species: P. gingivalis, T. forsythia and T. denticola. These 
species and a growing list of others are considered responsible for driving the host 
compatible commensal microbiome toward dysbiosis leading to the rise of pathobi-
onts to dominance and the initiation and progression of disease. The possibility of 
specific species orchestrating the shift to dysbiosis resulting in pathology has identi-
fied the role of such species as a keystone pathogen. P. gingivalis seems especially 
equipped to play such a role. The disappearance (or significant reduction) of red 
complex and probably more specifically keystone pathogens was associated with 
successful periodontal treatment.
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Abstract Prebiotics and probiotics may have a role in the prevention and treatment 
of relevant oral diseases and conditions, including dental caries, periodontal and 
peri-implant diseases and halitosis. Prebiotics and probiotics may be associated 
with higher numbers or activity of “beneficial” bacterial species, thus controlling 
microbiological deleterious shifts, although the precise mechanisms of action have 
not been completely elucidated. For dental caries, most of the studies have not 
reported effects on caries incidence as a true endpoint. A beneficial effect has been 
observed in children with high caries-risk, while in low caries-risk children this 
positive effect is doubtful. In dental biofilm-induced gingivitis, most studies failed 
to find relevant clinical effects. In periodontitis therapy, the adjunctive use of probi-
otics has demonstrated relevant benefits in some studies, for with limited consis-
tency. In peri-implant diseases, the available information is very limited, thus 
definitive conclusion cannot be made. In halitosis treatment, the limitations of the 
currently available therapies may lead to an important role of prebiotics/probiotics 
in the control of halitosis. Research is showing some promising results, but studies 
are needed to confirm this hypothesis.
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 Introduction

 Prebiotics

 Concept

Prebiotics are non-digestible food ingredients that improve the health of the host 
through their physiologic effects of increasing the numbers and/or the activity of 
beneficial microorganisms (Gibson and Roberfroid 1995). Dietary fibers such as 
inulin-type, fructans and galacto-oligosaccharides have been considered prebiotics 
since 1995, as they fulfilled the three criteria used to define a compound as a prebi-
otic: “(1) resistance to gastric acidity, hydrolysis by mammalian enzymes and gas-
trointestinal absorption, (2) fermentation by intestinal microbiota and (3) selective 
stimulation of the growth and/or activity of intestinal bacteria associated with health 
and wellbeing” (Gibson et al. 2004). Other substances that are not absorbed from 
the small intestine, such as polyols (or sugar alcohols), or even certain amino acids 
(such as arginine) are also commonly described as prebiotics.

However, since a cause and effect relationship has not been demonstrated 
between the consumption of the food and a beneficial physiological effect through 
the increase in the numbers of gastro-intestinal microbiota, the European Food 
Safety Authority (EFSA) does not consider individual ingredients as prebiotics, but 
only as dietary fiber without mentioning the health benefits (Delcour et al. 2016).

 Mechanisms of Action

Non-digestible carbohydrates modulate immune functions in different ways. Inulin 
(IN) and oligofructose (OF), as well as their intestinal fermentation products have 
been evaluated in clinical trials in subjects with ulcerative colitis and Crohn’s dis-
ease. Prebiotic (IN and OF) treatment, combined or not with probiotic supplementa-
tion (Bifidobacterium longum) resulted in a clinical improvement of the inflammatory 
condition, as well as a significant reduction in the level of pro-inflammatory cyto-
kines such as interleukin (IL)-1β and tumor necrosis factor-α (Furrie et al. 2005). 
Other randomized controlled trials have suggested that these prebiotics were able to 
improve postnatal immune development since the incidence of atopic dermatitis in 
high-risk infants was reduced (Moro et al. 2006).

By reaching the large bowel without being digested, prebiotics increase the num-
ber and activity of lactic acid bacteria and produce short-chain fatty acids (SCFA). 
This shift in the intestinal microbiota towards bifidobacteria and other SCFA- 
producing bacteria may change the pathogen-associated molecular patterns in the 
intestinal lumen, including endotoxins or lipopolysaccharides (Seifert and Watzl 
2007). SCFA are capable of modifying the gastrointestinal pH, favoring mineral 
absorption and transport (including calcium) with a reported positive effect in ado-
lescents and older women on the development and maintenance of body mass, pre-
venting osteoporosis in the later (Coxam 2007).
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Another possible mechanism of action derives from the interaction of prebiotic 
carbohydrates and carbohydrate receptors on immune cells (B and T lymphocytes, 
as well as Natural-Killers cells), which are involved in the recognition of a wide 
range of pathogens, including fungi and bacteria, and therefore boosting the immune 
system.

 Probiotics

 Concept

The term “probiotic” was defined by The Food and Agriculture Organization of the 
United Nations (FAO) as “Live microorganisms which when administered in ade-
quate amounts confer a health benefit on the host” (FAO/WHO 2001). This defini-
tion highlights the fact that probiotic microorganisms must be alive to exert positive 
health effects. However, viability or survivability may not be indispensable qualities 
of health-promoting microorganisms, since dead cells and bacterial cell compo-
nents may also exert some physiological effects (Rachmilewitz et al. 2004).

The rationale of using probiotics in the treatment of oral diseases is similar to 
their use in gastrointestinal diseases. Administration of oral probiotic bacteria 
should enhance their adherence and colonization in the oral tissues including hard 
surfaces, thus preventing the establishment or overgrowth of pathogenic species. 
However, the available evidence suggests that probiotics may also exert their 
 beneficial effect without colonizing, or only with a temporary colonization of the 
host (Iniesta et al. 2012), as probiotic bacteria tend to disappear from the oral cavity 
once their intake is stopped (Caglar et al. 2009).

The mechanisms of action and efficacy of an oral probiotic depend on their inter-
actions with the oral microflora (directly by competitive mechanisms or indirectly 
by production of antimicrobial substances) and/or immunocompetent host cells.

 Mechanisms of Action

Competitive Mechanisms

Probiotic bacteria can compete or antagonize directly or indirectly with pathogenic 
bacteria for adhesion (for niche colonization) or for nutrients within the biofilm.

Commensal streptococcal species, such as Streptococcus sanguinis, 
Streptococcus salivarius, Streptococcus mitis and Streptococcus cristatus can 
inhibit the periodontopathogen Aggregatibacter actinomycetemcomitans coloniza-
tion of soft tissues (Sliepen et al. 2009; Teughels et al. 2007). Also Lactobacillus 
brevis can inhibit Prevotella melaninogenica biofilm formation (Vuotto et al. 2014), 
and similarly, Weissella cibaria, Enterococcus faecium, Lactobacillus reuteri, 
Lactobacillus acidophilus, Lactobacillus casei and Lactobacillus salivarius can 
inhibit the cariogenic species Streptococcus mutans biofilm formation (Kang et al. 
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2006a, 2011; Kumada et  al. 2009; Wasfi et  al. 2018). Moreover, Lactobacillus 
gasseri and Lactobacillus rhamnosus were able to disrupt mature biofilm formation 
(Tan et al. 2018).

Studies evaluating the action of bifidobacteria in oral health are scarce. But it 
has been shown that, Bifidobacterium animalis, Bifidobacterium dentium and 
Bifidobacterium longum can induce a significant reduction in the numbers of 
Porphyromonas gingivalis in in vitro biofilms (Jasberg et al. 2016). However, B. 
animalis and B. longum can also be potentially cariogenic, having shown to 
induce enamel demineralization when combined with S. mutans and Streptococcus 
sobrinus (Valdez et al. 2016).

The indirect competitive mechanisms can be explained by the alteration in the 
expression of different adhesion-genes, as well as by the interference with the com-
position of salivary proteins. Interestingly, L. acidophilus, L. reuteri and L. casei 
have been shown to down-regulate the expression of genes responsible for the syn-
thesis of the extracellular glucose polymers (glucans) in S. mutans, which play an 
important role in the growth of dental biofilms (Salehi et al. 2014; Savabi et al. 2014; 
Tahmourespour et al. 2011; Wasfi et al. 2018). In fact, several Lactobacillus strains 
can down-regulate certain S. mutans genes related to biofilm formation, such as 
exopolysaccharides-producing genes and quorum sensing genes (Wasfi et al. 2018). 
In a similar way, Lactobacillus paracasei, L. rhamnosus and L. fermentum demon-
strated the ability to down-regulate expression of Candida albicans biofilm- specific 
genes (Rossoni et al. 2018; Mailander-Sanchez et al. 2017; Ribeiro et al. 2017).

Some probiotic strains can even change the salivary pellicle protein composition 
by inhibiting an important adhesion protein, salivary agglutinin gp340, which also 
plays an important role for the S. mutans adhesion (Haukioja et al. 2008).

Production of Antimicrobial Substances

Probiotic bacteria can produce a wide range of compounds with antimicrobial activ-
ity such as lactic acid, hydrogen peroxide and bacteriocins (Table 1).

Lactic acid, a final product of carbohydrate metabolism, is produced by all 
Lactobacillus species. In vitro studies have shown that L. paracasei, L. casei, L. 

Table 1 Different strains of oral probiotics and their bacteriocins

Oral strain Bacteriocin name References

Lactobacillus salivarius Bacteriocin LS1 Busarcevic et al. (2008)
Bacteriocin LS2 Busarcevic and Dalgalarrondo (2012)

Lactobacillus paracasei Paracasin SD1 Wannun et al. (2014)
56 kDa bacteriocin Pangsomboon et al. (2009)

Streptococcus salivarius Salivaricin A Tagg (2004)
Salivaricin A1
Salivaricin A2
Salivaricin B
Salivaricin E Walker et al. (2016)
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salivarius, Lactobacillus plantarum, L. rhamnosus, L. fermentum, L. brevis and L. 
reuteri elicit a inhibitory activities against S. mutans, S. sobrinus, Streptococcus 
gordonii, Actinomyces viscosus, Fusobacterium nucleatum, Tannerella forsythia, P. 
gingivalis and A. actinomycetemcomitans (Baca-Castanon et al. 2015; Samot and 
Badet 2013; Sookkhee et al. 2001; Teanpaisan et al. 2011; Wasfi et al. 2018).

Some lactic-acid producing bacteria such as L. gasseri, L. paracasei, L. brevis, 
L. plantarum, L. acidophilus, L. salivarius, L. reuteri and W. cibaria can also pro-
duce hydrogen peroxide, which has direct or indirect microbicidal activities on oral 
biofilms and may also elicit direct toxicity against a variety of microorganisms 
(Samot and Badet 2013; Wasfi et al. 2018; Jang et al. 2016).

Bacteriocins are ribosomally synthesized small peptides with antimicrobial 
properties, mainly directed against Lactobacillus species, although antagonisms 
against other microorganisms have also been reported. The activity of some of 
these bacteriocins is due to pore formation in the cytoplasmic membrane of target 
bacteria. Several bacteriocins have been isolated from probiotic bacteria from the 
gastrointestinal tract, such as the production of reuterin by L. reuteri (Kang et al. 
2011; Talarico et al. 1988).

Modulation of Host Defenses

Probiotic bacteria can potentially play a significant role in the maintenance of oral 
health by modulating the immune system through anti-inflammatory mechanisms.

In vitro studies have shown that certain Streptococcus species such as S. crista-
tus, S. salivarius, S. mitis and S. sanguinis can attenuate the interleukin (IL)-8 
response induced by periodontal pathogens such as A. actinomycetemcomitans and 
F. nucleatum in epithelial cells (Cosseau et al. 2008; Sliepen et al. 2009; Zhang et al. 
2008). S. cristatus can also attenuate the production of the proinflammatory cyto-
kines IL-1α, IL-6 and tumor necrosis factor (TNF)-α induced by F. nucleatum 
(Zhang and Rudney 2011). Precise regulatory systems are not clear yet, although 
there is evidence indicating that these bacteria can inhibit the nuclear factor κβ path-
way (Cosseau et al. 2008; Zhang and Rudney 2011). Also, it has been shown that L. 
acidophilus was able to reduce the secretion of IL-1β, IL-6 and IL-8 induced by P. 
gingivalis (Zhao et al. 2012). In addition, L. rhamnosus can prevent P. gingivalis- 
induced inflammation, preventing the inhibition of CXCL8 expression by P. gingi-
valis (Mendi et al. 2016).

Interestingly, it was demonstrated that L. salivarius and L. gasseri were able to 
attenuate the expression of CdtB and LxtA genes in A. actinomycetemcomitans 
strains. Since these genes synthesize powerful virulence factors against target cells 
of the immune system or periodontal tissues, this may be a potential mechanism to 
reduce the release of bacterial toxins and hence the immune-inflammatory response 
against this antigenic load (Nissen et al. 2014).

There are several in vivo studies designed to assess the immunomodulatory 
effects of probiotic bacteria. The first group of studies focused on the protective 
roles of immunoglobulin A (IgA) and human neutrophil peptides 1-3 (HNP1-3) in 
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dental caries. HNP1-3 are antimicrobial peptides that provide the first line of host 
defense against a broad spectrum of microorganisms. Their preventive role against 
dental caries has been suggested by the significantly higher salivary HNP1-3 levels 
in caries-free children in comparison to those experiencing caries (Tao et al. 2005). 
E. faecium can increase the total salivary IgA levels in pre-school children (Surono 
et  al. 2011) and L. paracasei can raise the salivary HNP1-3 levels in children 
(Wattanarat et al. 2015).

The second group of studies have been carried out in adult subjects: L. brevis 
reduced matrix metalloproteinases (MMP), prostaglandin E2 and interferon-γ lev-
els in saliva (Riccia et al. 2007); L. casei affected elastase activities and MMP-3 
levels in gingival crevicular fluid (GCF) (Staab et al. 2009); and L. reuteri decreased 
TNF-α and IL-8 levels in GCF (Twetman et al. 2009). L. brevis did not show effects 
on salivary IgA levels (Riccia et al. 2007), while L. reuteri increased total salivary 
IgA levels (Ericson et al. 2013).

 Treatment and Prevention of Dental Caries

 Dental Caries

In 2010, the most prevalent condition in the world was untreated caries in perma-
nent teeth, affecting 35% of the population, or 2.4 billion people. Untreated caries 
in deciduous/primary teeth was the tenth-most prevalent condition, affecting 9% of 
the population, or 621 million children (Kassebaum et al. 2015). There is, however, 
evidence of a significant decline in caries affecting children due to promotion of oral 
health in school children, increased use of fluoride, reduced sugar intake and 
improved oral hygiene habits and regular check-ups. This fact seems to indicate that 
the burden of untreated caries is shifting from children to adults. In fact, the total 
burden of untreated caries has not declined due to the increase in population growth 
and longevity and the significant decrease in the prevalence of total tooth loss 
throughout the world (Frencken et al. 2017; Jepsen et al. 2017; Global Burden of 
Disease Study Collaborators 2015).

Dental caries is a complex disease characterized by a multifactorial etiology 
where the interaction of cariogenic bacteria, fermentable carbohydrates and host- 
related factors such as saliva secretion rates/buffering capacity results in demineral-
ization of the tooth structure. The evidence suggests that in contrast with classical 
infectious diseases in which a specific pathogen is required for the development of 
the disease, caries is associated with a dysbiotic shift towards an increase in the 
number or proportions of acidogenic species (See chapter “Meat and Meat 
Products”). This shift occurs when sugared food/drinks are ingested frequently, 
leading to an imbalance between demineralization/remineralization towards net 
mineral loss (Fejerskov et al. 2015; Marsh 2018).

The lesion can present different extent and severity (initial, moderate or exten-
sive), affecting the crown (coronal caries) or the root (root caries), and may affect 
the primary and/or the permanent dentition. It can affect enamel, the outer covering 
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of the crown; cementum, the outermost layer of the root; and dentine, the tissue 
beneath both enamel and cementum.

 Pathogenesis, Prevention and Treatment

A characteristic feature of the oral cavity is that teeth offer non-shedding surfaces 
for the formation of biofilms. These multi-species microbial communities are highly 
structured not only through their physical co-aggregation, but also through the pro-
duction of chemical compounds by cell-to-cell metabolic interactions that promote 
microbial growth and provides resistance from antimicrobial agents and host 
defenses (Kolenbrander 2011).

Molecular methods, mostly sequence analysis of 16S ribosomal RNA genes, 
have provided new knowledge on the composition of caries associated biofilms and 
their role in the etio-pathogenesis of the disease (Gross et al. 2012). In fact, dental 
biofilms are more complex than previously appreciated, with the identification of 
several hundred distinct new species (Human Microbiome Project Consortium 
2012). S. mutans, S. sobrinus, and to a lesser extent, Lactobacillus spp., have been 
classically considered the main pathogenic agents of caries (Loesche 1986). These 
bacteria are acidogenic since they produce weak organic acids from their metabo-
lism of fermentable carbohydrates. This acid production results in a lower pH, 
which when below a critical threshold, demineralizes the hard dental tissues.

Recent studies using molecular techniques (polymerase chain reaction (PCR) 
amplification of DNA) in samples harvested from carious lesions failed to detect 
these classical bacteria in a significant proportion of cavities, revealing high propor-
tions of other bacteria like Veillonella spp., Capnocytophaga spp. or Scardovia 
wiggsiae (Simon-Soro et al. 2013; Tanner et al. 2011). These studies have demon-
strated that multiple microorganisms acting in a consortium may be the main caus-
ative agents (Mira et al. 2017; Sanz et al. 2017).

Traditionally caries management has mainly focused on the restoration of the 
carious lesion, which despite its limitations, is still the favored method worldwide. 
However, it results in loss of tooth substance with a possible concomitant harmful 
effect due to the increased risk for secondary caries or pulp vitality alterations. 
Currently, the use of modern micro-restorative techniques using adhesive materials 
have reduced these limitations, mainly allowing the preservation of tooth structure.

To avoid the side effects of restorative therapy, in the past three decades there has 
been a clear tendency towards preventive approaches in the management of caries. 
These approaches are mainly based on enhancing dental tissue resistance by the use 
of fluoridated dentifrices or by community prevention programs (water fluorida-
tion), by reducing the intake of carbohydrates through dietary interventions (reduc-
tion of sugar intake), and by dental professional interventions (pit and fissure 
sealants, dental prophylaxis) (Milgrom et  al. 2012; Petersen and Lennon 2004). 
This holistic approach in caries prevention highlights the multifactorial nature of 
this disease and also justifies why antimicrobial or immunization strategies target-
ing a limited number of species have not been effective (Mira 2018).
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Current microbiological studies have also shown that there is a symbiotic micro-
flora that provides protection against caries and these studies have prompted the use 
of pre- and probiotics aimed to promote the establishment of these beneficial bacte-
rial species as a new approach in caries prevention.

 Prebiotic Therapy in the Management of Dental Caries

The use of prebiotics aims to selectively boost the growth of symbiotic bacteria. 
Since carbohydrates are key in the development of the microbial dysbiosis leading 
to caries, the use of sugar substitutes, especially sugar alcohols (polyols) have been 
proposed as caries prevention agents. In addition, polyols, as natural sugar substi-
tutes, may provide health benefits by reducing other sugar associated diseases, such 
as diabetes, obesity and cardiovascular diseases (World Health Organization 2015). 
The current approach of using polyols for caries prevention has been their topical 
use such as chewing gum and lozenges with sorbitol, xylitol, or sorbitol/xylitol 
(Mickenautsch et al. 2007). The efficacy of xylitol, has shown to be moderate in a 
recent systematic review when used as self-applied caries preventive agent 
(Janakiram et al. 2017). Its mechanisms of action are related with decreased dental 
plaque formation, reduced adherence of streptococci, and decreased expression of 
bacterial genes involved in sucrose metabolism (de Cock et  al. 2016). However, 
long-term use of xylitol may lead to xylitol-resistant S. mutans, although these 
strains seem to be less virulent (Soderling 2009).

Erythritol is also a polyol, although unlike others, is absorbed in the intestine, not 
systemically metabolized, and excreted unchanged in the urine. Its mechanisms of 
action seem to be similar to those of xylitol, although it seems that erythritol is more 
effective than xylitol or sorbitol at reducing dental plaque biomass, maybe due to its 
lower molecular weight that allows a higher diffusion speed and migration into 
dental plaque (Makinen et al. 2005). The only published clinical trial comparing 
candies with xylitol, sorbitol, or erythritol, also demonstrated a lower caries inci-
dence in the erythritol group compared to sorbitol and xylitol through 3 years of 
follow-up (Honkala et al. 2014).

Arginine is an amino acid and a common natural dietary supplement. Since low 
pH is one of the driving factors in the development of carious lesions and arginine 
metabolism via a deiminase pathway produces ammonia, which neutralizes biofilm 
pH, this amino acid has been studied as an approach for caries prevention (Huang 
et al. 2016). Over the past 10 years it has been incorporated in toothpaste formula-
tions with or without fluoride, without reported negative side effects. Kraivaphan 
et al. (2013) demonstrated that a toothpaste containing 1.5% arginine and 1450 ppm 
of fluoride was able to reduce caries in low and moderate-risk children, and to arrest 
and reverse carious lesions in children and adults when compared to a regular tooth-
paste containing 1450 ppm of fluoride alone (Kraivaphan et al. 2013). However, its 
long-term impact remains to be investigated and more clinical trials are needed.
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Other compounds used as prebiotics in oral caries prevention are Bet-methyl-d- 
galactoside and N-acetyl-d-mannosamine, which have proven to stimulate exclu-
sively the growth of beneficial bacteria and inhibit the pathogenic potential of 
harmful microorganisms (Slomka et al. 2017).

 Probiotic Therapy in the Management of Dental Caries

In the last decade, probiotics have been explored as a potential preventive tool 
against dental caries. Most of the studies have focused on their microbiological 
impact, especially S. mutans reductions (Laleman et al. 2014; Cagetti et al. 2013), 
with just a few evaluating caries incidence (Näse et al. 2001; Stecksén-Blicks et al. 
2009; Petersson et al. 2011; Hasslöf et al. 2013; Taipale et al. 2013; Stensson et al. 
2014; Wattanarat et al. 2015). Since probiotics are regularly used for a relatively 
short period of time and the incidence of caries is a relatively slow process requiring 
long-term evaluation, the number of studies evaluating its efficacy is relatively low 
(Näse et al. 2001; Stecksén-Blicks et al. 2009; Petersson et al. 2011; Hasslöf et al. 
2013; Taipale et al. 2013; Stensson et al. 2014; Wattanarat et al. 2015; Rodriguez 
et al. 2016) (Table 2).

As time is important for the demineralization process to occur, most clinical tri-
als have focused on surrogate endpoints such as the capacity of probiotic supple-
mentation to reduce S. mutans counts. An important shortcoming of these studies is 
that they have mainly used a chairside test with questionable validity making com-
parison of the results difficult. A meta-analysis in a recent systematic review has 
shown that compared with controls, significantly more patients using the probiotic 
resulted in lower S. mutans counts in saliva (<105 colony forming units/mL). 
However, the variety in the probiotics used and the different microbiological tech-
niques used did not allow for a sub-analysis studying the efficacy of the specific 
probiotic strains (Laleman et al. 2014).

In 2001, Näse et al. were the first to examine the effect of a milk supplemented 
with a Lactobacillus strain, L. rhamnosus GG, on its caries-inhibiting ability in vivo 
(Näse et al. 2001). The milk was administered on weekdays in Finnish day-care 
centers for 7 months to 594 children, between 1 and 6 years old and those using the 
probiotic milk resulted in a significantly reduced risk of caries. Interestingly, this 
effect was particularly marked for 3–4-year-old children, reflecting the possibility 
of a window for the colonization for L. rhamnosus GG, although this fact was not 
studied in this investigation.

Another study in Sweden, reported the effect of milk supplemented with L. 
rhamnosus LB21 and fluoride on caries development in preschool children 
(Stecksén-Blicks et al. 2009). The study was a double-blinded, randomized clinical 
trial in which 248 children of 1–5 years of age were randomly assigned to two paral-
lel groups: intake of 150  mL milk supplemented with L. rhamnosus LB21 (107 
colony forming units/mL) and 2.5 mg fluoride per liter for lunch, compared to non-
supplemented milk. The mean baseline DMF (decay, missing, filled surfaces) was 
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0.5 in the intervention group and 0.6 in the control group; and after 21 months there 
was a statistically significant difference between the two groups (0.9 and 2.2 respec-
tively). Moreover, children in the test group displayed 60% fewer days with antibi-
otic therapy and 50% fewer days with otitis media. However, the authors recognized 
that with this study design, it would be impossible to determine if the positive effect 
was due to the probiotic, the fluoride, or the combination of both. In 2011, Petersson 
et al. investigated the effect of a milk with the same strain (L. rhamnosus LB21) 
with or without fluoride particularly on root caries in the elderly. The combination 
of the probiotic and the fluoride improved the results compared with the use of these 
products independently (Petersson et al. 2011).

The long-term effect of probiotic administration for caries reduction, however is 
controversial. Some studies evaluating the caries-related effects several years after 
probiotic usage did not find differences between the probiotic and control groups 
(Taipale et al. 2013; Hasslöf et al. 2013). Similarly in another study in Finland aimed 
to assess the effect of the early administration of probiotics (B. animalis subsp. lactis 
BB-12 from the age of 1–2 months to the age of 2 years) and xylitol or sorbitol on 
the oral colonization of S. mutans, did not find differences in the occurrence of caries 
in 4-year-old children (Taipale et al. 2013). Similar results were reported by Hasslöf 
et al. (2013) who randomized babies from 4 to 13 months of age to a daily diet of 
cereals supplemented with L. paracasei F19 (LF19) or cereals without the probiotic. 
At 9-years neither the occurrence of dental caries on deciduous nor permanent teeth, 
nor the S. mutans nor lactobacilli counts had been affected by this intervention and 
there was no evidence of L. paracasei F19 colonization in the oral cavity (as evalu-
ated by polymerase chain reaction, PCR) (Hasslöf et al. 2013).

These findings support the hypothesis that oral probiotics need to be adminis-
tered continuously in order to exert its beneficial properties, since their effect may 
disappear after the cessation of its usage.

The only study describing positive long-term results of probiotic administration 
evaluated the use of daily oral supplementation with the probiotic L. reuteri strain 
ATCC 55730 in mothers during the last month of gestation and in children through-
out the first year of life in Sweden (Stensson et al. 2014). This study was a placebo- 
controlled, multi-center trial involving 113 children. At 9  years of age, children 
underwent clinical and radiographic examination of the primary dentition, and cari-
ous lesions, plaque and gingivitis were recorded. There were statistically significant 
differences in the number of children that remained caries free with 49 (82%) chil-
dren in the probiotic group and 31 (58%) in the placebo group. Less approximal 
caries lesions and fewer sites with gingivitis were observed in the probiotic group. 
There were no significant differences between the groups with respect to frequency 
of tooth brushing, plaque and dietary habits, but differences were observed in intake 
of fluoride supplements, which could have compromised the results. There were no 
intergroup differences with respect to L. reuteri or S. mutans counts. According to 
this study, it seems that daily supplementation with L. reuteri from birth throughout 
the first year of life (the so-called “open window effect”) is associated with reduced 
caries prevalence in the primary dentition at 9 years of age.

These controversial results in the long-term effect of previous probiotic adminis-
tration during early stages of life may be due to potential confounders that could 

E. Montero et al.



205

influence the results (such as oral hygiene, dietary habits, exogenous/endogenous 
fluoride…) or the selection of the appropriate probiotic strains since L. paracasei 
F19 and B. animalis adhere poorly to saliva-coated surfaces and present low co- 
aggregation rates, preventing them from becoming part of the commensal flora 
(Haukioja et al. 2006; Lang et al. 2010).

In light of these problems, the use of probiotics in caries prevention has been focused 
in high caries-risk populations. A recent study performed in 60 school children in 
Thailand evaluated the daily consumption of 5 g of milk powder containing L. paraca-
sei SD1 for 6 months. The significant elevations of HNP1-3 salivary levels at 6 months 
in the test group indicated a temporal enhancement of the host response; whereas, the 
significant reductions of S. mutans counts also demonstrated a direct probiotic effect as 
long as the probiotic milk was administered. Moreover, there was a significant impact 
on caries with a decrease (2.6-fold) in caries incidence for the pit and fissure lesions 
when compared with the control group (Wattanarat et al. 2015). A similar study in 
Chile, also focusing on the most vulnerable children with highest risk of dental caries, 
compared the effect of using a milk supplemented with L. rhamnosus SP1 (to attain a 
final concentration of 107 colony forming units/mL) versus standard milk in pre-school 
children (2–3-year-old). After 10 months of this intervention, the percentage of sub-
jects who developed new caries lesions was significantly lower in the test group (9.7% 
versus 24.3%), and similar results were reported in regard to cavitated lesions (0.58 
versus 1.08) (Rodriguez et al. 2016). The findings from these recently published inves-
tigations suggest that the use of milk containing probiotics may be useful in reducing 
the occurrence of new caries lesions in high caries-risk preschool children.

Recent studies have identified certain streptococci strains more prevalent in 
caries- free individuals, such as Streptococcus A12 or Streptococcus dentisani 
(Huang et  al. 2016; Lopez-Lopez et  al. 2017). Both bacteria seem to inhibit the 
growth of S. mutans and raise the pH within the biofilm. Further studies are needed 
to evaluate whether these bacteria may be useful as probiotics.

 Treatment and Prevention of Periodontal and Peri-implant 
Diseases

 Classification, Pathogenesis and Treatment of Periodontal 
and Peri-implant Diseases

Periodontal diseases are chronic inflammatory diseases of bacterial etiology affect-
ing the periodontal tissues (Herrera et al. 2018). Among these, plaque-induced gin-
givitis has been defined as gingival inflammation without clinical attachment loss 
(American Academy of Periodontology 2000b), and periodontitis as chronic inflam-
mation of the gingival tissues extending into the underlying attachment apparatus, 
characterized by loss of periodontal attachment (American Academy of 
Periodontology 2000a).
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The currently used 1999 classification of periodontal diseases (Armitage 1999) 
includes eight main groups: gingival diseases, three types of periodontitis (chronic, 
aggressive and manifestation of systemic diseases) and four additional periodontal 
conditions (necrotizing periodontal diseases, abscesses in the periodontium, peri-
odontitis associated with endodontic lesions and developmental or acquired defor-
mities and conditions). More recently, a “World Workshop on the Classification of 
Periodontal and Peri-implant Diseases and Conditions” took place in November 
2017, and a new classification has been introduced in 2018 (Caton et al. 2018), with 
a new framework for classifying periodontitis, based on stages according to severity 
and complexity and grades according to the rate of disease progression and presence 
of demonstrated risk factors.

Bacterial species in the subgingival biofilm are the primary etiological factor in 
periodontitis with a critical shift in the oral microbiome from periodontal health to 
disease where the symbiotic flora is replaced with a dysbiotic one (Mira et al. 2017). 
This microbial imbalance promotes the dysregulation of immuno-inflammatory 
pathways in the subject’s host response leading to persistent local inflammation in 
cases of gingivitis and chronic inflammation and destruction of the connective tis-
sue attachment and bone in periodontitis (Cekici et al. 2014). In addition, various 
risk factors influence and modify this interplay (Genco and Borgnakke 2013), 
including non-modifiable risk factors/indicators (genetic profiles, gender, age and 
some systemic conditions, such as leukaemia and osteoporosis), and modifiable risk 
factors/indicators (lifestyle factors, such as smoking and alcohol; metabolic factors, 
such as obesity, metabolic syndrome and diabetes; dietary factors, such as dietary 
calcium and vitamin D deficiency; socioeconomic status and stress). Other local 
factors, such as the amounts of plaque and/or calculus, presence of furcation lesions, 
enamel pearls, root grooves and concavities, open contacts, malpositioned teeth, 
and overhanging and/or poorly contoured restorations may also increase the risk for 
periodontal diseases (Herrera et al. 2018).

There is clear evidence that the prevention and treatment of periodontal diseases 
should be based on dental biofilm control. In primary and secondary prevention, 
mechanical control of supragingival biofilm by tooth brushing and interdental 
cleaning, combined with the use of antiseptic agents for chemical biofilm control 
have been the main interventions demonstrating long term maintenance of healthy 
periodontal tissues (Serrano et al. 2015). In the treatment of periodontitis (Graziani 
et al. 2017), the complete removal of supra- and subgingival biofilms is the main 
objective, normally achieved by mechanical means, although the adjunctive use of 
antiseptics and antibiotics in some cases can be considered (Herrera et  al. 2002, 
2008; Matesanz-Perez et al. 2013). Depending upon the patient and local factors, 
surgical therapy may also be necessary (Graziani et al. 2017).

In addition to periodontal diseases, inflammation and the destruction of the tis-
sues surrounding dental implants can also occur. These conditions are known as 
peri-implant diseases and include peri-implant mucositis (similar to gingivitis, char-
acterized by inflammation of the peri-implant tissues without peri-implant bone 
loss), and peri-implantitis (similar to periodontitis, with both inflammation and 
peri-implant bone loss).
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 Prebiotic and Probiotic Therapy in Plaque-Induced Gingivitis

Gingivitis is one of the most common chronic inflammatory diseases affecting man-
kind with a reported prevalence in the western population of around 75% (Botero 
et  al. 2015). It is characterized by redness, swelling, and frequent bleeding of the 
gingiva, and it is caused by the accumulation of bacteria in the dento-gingival environ-
ment. The inflammation, which is the most remarkable feature, is due to an increase 
in the amounts of plaque and a shift in the microbiota from gram-positive, facultative 
microorganisms to predominantly gram-negative, anaerobic organisms (Slots 1992).

Gingivitis is a reversible condition, and can be easily reverted with a combination 
of personal oral hygiene and plaque control measures in conjunction with professional 
removal of plaque, calculus and other local contributing factors (Lövdal et al. 1961). 
However, while it is possible under controlled conditions to remove most of the plaque 
using a variety of mechanical oral hygiene aids, many patients lack the motivation or 
skills to attain and maintain a reduced plaque environment compatible with periodon-
tal health for significant periods of time (Sheiham and Netuveli 2002).

To overcome these limitations, antiseptic toothpastes and mouth rinses have been 
tested as adjuncts to oral hygiene measures by providing additional anti-plaque/
anti-gingivitis activity when used daily (Serrano et al. 2015). However, these agents 
are not used for long periods of time since the advent of secondary effects, such as 
staining, and taste perturbation is frequent. Other alternative adjunctive treatments, 
such as the use of probiotics have been proposed.

 Prebiotic Therapy in Dental Biofilm-Induced Gingivitis

In functional foods, the most frequently used prebiotics are polyols. In oral research 
the polyols that have been most investigated are galacto-polysaccharides. This group 
is used widely as a sweetener in the food industry because it produces low acidogenic-
ity and therefore, it does not increase the levels of S. mutans (Makinen 2011).

Some clinical studies in healthy individuals have evaluated the anti-plaque 
effect of xylitol and have demonstrated a decrease in the levels of plaque assessed 
through the plaque index (Soderling et al. 1989; Steinberg et al. 1992; Marya et al. 
2017). However, the relevant outcome for evaluating the efficacy of prebiotics 
should be its effect on gingival inflammation. Sharma et al. studied a chewing gum 
containing sorbitol, maltitol, xylitol and sodium bicarbonate together with once-
daily tooth brushing for 60 s in 78 adults with preexisting gingivitis. The control 
group used breath mints as placebo with the same tooth brushing regimen. After 
4 weeks of use they observed that the test group experienced a plaque reduction 
almost twice (17%) that of the control group (9%). For the gingival index, the test 
group decreased nearly 10% versus 2% in the control group (Sharma et al. 2001). 
Keukenmeester et al. tested two different types of chewing gum containing xylitol 
or maltitol and the effects were compared to the use of a gum base or no gum, five 
times a day for 3 weeks. This four-group randomized controlled study had a split 
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mouth design, where the subjects did not brush the teeth in the lower jaw to develop 
experimental gingivitis, while maintaining normal oral hygiene in the upper jaw. 
The increase in bleeding on marginal probing in the non-brushed jaw was signifi-
cantly lower in the xylitol and maltitol group compared to the gum base. However, 
where regular brushing was performed, no effect of chewing gum was observed 
(Keukenmeester et al. 2014).

 Probiotic Therapy in Dental Biofilm-Induced Gingivitis

In 1954, for the first time, a beneficial effect of lactic acid bacteria on inflammatory 
infections of the oral mucosa was reported (Kragen 1954). Unfortunately, this 
research line was abandoned in favor of antibiotics. Since the beginning of the 
twenty-first century, the identification of a so-called “beneficial” oral bacteria and 
their use in the prevention and treatment of plaque-related periodontal inflammation 
has undergone a revival. Species like Lactobacillus (Stensson et  al. 2014; Staab 
et al. 2009; Hallström et al. 2013; Lee et al. 2015; Iniesta et al. 2012; Montero et al. 
2017), Bifidobacterium (Kuru et al. 2017), Pediococcus (Montero et al. 2017) and 
Bacillus (Alkaya et  al. 2017) have been evaluated, although the number of pub-
lished studies is still low (Table 3).

At least two studies have evaluated the impact of probiotics in the gingival health 
of children. Karuppaiah et al. (2013) reported a parallel, randomized clinical trial 
with 216 school children (aged 14–17 years). One week prior to collection of base-
line data and probiotic administration, a professional prophylaxis was performed in 
both groups. Subjects in the test group were asked to eat a curd containing a probi-
otic in their daily diet for 30 days, while no intervention was programmed in the 
control group. After 4 weeks, a statistically significant reduction in plaque levels in 
the test group, when compared with the control group, was observed. However, no 
differences were detected in the gingival index and no improvement in gingival 
health could be observed. The methodological quality of the study was low, and the 
authors did not provide the probiotic strains included in the curd. This low quality 
in studies assessing probiotics has been highlighted by a systematic review, which 
evaluated the methodological quality of studies assessing probiotics for periodontal 
treatment, reporting a high risk of bias (Dhingra 2012).

Similarly, Stensson et al. evaluated the influence of daily probiotic supplemen-
tation to mothers during the last month of gestation and to children throughout the 
first year of life on caries lesions development. They observed significantly fewer 
sites with gingival inflammation in the probiotic group (oil drops with L. reuteri) 
when compared to the placebo, but without demonstrating differences in the 
plaque index, suggesting a positive effect of the probiotic on the immune system 
(Stensson et al. 2014).

Studies using the experimental gingivitis model have evaluated the effects of probi-
otics on periodontal tissues in young adults, assessing whether the probiotic usage 
would interfere with plaque formation and/or the development of inflammation (Staab 
et al. 2009; Hallström et al. 2013; Lee et al. 2015; Kuru et al. 2017). Staab et al. (2009) 
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evaluated the influence of daily intake of 65 mL of probiotic milk (containing L. casei 
strain Shirota, Yakult®, Homsha Co., Tokyo, Japan) in the development of gingivitis. 
The control group received no treatment. No differences in plaque or gingivitis were 
observed, but some biomarkers showed significantly better results in the test group 
(elastase and myeloperoxidase activity, MMP-3 amounts). The data suggested that this 
strain might have an immune-modulating effect although no clinically relevant effects 
were observed. Hallström et al. (2013), studied 18 women enrolled in a double-blinded 
randomized placebo-controlled crossover study that evaluated lozenges containing L. 
reuteri, compared to a placebo. No differences were detected in plaque, gingival or 
bleeding indices and the microbial composition did not differ between the groups. The 
only statistically significant difference was the larger increase in gingival crevicular 
fluid (GCF) volume in the control group. Lee et al. (2015) concluded that L. brevis may 
delay gingivitis development by down-regulating an inflammatory cascade. With 30 
healthy young adults (mean age 21.6–22.1 years), after 2 weeks without performing 
any oral hygiene practice, no differences were observed in plaque or gingival indices, 
but significant differences between groups were measured for bleeding on probing 
(BOP) and for the increase in the production of nitric oxide. This may suggest an anti-
inflammatory effect that probably did not translate into the gingival index because of 
the short duration of the study. Kuru et al. (2017) described the first study examining 
the influence of single-strain Bifidobacterium probiotics on gingival health. They stud-
ied 51 subjects in a blinded randomized placebo-controlled study and evaluated yogurt 
containing B. animalis subsp. lactis, compared to a placebo. After a period of 28 days 
of yogurt consumption, subjects refrained from any oral hygiene procedure for a 5-day 
period. Significantly better results for plaque, gingival indices and BOP were observed 
in the probiotic group. Besides, the probiotic group had a significant reduction in gin-
gival crevicular fluid volume and in total amount and concentration of IL-1β.

Another study in young adults (aged 20–24) with gingivitis was designed as a 
randomized clinical trial, evaluating the use of tablets containing two strains of L. 
reuteri for 4 weeks (Iniesta et al. 2012). In this study, conducted by our research 
group, no significant differences were detected for plaque or gingival indices, but 
some differences in microbiological variables were found, including reductions in 
total anaerobic, Lactobacillus spp. and black-pigmented anaerobic bacteria counts 
in saliva, as well as P. gingivalis and A. actinomycetemcomitans counts in subgingi-
val samples. The study also demonstrated that L. reuteri was able to colonize both 
saliva and the subgingival niche in some subjects.

Some studies have also evaluated combinations of probiotic strains. Our research 
group studied the use of another probiotic containing L. plantarum, L. brevis and 
Pediococcus acidilactici in gingivitis patients (Montero et al. 2017). No significant 
differences were reported for mean plaque or gingival indices at baseline or at the 
end of the follow-up period. However, when evaluating sites with high gingival 
scores at baseline (gingival index, GI = 3), the probiotic treatment resulted in a sig-
nificantly higher reduction of these specific sites, to the point that no subjects in the 
probiotic group presented a mean GI > 1 at 6 weeks, while three subjects in the 
control group still presented that degree of gingival inflammation. Moreover, a sig-
nificant reduction of T. forsythia was observed in the test group. We suggested that 
the use of mean GI as the main outcome measurement for assessing the efficacy of 
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new agents for gingivitis management might not be appropriate, as the dilution 
effect of the most frequently reported event (GI ≤ 1) may mask the positive effect 
of the agent on sites with clear signs of inflammation (GI ≥ 2).

On the other hand, Alkaya et al. (2017) evaluated some strains of genus bacilli 
(Bacillus subtilis, Bacillus megaterium and Bacillus pumulus). Patients received a 
probiotic containing toothpaste, a probiotic mouth rinse and one box of a probiotic 
toothbrush cleaner. After brushing, the patients rinsed the toothbrush with water and 
then place it in a glass with the experimental toothbrush cleaner for 8  weeks. 
Although plaque and gingivitis indices were significantly reduced, no intergroup 
differences were found for plaque and gingival indices after the 8 week test period.

 Prebiotic and Probiotic Therapy in the Treatment 
of Periodontitis

The use of prebiotics in the treatment of periodontitis has only been evaluated in 
preclinical studies (Slomka et al. 2018).

The use of probiotic therapy in the treatment of periodontitis has been evaluated 
through different randomized clinical trials (RCTs) as an adjunct to scaling and root 
planing (SRP) (Graziani et al. 2017). The most common study design has been par-
allel RCTs comparing SRP plus a probiotic versus SRP plus placebo (Ince et al. 
2015; Laleman et al. 2015; Morales et al. 2016; Tekce et al. 2015; Teughels et al. 
2013; Vicario et al. 2013). Other study designs have used split-mouth approaches 
(Vivekananda et al. 2010), either evaluating a probiotic together with systemic dox-
ycycline (Shah et al. 2013) or azithromycin (Morales et al. 2018), or by applying the 
probiotic as a mouth rinse concomitantly with subgingival application (Penala et al. 
2016). See Table 4.

Most of these studies have tested a marketed formula containing L. reuteri strains 
DSM17938 and ATCC PTA529 (Ince et al. 2015; Tekce et al. 2015; Teughels et al. 
2013; Vivekananda et  al. 2010). The results of these studies have been recently 
included in a systematic review with meta-analysis (Martin-Cabezas et  al. 2016), 
showing a statistically significant short term (from 42  days to 3  months) clinical 
attachment level (CAL) gain [weighted mean difference (WMD) −0.42  mm] and 
BOP reduction (WMD −14.66%) for SRP plus probiotic treatment versus SRP alone. 
When stratifying for probing pocket depth (PPD), statistically significant reductions 
were observed, particularly for deep pockets (WMD −0.67 mm). This finding could 
have important clinical implications, as it might reduce the need for surgery in certain 
patients. Interestingly, Teughels et al. (2013) only found significant differences when 
considering the “need of surgery” as an outcome measure at the 3 months visit.

The other lactobacilli strain tested in patients with chronic periodontitis (L. 
rhamnosus SP1) have yielded controversial results (Morales et al. 2016, 2018). A 
different tested approach using indigenous bacteria (such as streptococci species) as 
probiotics instead of dietary lactobacilli was tested as they were perfectly adapted 
to the human oral ecology (Teughels et al. 2011). However, the only RCT published 
evaluating a streptococci containing probiotic formulation (S. oralis KJ3, 
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Streptococcus uberis KJ2 and Streptococcus rattus JH145) as adjunct to SRP in 
periodontitis patients, failed to detect any clinical or microbiological effect after 
12 weeks of administration (Laleman et al. 2015). In a recent systematic review 
(Matsubara et  al. 2016) evaluating studies using probiotics in the treatment of 
aggressive or chronic periodontitis, with or without adjunctive debridement, 12 
papers were identified, concluding that a significant improvement could be observed, 
although continuous exposure might be necessary.

The critical evaluation of the adjunctive efficacy of probiotics together with SRP 
must be cautious, since the evaluated RCTs have shown a high degree of heterogene-
ity with studies showing additional PPD reduction of more than 1 mm (Ince et al. 
2015; Tekce et al. 2015) while in others there were no differences (Laleman et al. 
2015; Teughels et al. 2013). There is a clear need to define the adequate probiotic 
formulation, the delivery system, the proper dosage and treatment duration, as well as 
the appropriate indications. Longer-term studies with larger sample sizes and in dif-
ferent geographical locations are definitively needed to evaluate this interesting 
approach, which might improve the results of non-surgical periodontal therapy thus 
reducing the need for surgery without the risks associated with the use of antibiotics.

 Prebiotic and Probiotic Therapy in the Treatment of Peri- 
implant Diseases

With the recent advent of peri-implant diseases, there is a need for developing effec-
tive preventive and therapeutic approaches for their control (Schwarz et al. 2015). 
Noteworthy, the management of peri-implant mucositis is of prime importance as 
the key preventive treatment for peri-implantitis, a disease for which there are no yet 
clearly established guidelines for successful treatment.

The use of probiotic therapy in the treatment of peri-implant diseases is limited 
and only five studies have been identified, three treating patients with peri-implant 
mucositis, one in patients with peri-implantitis, and one including both (Table 5).

Flichy-Fernandez et al. (2015) were the first to report the effects of L. reuteri on 
the peri-implant health of edentulous patients with peri-implant mucositis (Flichy- 
Fernandez et al. 2015). The study was a controlled clinical trial (not randomized) 
with a crossover design and a 6-month wash-out period in edentulous subjects pre-
senting with either peri-implant health or peri-implant mucositis. After probiotic 
treatment, both groups experienced an improvement in plaque index, probing pocket 
depth, and IL-1β and IL-8 concentrations. In contrast, these improvements were not 
observed after the placebo administration. However, no improvement in BOP, which 
was the main outcome variable was observed in the mucositis group after the probi-
otic administration. In a randomized clinical trial performed in Sweden, 49 patients 
with peri-implant mucositis received mechanical debridement and oral hygiene 
instructions together with a topical oil application (drops containing L. reuteri or 
placebo) followed by twice-daily intake of lozenges (containing L. reuteri or pla-
cebo) for 3  months (Hallstrom et  al. 2016). At the end of the follow-up period 
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(3  months), all clinical parameters improved in both groups, but there were no 
significant differences between the groups. Similarly, there were no significant 
modifications in the microbiota after the probiotic administration. In this study, the 
addition of the probiotic did not provide any added benefit to mechanical debride-
ment in the treatment of peri-implant mucositis. Similar results were reported by 
Mongardini et al. (2017) after an experimental peri-implant mucositis trial with a 
randomized, crossover, placebo-controlled design (Mongardini et al. 2017). Briefly, 
after 14 days of undisturbed plaque accumulation due to protection with an acrylic 
stent during oral hygiene procedures (induction phase), patients received a profes-
sionally administered plaque removal (PAPR) together with photodynamic therapy 
(PDT), and, depending on their allocation, either the application in the peri-implant 
sulcus of a probiotic powder plus probiotic tablets containing L. plantarum and L. 
brevis once per day for 14 days, or saline administration in the sulcus plus placebo 
tablets. The results showed that the combination of PAPR + PDT either alone or in 
combination with probiotics significantly reduced the number of BOP-positive sites 
after 6 weeks; although the adjunctive use of probiotics did not improve the clinical 
results of PAPR + PDT.

A recent randomized clinical trial evaluated the effects of a probiotic tablet con-
taining two different L. reuteri strains after the administration of azithromycin in 
patients with peri-implantitis (Tada et al. 2018). The selection criterion for subjects 
was to present at least an implant with mild to moderate peri-implantitis, defined as 
(1) PPD ≥4 mm and <7 mm, (2) bleeding or suppuration on probing, and (3) mar-
ginal bone loss >2  mm assessed from periapical X-rays. Before entering in the 
study, all subjects received oral hygiene instructions as well as supragingival scal-
ing. At baseline a clinical examination and a microbiological assessment were con-
ducted, followed by the prescription of azithromycin (500 mg/24 h/3 days). One 
week after, a new clinical examination and bacterial sampling was performed, and 
patients were randomly allocated to either the test (probiotic tablets for 6 months) 
or control groups (placebo tablets for 6 months). From a microbiological point of 
view, significant reductions in total counts and counts of specific periodontal patho-
gens (F. nucleatum, P. gingivalis, Prevotella intermedia, A. actinomycetemcomi-
tans, Treponema denticola and T. forsythia) were observed after azithromycin 
administration; however, these numbers increased again at the 6 month follow-up, 
without any difference between groups. From a clinical standpoint, however, a sig-
nificant reduction in PPD occurred in the probiotic group, while no changes were 
observed in the placebo. Lastly, a recently published investigation mixed cases of 
peri-implant mucositis and peri-implantitis (Galofre et al. 2018). In a randomized 
clinical trial, subjects with either mucositis or peri-implantitis were assigned to 
mechanical debridement plus a container with 30 probiotic lozenges (L. reuteri) or 
mechanical debridement plus a container with 30 placebo lozenges to be used once 
daily at night, just after dental brushing. In mucositis patients, the authors reported 
a significant reduction in BOP in the probiotic group compared with the control 
group. However, L. reuteri had a very limited impact on the peri-implant microbi-
ota, as there were no significant reductions in the periodontal pathogens or the total 
bacterial load due to the probiotic administration.
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In the subjects with peri-implantitis, again no effect upon the microflora was 
observed, although a significant reduction in PPD was observed in the probiotic 
group when compared to the placebo (0.55 ± 0.37 mm versus 0.20 ± 0.35 mm). 
Additionally, a higher percentage of subjects in the probiotic group experienced 
positive results in terms of absence of BOP (45.5% versus 0%).

These limited clinical studies have also resulted in heterogeneous results without 
clear indication on the most appropriate strains, dosage, delivery format, and treat-
ment duration. These aspects should be addressed by future RCTs before consider-
ing providing treatment recommendations.

 Halitosis

 Oral Halitosis

Halitosis, also called oral malodor or bad breath, is a rather frequent condition 
among adults and it is defined as foul or offensive odors emanating from the oral 
cavity independently of its origin. Although several non-oral sites have been related 
to halitosis, it seems that almost 90% of all the cases have an intraoral cause 
(Delanghe et al. 1999; Quirynen et al. 2009). The most prevalent causes in adults 
are: the presence of tongue coating (51%), gingivitis/periodontitis (13%) or a com-
bination of the two (22%) Extra-oral sources have also been identified in approxi-
mately 10% of the subjects including: ear–nose–throat (ENT) pathologies, systemic 
diseases, metabolic or hormonal changes, hepatic or renal insufficiency, bronchial 
and pulmonary diseases and gastroenterologic conditions (Quirynen et al. 2009).

 Prevalence

There are few studies reporting the prevalence of halitosis in broad samples of pop-
ulation. In addition, the results of available studies are difficult to compare, due to 
the different methodologies and variables used to define a case of halitosis, varying 
from subjective variables, such as self-reported halitosis to objective measurements 
such as organoleptic scores or sulfide monitor/chromatograph’s readings, and it is 
well known that subjective variables often cannot be correlated with objective 
findings.

Nevertheless, the results from different studies worldwide have shown a preva-
lence in adults ranging from 10 to 39.6% with some geographical and age differ-
ences (Miyazaki et al. 1995; Yokoyama et al. 2010; Yaegaki and Sanada 1992; ADA 
Council on Scientific Affairs 2003; Al-Ansari et al. 2006; Meningaud et al. 1999; de 
Wit 1966; Liu et al. 2006; Bornstein et al. 2009; Nadanovsky et al. 2007).

Regarding the prevalence in children, only two studies have addressed this sub-
ject. Nalçaci et al. reported a prevalence of 14.5% in a population of 628 healthy 
children aged 7–11 years living in Turkey. Apparently, age and prevalence/severity 
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of dental caries were significantly related with higher oral malodor ratings, while 
gender, frequency of tooth brushing and regular mouthbreathing were not associ-
ated (Nalcaci et al. 2008). Villa et al. studied a group of 101 Italian children aged 
6–16 and with a mean age of 11.7 years. Halitosis (VSCs > 100 parts per billion 
[ppb]) was objectively measured in 37.6% of the patients. Overall, female patients, 
individuals with dental plaque on more than 25% of the dental surfaces, or patients 
older than 13 years, were more prone to present halitosis. These results, therefore, 
suggest that halitosis in the pediatric population is related to poor oral hygiene and 
might be more common in females and older individuals (Villa et al. 2014).

 Etio-pathogenesis

Halitosis occurrence is mainly due to the presence of volatile sulfur compounds 
(VSCs) in the air expelled through the oral cavity. These compounds are hydrogen 
sulfide (H2S), methyl mercaptan (CH3SH) and dimethyl sulfide ([CH3]2S) and are 
generated through the degradation of sulfur-containing protein substrates by gram- 
negative oral microorganisms, primarily residing on the tongue biofilm, subgingi-
val/supragingival biofilms and other oral areas (Seemann et  al. 2014). These 
substrates are amino acids containing sulfur, such as cysteine, cystine and methio-
nine that can be found free in saliva and crevicular fluid or that are released through 
the proteolysis of protein substrates (Kleinberg and Westbay 1990).

The main sources of these substrates are desquamated epithelial cells coming 
from different locations of the oral cavity, pharyngeal mucus, leukocytes that dif-
fuse in  locations with certain degree of inflammation, blood cells and to a lesser 
extent, proteins present in the diet.

The production and release of these VSCs depend on a number of physicochemi-
cal local factors (pH, redox potential, concentration of oxygen…), which will mod-
ulate both its quality and its quantity. Although VSCs represent 90% of all the 
malodorous components that contribute to the appearance of bad breath, other com-
ponents that may contribute to a lesser extent to bad breath have also been identi-
fied: these are products that do not contain sulfur, such as volatile aromatic 
compounds (indole and skatole), organic acids (acetic, propionic) and amines 
(cadaverine and putrescine) (Goldberg et al. 1994; Greenman et al. 2005; Porter and 
Scully 2006).

 Salivary and Tongue Microbiota of Patients with Intraoral Halitosis

Bacteria play a key role in the production of halitosis. In the absence of bacteria the 
malodorous compounds are not produced. In different studies, both in vitro and in 
vivo, a predominance of gram-negative anaerobic bacteria, mainly asaccharolytic, 
have been identified (De Boever and Loesche 1995; McNamara et al. 1972), corre-
sponding with species that are normally found in the subgingival niche of patients 
with periodontitis and that can also be isolated in the tongue biofilm and in the saliva 
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(Roldan et al. 2003, 2005). Although many bacteria present in subjects with halitosis 
have not been cultivated yet, several bacterial species capable of producing malodor, 
such as Actinomyces spp., Veillonella spp., Prevotella spp., Porphyromonas spp. and 
Fusobacterium spp. have been identified. While these species appear in greater num-
bers in patients with halitosis, they have also been isolated in patients without this 
condition (Goldberg et al. 1997; Kleinberg 1997; Niles 1997; Persson et al. 1990).

It is clear that certain bacteria are more capable of producing malodorous gases 
than others, and some hypotheses have been proposed about whether some specific 
bacterial species could be directly associated with intraoral halitosis. In the last 
decade a bacterial species that is predominantly isolated in patients with halitosis 
and not in control subjects has been reported, named Solobacterium moorei (Kazor 
et al. 2003; Haraszthy et al. 2007, 2008; Riggio et al. 2008; Vancauwenberghe et al. 
2013). However, more studies are needed to clarify what is the role of this bacterial 
species in the etio-pathogenesis of halitosis.

 Therapeutic Approaches to Control Halitosis

In adults, halitosis therapy aims to lower the total numbers of odor-producing bac-
teria, to reduce the amount of available protein substrates and to neutralize the vola-
tilization of the generated malodorous compounds. Although, twice daily 
mechanical removal/disruption of the tongue and dental biofilms is a necessary step 
in the treatment of intraoral halitosis, it is usually not sufficient to control this con-
dition in the long term. The adjunctive everyday use of chemical agents is also 
normally needed. According to several systematic reviews, the most efficacious 
chemical formulations combine an antimicrobial agent with zinc salts to precipitate 
VSCs (Seemann et al. 2014).

 Prebiotic Treatment in the Control of Halitosis

Doran and Verran evaluated the efficacy of an inulin mouth rinse to reduce halitosis 
variables and the proportions of tongue bacteria associated with oral malodour. 
Thirteen panelists rinsed with either 10% sucrose or a 10% inulin mouth rinse twice 
daily for 21 days. A reduction in odor levels assessed by Halimeter® and organolep-
tically was observed immediately after rinsing. The effect was greater by the end of 
the 21-day regime. No significant differences were observed in total bacterial 
counts. Immediately after the rinse with either of the carbohydrates, but not the 
water control, tongue pH levels dropped, returning to baseline scores after 30 min. 
Thus, there is some indication that the use of inulin mouth rinse can reduce oral 
malodor by encouraging the growth of acidogenic bacteria and inhibiting acid sen-
sitive asaccharolytic anaerobes. However, the potential cariogenic effect of inulin 
should be elucidated before its clinical use can be recommended in halitosis patients 
(Doran and Verran 2007).
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 Probiotic Treatment in the Control of Halitosis

Halitosis can become, in some cases, a chronic problem and patients have to use 
specific mouth rinses routinely for long periods of time. Since these products are not 
always free of side effects, such as staining, and it is clear that re-colonization of 
halitosis-causing bacteria will occur once the treatment is stopped, and therefore, 
new therapeutic strategies are needed. Recently, a new interest has emerged in rela-
tion to the potential use of probiotics in the control of oral halitosis. In order to 
prevent the regrowth of odor-causing organisms, pre-emptive colonization of the 
oral cavity with probiotics might have a potential application as adjunct for both the 
treatment and prevention of halitosis.

Ideally probiotic therapy for halitosis should be aimed to:

• Elimination or reduction of odor-producing bacteria
• Re-colonization of oral biofilms by bacteria unable to produce malodorous com-

pounds and capable of competing directly with odor-producing bacteria (through 
the generation of bacteriocins or through alteration of their virulence factors),

• Reduction in the production of VSC and organoleptic values.

Most of the investigations have focused on the bacterial strains Streptococcus 
salivarius K12 (Burton et al. 2005, 2006a; Horz et al. 2007) and L. salivarius WB21 
(Shimauchi et al. 2008; Mayanagi et al. 2009; Iwamoto et al. 2010; Suzuki et al. 
2012, 2014). Other strains that have been studied include W. cibaria (Kang et al. 
2006b), L. reuteri (Keller et  al. 2012), Streptococcus thermophilus strains HY2, 
HY3 and HY9012 (Lee and Baek 2014), L. brevis (CD2) (Marchetti et al. 2015), E. 
faecium WB2000 (Suzuki et al. 2016) or a combination of probiotics (L. salivarius 
and L. reuteri) (Penala et al. 2016).

 Streptococcus salivarius K12

S. salivarius is an early colonizer of the human oral cavity and remains a prominent 
member of the oropharyngeal tract of healthy humans (Kazor et al. 2003). Some 
commensal strains of S. salivarius have also been used as probiotics in the treatment 
and prevention of upper respiratory tract infections, since they produce a particu-
larly diverse range of lantibiotic bacteriocins with a broad spectrum against several 
streptococcal pathogens (Barretto et al. 2012). According to Kazor et al., S. sali-
varius K12, is considered a commensal bacterium of the oral cavity, is an early and 
dominant colonizer of the tongue microbiota in healthy individuals (Kazor et al. 
2003), and it has only a limited capacity to produce VSCs. Besides, it produces two 
lantibiotic bacteriocins, which have the capability to inhibit or reduce the number of 
bacteria that produce VSCs (Burton et al. 2006b; Masdea et al. 2012).

Masdea et al. tested the antimicrobial activity of S. salivarius K12 in vitro on 
different bacteria strains involved in oral malodor (Solobacterium moorei 
CCUG39336 and four clinical S. moorei isolates, Atopobium parvulum ATCC33793 
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and Eubacterium sulci ATCC35585). The results demonstrated that S. salivarius 
K12 suppressed the growth of all gram-positive bacteria tested, but the extent to 
which the bacteria were inhibited varied. E. sulci ATCC35585 was the most sensi-
tive strain, while all five S. moorei isolates were inhibited to a lesser extent (Masdea 
et al. 2012). Similarly, Moon et al. tested the antimicrobial activity of S. salivarius 
K12 against P. intermedia in vitro, and its corresponding effect on VSC levels, and 
concluded that in concentrations above a certain level (70%), S. salivarius K12 
showed antibacterial activity against P. intermedia and reduced the amount of VSCs 
produced by P. intermedia (Moon et al. 2016).

The use of gum or lozenges containing S. salivarius K12 reduced the levels of 
VSCs among patients diagnosed with halitosis (Burton et al. 2006a). Horz et al. 
found that S. salivarius K12 could be detected at the mucosal membranes for as 
long as 3 weeks after the use of four lozenges containing S. salivarius K12 per day 
over 3  days (Horz et  al. 2007). However, additional studies with larger patient 
cohorts are needed to confirm the long-term potential of probiotics in preventing 
and/or treating halitosis.

 Lactobacillus salivarius WB21

Lactobacillus species have been used frequently as probiotic bacteria in the oral 
cavity. The oral consumption of a tablet containing L. salivarius WB21 was reported 
to improve periodontal conditions in healthy smoking volunteers and to reduce the 
number of the periodontopathic bacterium T. forsythia in subgingival plaque 
(Shimauchi et al. 2008; Mayanagi et al. 2009).

Iwamoto et  al. performed an open label pilot study in 20 adult patients with 
genuine halitosis (nine subjects without periodontitis and 11 subjects with peri-
odontitis), to evaluate the effects of daily administration of three tablets containing 
6.7  ×  108 CFUs of L. salivarius WB21 and 280  mg of xylitol (Wakamoto 
Pharmaceutical, Tokyo, Japan) on oral malodor and clinical parameters after 2 and 
4 weeks. Results showed that all patients were positive for L. salivarius DNA in 
their saliva at 2 weeks. Oral malodor parameters significantly decreased in the sub-
jects without periodontitis at 2  weeks. The organoleptic scores and bleeding on 
probing significantly decreased in the subjects with periodontitis at 4  weeks 
(Iwamoto et al. 2010). Suzuki et al., conducted a double-blind, randomized, con-
trolled clinical trial (RCT) using oil drops containing L. salivarius WB21 in patients 
with periodontitis to evaluate their effects on periodontal health and VSC-producing 
bacteria and found improved BOP compared with the placebo group at 2 weeks, but 
failed to find a significant reduction of VSC-producing bacteria in the test group 
compared to placebo (Suzuki et  al. 2012). Later, the same group conducted a 
14-day, double-blind, placebo-controlled, randomized crossover trial of tablets 
containing L. salivarius WB21 (6.7 × 108 CFU and 280 mg of xylitol) or placebo 
taken orally by patients with oral malodor. Results showed that organoleptic test 
scores significantly decreased in both the probiotic and placebo groups compared 
with baseline scores, but no difference was detected between groups. In contrast, 
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the concentration of VSCs and the average PPD decreased significantly in the 
probiotic group compared with the placebo. Bacterial quantitative analysis found 
significantly lower levels of ubiquitous bacteria and F. nucleatum in the probiotic 
group (Suzuki et al. 2014).

 Weissella cibaria

Kang et al. isolated W. cibaria in healthy children aged between 4 and 7 years, and 
it was applied in a rinse on the oral cavity of 46 healthy young individuals. Results 
demonstrated an inhibitory effect on the production of VSCs produced by F. nuclea-
tum both in vitro and in vivo. In young adults, a marked significant reduction in the 
levels of H2S and CH3SH, by approximately 48.2% and 59.4%, respectively, was 
registered after gargling with W. cibaria containing rinse. The possible mechanism 
in the VSC reduction is the hydrogen peroxide generated by W. cibaria that inhibits 
the proliferation of F. nucleatum (Kang et al. 2006b).

 Lactobacillus reuteri

Keller et al. studied 28 healthy young adults with self-reported morning breath. The 
subjects were instructed to chew one gum, twice per day, containing either two 
strains of probiotic lactobacilli (L. reuteri DSM 17938 and L. reuteri ATCC PTA 
5289 both at the concentration of 1 × 108 CFU) (BioGaia AB; Lund, Sweden) or a 
placebo. After 14 days of treatment, the organoleptic scores were significantly lower 
in the probiotic group compared with the placebo group. However, assessments of 
the VSC levels displayed no significant differences between the groups. The authors 
concluded that the tested probiotic chewing gum may have a slight beneficial effect 
on oral malodor assessed by organoleptic scores (Keller et al. 2012).

Although the existing research has provided positive results on halitosis param-
eters, further well-designed studies, including larger populations and long-term 
results both in safety and effectiveness are needed before any evidence-based con-
clusions can be entitled and they can be applied in therapeutic protocols for halitosis 
patients.

 Conclusions

Prebiotics and/or probiotics may have a role in the prevention and treatment of rel-
evant oral conditions, such as dental caries, periodontal diseases, peri-implant dis-
eases and halitosis. Both prebiotics and probiotics may be associated with an 
increase in the number or activity of “beneficial” bacterial species, thus controlling 
microbiological deleterious shifts.
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The current knowledge of the etio-pathogenesis of dental caries suggests that, as 
a complex disease, the microbial composition alone may be insufficient to predict 
caries risk, and that treatment strategies aimed to eradicate single species are 
unlikely to be effective. However, most of the studies evaluating the role of probiot-
ics in caries prevention are focused on surrogate outcome variables, such as the 
levels of caries-associated bacteria (mostly S. mutans), and do not report effects on 
caries incidence as a true endpoint. Although direct clinical evidence is scarce, it 
seems that probiotic interventions may be beneficial in children with high caries- 
risk, while in low caries-risk children this positive effect is doubtful (Wattanarat 
et al. 2015). It is crucial to define which probiotic strains are the most suitable to 
colonize the oral cavity, as most long-term studies indicate that dairy strains need to 
be administered continuously to provide beneficial effects. Further studies are 
needed to evaluate the inclusion of probiotic strains in products with daily usage, 
such as toothpastes; or alternatively to test the clinical impact of other probiotics 
(such as S. A12 or S. dentisani) rather than traditional gut-associated probiotics.

Probiotics, especially those belonging to Lactobacillus spp., could have an effect 
in the treatment and prevention of dental biofilm-induced gingivitis, probably due to 
their actions against well-known periodontal pathogens. However, most of the stud-
ies failed to find relevant clinical effects. The appropriate strains, dosages, delivery 
format and target populations need to be elucidated through well conducted ran-
domized clinical trials. When used as adjuncts to SRP in the treatment of periodon-
titis, at least a probiotic formula containing L. reuteri strains DSM17938 and ATCC 
PTA529 have reported better results, when compared to SRP alone, for several sur-
rogate outcome measurements such as CAL, BOP and PPD, with potentially impor-
tant clinical benefits due to the reduction in the need of surgery. However, these 
results have been very heterogeneous and these reported positive effects seem to 
vanish with time, strengthening the need of long-term studies with larger sample 
sizes in order to evaluate its regular use in clinical practice.

Considering the absence of consensus and the limited results in the management 
of peri-implant diseases, probiotics may provide a protective role in their preven-
tion, or even a positive effect when used as adjunct treatment. However, evidence is 
scarce and long-term trials evaluating different strains, dosages, delivery formats 
and treatment duration should be performed before making any recommendation 
about its usage.

Halitosis treatment, in general, is mainly focused on the improvement of oral 
hygiene, including tongue cleaning, and the daily use of specific mouth rinses 
for long periods of time. However, these products are not always free of side 
effects, such as staining, and it is clear that a re-colonization of halitosis-causing 
bacteria will occur after treatment is stopped. Moreover, its use is not recom-
mended for children under 6 years of age and children aged 6–12 years should 
only use a mouth rinse under close adult supervision. Therefore, the use of pro-
biotics may have an important role in the control of halitosis. Although research 
is showing some promising results, further well designed clinical trials are still 
needed in order to recommend its use.
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As explained before, probiotics may represent a suitable approach in the man-
agement of oral diseases. However, future research needs to identify appropriate 
strains for each condition, adequate dosages, delivery formats, or the group of indi-
viduals who will benefit the most from this therapy. In addition, it could be useful to 
investigate whether the probiotic effect continues after treatment, since the scientific 
literature suggests that it will disappear when the patient discontinues its use, since 
the probiotic application does not seem to induce a definitive shift towards a less 
pathogenic microbiota. Another issue that needs to be addressed is the removal of 
the existing biofilm before using the probiotics, since they have difficulties in exert-
ing their beneficial effects on an already matured biofilm (Teughels et al. 2011). 
Probiotics seem to perform significantly better when the dental biofilm has been 
previously disrupted; therefore, its contribution to other treatment approaches 
deserves further investigation.
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Early Gut Microbiome: A Good Start 
in Nutrition and Growth May Have 
Lifelong Lasting Consequences

Amanda L. Thompson

Abstract Initial colonization, establishment, and development of the gut microbi-
ota play an essential role in long-term health. The birthing process is the first major 
exposure to microorganisms, though there is evidence of pre-natal exposures to 
low-abundance microorganisms. Different modes of birth facilitate colonization of 
different microorganisms, which are further modulated by early diet (breast feeding 
vs formula feeding), environment, and exposure to antibiotics. This chapter dis-
cusses mechanisms and consequences of differential colonization and maintenance 
of the infant microbiota, and their implications for overall health.

Keywords Infant gut microbiome · Microbiota development · Pre-natal develop-
ment of the microbiome · Mode of birth · Early infant feeding · Complementary 
infant feeding

 Introduction: Development of the Microbiota Development 
Across the First 1000 Days: Exposures and Health 
Consequences

Early environmental exposures, such as in utero nutrition, delivery mode, antibiotic 
exposure, and feeding practices, have all been identified as potentially important in 
shaping long-term vulnerability to obesity and chronic disease (Mueller et  al. 
2015b; Thompson 2012; Yang and Huffman 2013). At the same time, research has 
identified the gut microbiome as an important pathway linking environmental and 
dietary exposures to long-term health (Blaut and Clavel 2007; Vael and Desager 
2009; Voreades et  al. 2014). The gut microbiome is a complex ecosystem, 
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containing a large and diverse number of bacterial populations that vary across 
individuals and populations and that, once established, remain relatively stable. The 
importance of these bacterial communities in host nutrition, immune function and 
metabolism has also become increasingly clear. In the large intestine, gut microbi-
ota help extract nutrients and energy from the diet, maintain barrier function, and 
balance the innate and acquired immune responses (Hooper et al. 2002; Ley et al. 
2005). Disruption of this ecosystem through adverse environmental exposures may 
contribute to the development of diseases, including inflammatory bowel disease, 
diabetes, malnutrition, and obesity, through multiple intertwined immune and meta-
bolic pathways (Tilg and Kaser 2011). Thus, increasing attention has turned to 
examining the development of the microbiome in early life and the factors that may 
influence the quantity, quality, and timing of this development to promote long term 
health.

Like many other organ systems, the intestinal microbiome undergoes rapid 
development in early life. Colonization begins during gestation and intensifies after 
birth with early exposures, such as maternal weight gain, delivery type, diet and 
hospital and home environment, playing a major role (Fig. 1). Infants’ relatively 
limited fetal microbiome quickly becomes seeded by their mothers’ vaginal, fecal 
and skin bacteria and the surrounding environment at birth. Predominant microbial 
groups continue to shift over the first year of life in response to feeding practices, 
including the type of milk feeding, the introduction of solid foods and the cessation 
of breastfeeding, illness, and antibiotic use. Though further maturation occurs dur-
ing childhood, the gut microbiota comes to roughly resemble an adult colonization 
pattern around age three.

Along with the types of environmental bacteria infants and young children are 
exposed to, the timing of exposure may also play a critical role in determining 
health outcomes (Martinez 2014). Early colonizers can modulate host gene expres-
sion and gut function, creating a favorable habitat for themselves and preventing 
colonization by later arriving bacteria (Guarner and Malagelada 2003). Considerable 
diversity exists between individuals and populations in the composition and timing 
of these shifts. The diversity and flux of microbes during this period, from gestation 

Fig. 1 Environmental factors influencing the development of the gut microbiota across early life
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through the first 3 years of life, may be particularly important for health and disease 
throughout the lifespan since the microbiome develops concurrently with the 
 development of metabolic, immune and cognitive systems and evidence increas-
ingly suggests that these systems interact during this period (Wopereis et al. 2014). 
Since bacteria differ in their energy extracting and immune regulating capabilities 
(Blaut and Clavel 2007; Ley et al. 2005), colonization patterns during the first years 
of life can influence both early growth and immune development and also long-term 
energy absorption, adipose development, and inflammation. Thus, this period of 
early life exposures provides a “critical window” during which alterations can have 
short- and long-term impacts (Arrieta et al. 2014). Since initial colonization may 
shape final adult colonization, disturbances during this period may alter growth, 
contribute to the development of immune disorders, such as allergy and infectious 
disease, and metabolic conditions, like obesity and diabetes, and, potentially, shape 
brain development, with effects on developmental disorders and cognitive function 
(Carlson et al. 2018; Wopereis et al. 2014).

Given this potential for early life conditions to influence the long-term trajectory 
of gut, immune and metabolic health, this chapter examines the maternal, environ-
mental, and dietary factors influencing the development of the gut microbiome 
across the first years of life and the implications for the development of health and 
disease. Understanding the salient maternal, dietary and environmental exposures 
during early life and their sequela is critical for improving long term health; thus, 
the last section of this chapter will review potential avenues for intervention.

 Prenatal Development

Until quite recently, infants were thought to be born with sterile guts that become 
first exposed to bacteria through the passage through the birth canal or, in the case 
of infants born by Caesarean-section, through exposure to the hospital environment 
(Biasucci et al. 2010; Dominguez-Bello et al. 2010). While the massive bacterial 
inoculation that occurs during birth may be more important for seeding the gut 
microbiome, prenatal colonization also occurs. The placenta and amniotic fluid of 
even healthy pregnancies contain a low abundance of bacterial DNA from several 
common phyla including Firmicutes, Tenericutes, Proteobacteria, Bacteroidetes 
and Fusobacteria (Aagaard et al. 2014; Arrieta et al. 2014; Meropol and Edwards 
2015; Walker et al. 2017). The source of this prenatal gut microbiota remains under 
debate. Some researchers have described the placental bacteria as more closely 
resembling the maternal oral microbiota than vaginal microbiota (Aagaard et  al. 
2014; Mysorekar and Cao 2014). They propose that the oral bacteria translocate 
hematogenously from the oral cavity to the placenta, as has been previously shown 
in animal models (Fardini et al. 2010). The similarities between the oral and placen-
tal microbiomes are also thought to underlie the association between dental condi-
tions such as periodontal disease and preterm birth (Mysorekar and Cao 2014). 
Other work, however, has identified maternal gut bacterial DNA in neonatal 
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meconium and cord blood (Ardissone et al. 2014; Walker et al. 2017), suggesting 
that, instead or in addition, bacteria spread from the maternal gut into the blood 
stream, to the placenta, and, ultimately, to the fetus as it swallows the nonsterile 
amniotic fluid (Aagaard et al. 2014; Donnet-Hughes et al. 2010; Walker et al. 2017).

Relatively little is known about whether fetal colonization may be linked to 
either positive or negative pregnancy outcomes and later health, but prenatal expo-
sures have the potential to shape gut development and function in ways that alter 
later colonization patterns. Exposure to Prevotella and Gardnerella have been pro-
posed to contribute to an inflammatory response in newborns while higher levels of 
Lactobacillus have been proposed to suppress inflammation (Rodriguez et al. 2015). 
Differences in patterns of placental bacterial DNA are seen between infants born at 
term vs. those born preterm, but not between vaginally and C-section delivered 
infants suggesting that in utero exposures vs. birth conditions shape the placental 
microbiota (Doyle et al. 2014). Further, maternal health may alter prenatal bacterial 
exposures as it has been shown that the bacterial content of the meconium differs in 
neonates born to diabetic mothers (Rodriguez et al. 2015).

 Birth Type and the Microbiome

A second and more significant bacterial colonization occurs at birth as the infant is 
exposed to the vaginal, fecal and skin microbiota of their mother and the bacteria in 
the surrounding environment. Vaginal delivery is considered critical for establishing 
a healthy microbiome. As soon as 5 min after birth, differences can be seen in the 
microbiota of the skin, oral mucosa, an nasopharyngeal aspirate of infants born 
vaginally and by C-section and differences in the gut microbiota are identifiable 
within 24 h of birth (Dominguez-Bello et al. 2010). Vaginally delivered infants have 
bacterial profiles that resemble their mother’s pre-delivery vaginal microbiome 
while infants born by C-section have profiles more like their mother’s skin and the 
hospital environment (Dominguez-Bello et al. 2010). Along with the vaginal micro-
biota, neonates are also exposed to their mothers’ fecal bacteria and this exposure 
may be beneficial for the development of gut function and immune regulation in 
early life (Huda et al. 2014). Among the initial bacteria vaginally-delivered infants 
are exposed to are facultative anaerobic species, such as Escherichia, Staphylococcus, 
and Streptococcus species, that colonize the gut and change the environment to 
favor the growth of the obligate anaerobes of the phylum Bacteroidetes and species 
Bifidobacterium, thought to be important for infant health. Differences in the pro-
portion of colonization by these groups can be seen by the third day of life (Biasucci 
et al. 2010).

C-section delivery may compromise the intergenerational transmission of bene-
ficial maternal bacteria; only 41% of early colonizing bacteria match those in moth-
ers’ stool samples compared to 72% in vaginally-delivered infants. Further, these 
early differences persist through infancy and possibly into childhood. While the gut 
microbiome of infants born vaginally and by C-section become more similar over 
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the first year of life, the gut microbiome of infants delivered by C-section remain 
less diverse with a delayed colonization by Bacteroides (Arrieta et  al. 2014). 
Differences in colonization by birth type have been shown to persist in 4 month-old 
Canadian infants (Azad et al. 2013), 12 month-old Swedish infants (Backhed et al. 
2015), 24 month-old Finnish toddlers (Backhed et al. 2015), and 7 year-old Swedish 
children (Salminen et al. 2004). Such differences in the microbiota have been pro-
posed to underlie the higher rates of type 1 diabetes, asthma, and overweight seen 
in children born by C-section (Belizán et al. 2007).

Although the timing of maternal transmission of bacteria to her infant remains 
controversial, with some researchers proposing that birth is the most important time 
for intergenerational exchange (Mueller et al. 2016) and others supporting a later 
postnatal transmission (Avershina et al. 2014), the maternal microbiome is doubt-
lessly an important early factor shaping the infant microbiome. Mothers’ vaginal 
and intestinal microbiomes change over the course of pregnancy. The vaginal 
microbiota become less diverse with an increasing proportion of Lactobacillus 
(Aagaard et al. 2012; Mueller et al. 2015a), an early colonizer important for gut 
ecology (Backhed et al. 2015). Along with these changes in vaginal microbiota, the 
maternal intestinal microbiota also shifts to a pattern characterized by increasing 
proportions of high-energy yielding microbiota with increasing gestational age 
(Koren et al. 2012; Mueller et al. 2015b). These changes occur independently of 
maternal weight status, weight gain, gestational diabetes, diet or antibiotic use sug-
gesting that they may be linked to pregnancy-induced alterations in gut motility, 
immunity and endocrine function (Mueller et al. 2015b) and have been proposed to 
serve as an adaption to permit greater energy harvest during pregnancy and for the 
infant in the first days of life (Koren et al. 2012).

Maternal dysbiosis, resulting from obesity, antibiotic use, or other pregnancy 
conditions, may differentially shape early infant exposures and alter the trajectory 
of infant microbiome development during the perinatal period. High maternal pre- 
pregnancy weight and excessive weight gain during pregnancy have been linked to 
differences in maternal microbiomes, with mothers’ who are overweight pre- 
pregnancy or gain excessive weight during pregnancy having greater proportions of 
Bacteroides in their stool, suggesting that this genus contributes to greater energy 
storage and weight gain (Collado et al. 2008, 2010). Maternal weight and weight 
gain further shape patterns of colonization in infant microbiome colonization 
(Collado et al. 2010). Infants born to mothers with excessive weight gain have lower 
Bifidobacterium and greater Staphylococcus aureus at 6 months of age, a pattern 
associated with greater weight gain in the infants (Collado et al. 2010) and higher 
risk of inflammatory disease later in life (Bastard et al. 2006; Hotamisligil 2006; 
Kalliomaki et al. 2001). In a study of Finnish women and their infants, obese moth-
ers or those with excessive weight gain and their infants also had a higher preva-
lence of Akkermansia muciniphila, a species that has previously been linked to 
overweight, obesity, and metabolic endotoxemia (Cani and Delzenne 2007).

Maternal exposure to antibiotics in late pregnancy or perinatally in response to 
pregnancy complications or infections may also alter the microbiome. 
Epidemiological evidence suggests that maternal antibiotic use during pregnancy is 
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associated with greater prevalence of asthma and overweight in childhood (Ajslev 
et al. 2011; Stensballe et al. 2013), conditions potentially resulting from alterations 
in the gut or respiratory microbiomes. Maternal antibiotic use around the time of 
birth has been associated with lower bacterial diversity and lower levels of 
Lactobacillus and Bifidobacterium in neonates (Keski-Nisula et al. 2013; Mueller 
et al. 2015b). Differences in the microbiota have been shown in infants born preterm 
who tend to be exposed to antibiotics and other medical treatments. Preterm infants 
have a distinct microbiota with greater proportions of the phyla Proteobacteria and 
Firmicutes, and the family Enterobacteriaceae compared to term infants (Collado 
et al. 2015). These differences are linked to greater risk of necrotizing enterocolitis 
neonatally and with later gut microbiome maturation during infancy (Dogra et al. 
2015). Thus, pre- and neonatal exposures may be critical for both the initial coloni-
zation and the developmental trajectory of the infant gut microbiome. Disruptions 
during this period by maternal dysbiosis during pregnancy, premature delivery, peri-
natal antibiotic use and delivery by C-section may contribute to inadequate or inap-
propriate colonization and delayed maturation leading to dysbiosis in the infant 
with consequences for growth, body composition, immune function and 
metabolism.

 Early Infant Feeding and the Gut Microbiome

After this initial colonization, the establishment of the enteric microbiota is further 
shaped by early milk feeding practices (Table 1). Breast and formula-fed infants 
tend to differ in their patterns of bacterial colonization. Breastfed infants are gener-
ally characterized by lower bacterial diversity and greater proportions of 
Bifidobacterium and Lactobacillus (Jost et al. 2014; Thompson et al. 2015; Voreades 
et al. 2014) while formula-fed infants tend to have a more diverse pattern of coloni-
zation with higher proportions of the genera Bacteroides and Clostridium, and the 
family Enterobacteriaceae (Madan et al. 2016). Although the magnitude of these 

Table 1 Microbiota differences associated with infant feeding

Breastfeeding Formula Mixed feeding Solid foods

Microbiota 
patterns

↓ Diversity
↑ Bifidobacterium 
and Lactobacillus

↑ Diversity
↑ Bacteroides, 
Clostridium, and 
enterobacteria

↑ Diversity
↑ Bacteroides and 
Clostridium

↑↑ Diversity
Bacteroides, 
Clostridium, 
Prevotella and 
Xylanibacter

Exposures Human Milk 
Oligosaccharides 
(HMO),
Maternal antibodies 
and glycoproteins, 
and breastmilk 
microbiota

Possible pre- and 
pro-biotics

Variable HMOs, 
antibodies, 
glycoproteins and 
breastmilk 
microbiota

Non-digestible 
plant 
polysaccharides
Animal source 
protein
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differences has decreased in recent years with changes in methodology from culture- 
dependent to culture-independent techniques and changes in the composition of 
infant formula to more closely mirror breastmilk (Marques et al. 2010; Vael and 
Desager 2009), relatively consistent differences persist. A recent study of Australian 
infants, for example, documented higher abundances of Bifidobacterium in breast-
fed infants even with the considerable overlap in the relative abundance ranges 
(Tannock et al. 2013).

Less research has described the pattern of colonization in infants fed both breast-
milk and formula, but several studies suggest that considerable differences may 
exist between exclusively breast fed and those that receive breastmilk in combina-
tion with formula. Our research found that American infants receiving formula in 
addition to breastmilk had greater species diversity with lower levels of Actinobacteria 
and greater relative abundances of Bacteroides, Clostridiales, Lachnospiraceae, 
Blautia, and Faecalibacterium (Thompson et al. 2015). Similarly, the greater diver-
sity of bacteria seen within a cohort of mixed-fed Swedish infants led to estimates 
of greater microbiome “maturity” in newborn and 4-month measurements com-
pared to exclusively breast fed infants (Backhed et al. 2015). Overall, then, the cur-
rent picture suggests that the gut of breastfed infants includes a reduced diversity of 
bacteria with preferential growth of those, like Bifidobacterium and Lactobacillus 
that can utilize milk sugars and human milk oligosaccharides (HMOs). Conversely, 
the gut of formula fed infants is comprised of a more diverse set of bacteria, even 
among infants receiving breastmilk along with formula.

These differences in initial colonization may underlie some of the positive health 
outcomes, such as lower risk of pediatric overweight (Arenz et al. 2004), allergy 
(Munblit and Verhasselt 2016), and inflammatory conditions (Horta et  al. 2015), 
associated with exclusive breastfeeding. Breastmilk contains multiple bioactive 
components that promote the colonization and maturation of the infant gut microbi-
ome, contributing to the development of what has been termed the “milk-oriented 
microbiota” or MOM (Goldsmith et al. 2015; Mueller et al. 2015a; Sela and Mills 
2010; Zivkovic et al. 2013). One of the most important groups of bioactive compo-
nents are the HMOs, a group of over 200 complex sugars that form the third largest 
component of human milk. HMOs have both direct and indirect effects on the gut 
microbiota that contribute to the early development of the immune system 
(Hemarajata and Versalovic 2013; Kunz et  al. 2014). First, HMOs may interact 
directly with pathogenic bacteria, preventing their adhesion to target cells (Zivkovic 
et al. 2013). Second, HMOs promote the growth of specific microbial communities, 
including Bifidobacterium that utilize the undigested sugars in the gut to produce 
lactate and short chain fatty acids (SCFA). In turn, SCFAs play an important role in 
inhibiting the growth of pathogenic bacteria, regulating immune and inflammatory 
responses, and modulating gut barrier function (Tilg and Kaser 2011). Additional 
benefits likely come from the presence of maternal antibodies like IgA and glyco-
proteins like lactoferrin that prevent the growth of pathogenic bacteria (Gregory and 
Walker 2013; Meropol and Edwards 2015; Newburg and Walker 2007). Together 
these beneficial effects lead to greater colonization by MOM and contribute to the 
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stable, relatively uniform gut microbiota with its high proportion of Bifidobacterium 
seen in exclusively breastfed infants (Zivkovic et al. 2011).

In addition to its role as a prebiotic, breastmilk also serves as a source of bacteria, 
acting as a continuous inoculum until weaning (Wopereis et al. 2014). Human milk 
contains a diverse and viable bacterial community, that includes an estimated 700 
species of Staphylococcus, Streptococcus, Bifidobacterium, and other lactic acid 
bacteria (Cabrera-Rubio et al. 2012; Marques et al. 2010; Morelli 2008; Reinhardt 
et al. 2009). The bacterial content of breastmilk varies across lactation, with differ-
ent predominant taxa seen in colostrum versus late breastmilk (Khodayar-Pardo 
et al. 2014), in some though not all women (Hunt et al. 2011), and across individual 
women based on infant gestational age (Khodayar-Pardo et al. 2014), health status 
(Gomez-Gallego et al. 2016), and delivery type (Cabrera-Rubio et al. 2012). The 
breastmilk microbiota also seems to be relatively discrete from other sites; principal 
components analysis of the bacterial groups of colostrum and breastmilk at 1 and 
6 months postpartum showed significant clustering of the breastmilk samples away 
from other measured sites, including skin, vagina, feces and oral epithelium 
(Cabrera-Rubio et  al. 2012). Despite these differences from other sites, the milk 
microbiome likely arises through a combination of sources including the maternal 
gut, maternal skin and infant oral microbiota (Jeurink et al. 2013). Sequencing anal-
ysis has identified a range of obligate anaerobic bacteria that are shared between 
maternal feces, breastmilk and neonatal feces (Jost et al. 2014). The presence of 
several butyrate producing bacteria supports the existence of an entero-mammary 
pathway that transmits bacteria from the maternal gut into the mammary gland and 
the milk through the mesenteric lymph nodes (Rodriguez et al. 2015). Hormonal 
and immunological changes during pregnancy may promote the translocation of 
these beneficial bacteria into the breast and, subsequently, permit them to influence 
early colonization patterns and subsequent immune and metabolic development.

The health benefits of breastfeeding have been long established, but examining 
breastfeeding as a pre- and probiotic modulator of the infant gut microbiome pro-
vides a potential mechanism linking early feeding practices to child health. The 
nutrient, bioactive and bacterial content of breastmilk likely ‘optimizes’ the prolif-
eration of pioneer bacteria that program the immune system towards homeostasis 
and prevent inflammation (Walker 2017). Bacteroides fragilis, Bifidobacterium 
infantis, and Lactobacillus acidophilus, all transmitted through and supported by 
breastmilk, play unique roles in stimulating the endogenous production of immuno-
globulins in the infant gut, activating T-cells, and producing anti-inflammatory fac-
tors (Jost et  al. 2012; Rautava and Walker 2009). B. infantis, in particular, is 
associated with immune development and response to vaccination. Infants with a 
higher prevalence of B. infantis in their stool at 15 weeks had higher CD4 stimula-
tion responses to oral polio virus, tetanus and tuberculosis vaccines (Huda et  al. 
2014). Other evidence for the protective effect of the MOM include differences in 
gene transcription of nearly a dozen genes associated with immune function and 
virulence between breast- and formula-fed infants (Schwartz et al. 2012) and animal 
models showing greater T-cell function in milk-fed monkeys that persists across at 
least the first year of life (Cox et al. 2014).
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 Complementary Feeding and the Maturation 
of the Microbiome

The gut microbiota undergoes a rapid change with the cessation of breastfeeding 
and/or the incorporation of solid foods into the diet. The relative contribution of 
these processes—the cessation of breastfeeding vs. the introduction of food—
remains an open question. Significant differences were seen in the microbiota of 
12-month old Swedish infants based on whether they were still receiving breast-
milk, leading researchers to conclude that the cessation of breastfeeding shifts the 
microbial ecology to an adult-like pattern (Backhed et al. 2015). Our work, and that 
of others, has shown profound shifts in both microbial composition and metabolic 
function with the introduction of solid foods even in infants still receiving breast-
milk (Johnson and Versalovic 2012; Thompson et al. 2015). Similarly, though the 
microbiota of formula-fed infants is considered more “adult-like” (Harmsen et al. 
2000), it also undergoes shifts with the introduction of solids that, in our study, were 
even more dramatic than those seen in breastmilk infants (Thompson et al. 2015). In 
any case, the inclusion of new foods into the diet and the cessation of breastfeeding 
appear to be more important than the timing of solid food introduction (Backhed 
et al. 2015; Laursen et al. 2016). The age of first introduction to solid foods, ranging 
from 3 to 6 months, was not associated with patterns of colonization at 9 months of 
age in two large cohorts of Danish infants (Laursen et al. 2016).

Early complementary diets doubtlessly shape the colonization of the gut micro-
biota as infants are exposed to new foods that provide new substrates for the survival 
and growth of bacteria not previously supported by breastmilk or formula (Fallani 
et al. 2011; Parrett and Edwards 1997). Animal models (Reinhardt et al. 2009) and 
human studies (Backhed et  al. 2015; Koenig et  al. 2011; Thompson et  al. 2015) 
document a shift in the predominant phyla as the high-fat breastmilk diet is replaced 
by or supplemented with a carbohydrate-rich weaning diet. Predominant bacterial 
communities shift from a microbiota dominated by Lactobacillus, Bifidobacterium, 
and the family Enterobacteriaceae to one dominated by Clostridium and Bacteroides 
species (Bergstrom et al. 2014). Further shifts are seen in complexity and species 
function across the first years of life as diets become more diverse (Laursen et al. 
2016). Microbiota that are more capable of digesting complex sugars and starches 
and processing higher protein foods become more prevalent and the microbiome 
comes to resemble the adults’ in structure and function (Avershina et  al. 2014; 
Backhed et  al. 2015; Meropol and Edwards 2015). The exact age at which the 
microbiome comes to resemble a stable adult pattern is unclear, but early coloniza-
tion patterns continue to shape this maturation. A longitudinal study of European 
infants has documented the persistent effects of early postnatal conditions, includ-
ing geographic location, milk feeding, and delivery type, on the maturation of 
microbiota in the second half of infancy, suggesting that early exposures may shape 
longer term kinetics (Fallani et al. 2011).

While few human studies have examined the dynamics of microbiota composi-
tion in relation to the types and sequence of new foods added into infant diets, 
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 limited evidence suggests that the macronutrient content of the diet is also impor-
tant. Differences in predominant microbiota are associated with differences in car-
bohydrate vs. protein intakes across populations and individuals. High carbohydrate 
intake was associated with greater prevalence of Bacteroidetes groups, particularly 
Prevotella and Xylanibacter, in cross-national comparisons of infants and young 
children from Italy and Burkina Faso (De Filippo et  al. 2010). More recently, a 
study of 5-month old American infants randomized to receive meats vs. 
micronutrient- fortified cereals as the primary complementary food until 9 months 
found differences in the prevalence of key bacteria, including decreased Lactobacillus 
and increased Bacteroides in infants fed iron-fortified cereals (Krebs et al. 2013). 
Higher fiber intake was associated with a greater prevalence of Prevotellaceae, 
Veionellaceae, Fusobacteriaceae, Eubacteriaceae, and Pasteurellaceae in Danish 
infants, while higher protein intake was associated with a decreased prevalence of 
Bifidobacteriaceae (Laursen et  al. 2016). These patterns were proposed to result 
from the increasing diversity and protein content of a diet that more closely resem-
bled family foods, rather than any specific food or food group. Yet data from slightly 
older children, aged 2–3 years, has shown that specific intakes of dairy and plant- 
based foods (fruit, vegetables, soy, nuts and pulses) were associated with distinct 
microbiota profiles (Smith-Brown et al. 2016). In this cohort of Australian children, 
higher dairy intake, particularly of yogurts, was associated with lower species diver-
sity and richness and greater prevalence of Firmicutes, while vegetable intakes were 
associated with a greater abundance of Lachnospira.

That the early diet should play an important role in shaping the developing 
microbiome is not surprising. Diet is a well-known factor in shaping adult gut 
microbiota composition and metabolic function (Flint et  al. 2015; Ussar et  al. 
2015). Shifts in predominant microbiota with the introduction of solid foods are 
accompanied by changes in the metabolic capacity and function of the intestine 
(Reinhardt et al. 2009), with implications for the development of gut health, inflam-
mation, and obesity. Bacteria differ in their energy-extracting capabilities, so dif-
ferences in early bacterial colonization due to different diets may lead to differences 
in available energy and contribute to infant weight gain and subsequent obesity risk. 
A cohort study of Danish infants demonstrated that change in BMI from 9 to 
18 months was positively correlated with the abundance of Firmicutes, particularly 
in Clostridium leptum and Enterobacter hallii, butyrate-producing bacteria that 
may increase host energy harvest (Bergstrom et  al. 2014). Longitudinal studies 
examining infant diet, microbiota, and weight gain across infancy and childhood 
are rare; however, preliminary evidence suggests that the composition of the micro-
biome may be associated with weight gain and adipose deposition in infancy 
(Thompson 2012). The relative abundance of Bacteroides at 3 and 52 weeks of age 
was positively associated with BMIz in 1 and 3 year olds Belgian infants, control-
ling for infant feeding and a host of other potential confounders, while 
Staphylococcus at 3 and 26 weeks of age was inversely associated with BMIz at 
these later ages (Vael and Desager 2009). Similarly, overweight at age 7 was related 
to microbiota colonization at 6 and 12 months of age in a sample of Finnish chil-
dren (Kalliomaki et al. 2008).
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 Implications for Long Term Health

As the above sections describe, early life exposures, beginning prenatally and con-
tinuing through the first years of life, are critical for establishing the infant gut 
microbiome. Prenatally, the fetus may be exposed to maternal bacteria through the 
placenta, an exposure that may differ according to maternal diet, weight status, and 
health and may have implications for birth outcomes. At birth, the neonate is 
exposed to an even greater range of bacteria from their mothers and the external 
environment. Vaginally-born infants receive an inoculum of potential beneficial 
Bacteroides and Lactobacillus through exposure to their mothers’ vaginal and fecal 
microbiota, while the acquisition of these bacteria appears to be diminished or 
delayed in infants delivered by C-section. Early colonization is further enhanced by 
breastfeeding, which, unlike formula, provides infants with both beneficial bacteria 
and bioactive factors that promote their proliferation. The predominant bacterial 
groups shift for both breast and formula fed infants with the introduction of solid 
foods, which leads to an increase in species diversity, an increase in the relative 
abundance of Bacteroidetes and Firmicutes, and a decrease in the relative abun-
dance of Bifidobacterium. As more and varied foods are added to the diet in the 
second and third years of life, the microbiota becomes more stable and the entero-
types responsive to habitual diet form (Bergstrom et al. 2014).

Disruptions to this process, through exposure to maternal overweight or health- 
related dysbiosis, C-section delivery, exclusive formula feeding, and prolonged and/
or recurrent antibiotic exposure, have the potential to alter colonization with long- 
term impacts on health (Table 2). While few prospective studies have traced early 
exposures to differences in microbiota colonization and then to later developmental 
and health outcomes, a good deal of research shows that these pathways are likely 
to be important. Delivery by Caesarean section, for example, has been established 
as a risk factor for the development of allergy in epidemiological studies (Bager 
et al. 2008; West 2014) and linked to differences in gut microbiota that persist into 
childhood (Azad et al. 2013; Backhed et al. 2015; Salminen et al. 2004). Similarly, 
retrospective studies have established an association between antibiotic use in 
infancy and early childhood and an increased risk of inflammatory conditions, like 
IBD (Kronman et  al. 2012), obesity (Trasande et  al. 2013) and Type 2 diabetes 
(Bailey et al. 2014). Shorter term studies have documented differences in microbi-
ota composition predating the development of these conditions. Infants with higher 
numbers of E. coli were more likely to develop eczema in the first 2 years of life 
than children with lower abundance (Penders et al. 2007). Children at high risk for 
developing allergy had a greater relative abundance of Enterococcus at 4 months of 
age compared to a control group (Vebo et al. 2011). Other studies have found lower 
rates of Bifidobacterium and Lactobacillus in infants who later develop allergy 
(Sjogren et al. 2009; Wang et al. 2008).

Again, while few studies have established the long-term links between infant 
feeding practices, microbiota and long-term risk of obesity, intervention studies in 
humans and animal models support the importance of the gut microbiome in energy 
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harvest and adiposity. Differences in the gut microbiota of obese and non-obese 
adults have documented (Ley et al. 2005) as have shifts in predominant bacteria 
with weight loss (Turnbaugh et  al. 2006). Germ-free rodent studies have further 
supported causality between bacterial colonization and weight regulation; gut 
microbiota transfer from obese mice to germ free mice resulted in higher weight 
gain compared to genetically-identical mice receiving gut microbiota from lean 
mice (Backhed et al. 2007). Similar findings have been documented for undernutri-
tion. The relative abundance of Actinobacteria differed between twin pairs discor-
dant for kwashiorkor, a form of severe protein-energy malnutrition, and fecal 
transplants from the malnourished twins into germ-free mice resulted in significant 
weight loss (Smith et al. 2013).

Table 2 Risk factors for altered microbiota development and long term health impacts

Risk factors Microbiota impact in infant
Health 
consequences References

Prenatal

Maternal 
obesity

↓ Bacteroides, Prevotella, and 
Bifidobacterium
↑ Clostridium

↑ Child 
overweight and 
obesity
↑ Weight gain
↑ Inflammation

Collado et al. (2010); 
Cani and Delzenne 
(2007)

High 
pregnancy 
weight

↓ Bacteroides, Prevotella, and 
Bifidobacterium
↑ Clostridium

Antibiotic use ↓ Diversity
↓ Bifidobacterium and Lactobacillus

↑ Child 
overweight
↑ Asthma

Keski-Nisula et al. 
(2013); Mueller et al. 
(2015b)

Birth

Preterm birth ↑ Proteobacteria, Firmicutes, 
Enterobacteriaceae, Staphylococcus, 
Propionibacterium, and 
Corynebacterium

↑ NEC
↑ Inflammation

Collado et al. (2015); 
Dogra et al. (2015)

Caesarian 
section

↑ Staphylococcus, 
Propionibacterium, and 
Corynebacterium
↓ Lactobacillus, Prevotella, and 
Sneathia
Delayed Bacteroides

↑ Child 
overweight
↑ Allergy
↑ Asthma

Arrieta et al. (2014); 
Belizán et al. (2007)

Postnatal

Formula 
feeding

↑ Diversity
↑ Bacteroides, Clostridium, 
enterobacteria
↓ Bifidobacterium and Lactobacillus

↑ Child 
overweight/
obesity
↑ Inflammation

Arenz et al. (2004); 
Munblit and 
Verhasselt (2016); 
Horta et al. (2015)

Prolonged/
habitual 
antibiotic use

↓ Diversity
↓ Actinobacteria
↑ Bacteroidetes and Proteobacteria

↑ Inflammatory 
Bowel Disease
↑ Overweight/
obesity
↑ Type 2 
Diabetes

Korpela et al. (2016); 
Kronman et al. 
(2012); Trasande et al. 
(2013)
Bailey et al. (2014)
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Diet helps to regulate these energy modulating effects, providing nutrients for 
the maintenance and growth of commensal bacterial communities and acting as a 
selective factor for differential bacterial colonization (Blaut and Clavel 2007). High 
fat or carbohydrate diets, for example, modulate dominant bacteria populations in 
the gut. Through multiple intertwined metabolic and inflammatory pathways, 
including fermentation of non-digestible carbohydrates into short chain fatty acids, 
bacteria can have downstream effects on inflammation and the development of insu-
lin resistance and type 2-diabetes (Cani and Delzenne 2007). Such metabolic pro-
cesses may increase energy extraction through the up-regulation of carbohydrate 
and lipid-utilizing genes, providing almost 10% additional energy from the same 
quantity of food (Ley 2010). Alterations in the gut microbiota associated with early 
feeding patterns, therefore, may influence the absorption and storage of energy 
early in life, itself a risk factor for the development of later obesity.

At the same time, the importance of early exposures in shaping the microbiome 
also presents opportunities for intervention. The intergenerational transmission of 
the microbiome from mothers to infants prenatally, at birth, and postnatally through 
breastmilk provide opportunities to intervene in maternal diet and health to influ-
ence both maternal and child health. The importance of maternal weight status and 
weight gain during pregnancy for early colonization, for example, suggests that 
interventions targeted at weight reduction before pregnancy or promoting healthy 
levels of weight gain during pregnancy may improve mothers’ microbiota and lead 
to the transmission of healthier initial bacterial inocula to their infants. Other 
approaches to improve initial colonization include swabbing the mouths of infants 
born by C-section with the vaginal and fecal microbiota of their mothers, which has 
been shown to shift initial colonization in a small sample of infants (Dominguez- 
Bello et al. 2010).

The use of prebiotics, non-digestible food ingredients that stimulate the growth 
or metabolism of beneficial bacteria, or probiotics, live bacteria administered in 
food or supplements (chapter “Fermented Vegetables as Vectors for Relocation of 
Microbial Diversity from the Environment to the Human Gut”), may also improve 
initial patterns of colonization both pre- and postnatally (Sohn and Underwood 
2017). Dietary interventions or supplementation aimed at pregnant women have the 
potential to influence in utero exposures and improve long-term health outcomes 
(Luoto et al. 2011). Probiotic supplementation of mothers from 35 weeks gestation 
to when their infants were 6 months of age, for example, was shown to reduce the 
development of eczema in a sample of infants at high risk for the development of 
eczema (Wickens et al. 2008). Direct supplementation to infants also has the poten-
tial to shape health outcomes, though these strategies have had mixed success (Gritz 
and Bhandari 2015). The incorporation of pre- and probiotics into infant formula 
may help improve colonization by Bifidobacterium to levels like those found in 
breastfed infants (Baglatzi et al. 2016; Vandenplas et al. 2015) for infants whose 
mothers are unable to exclusively breastfeed and may explain the lack of pro-
nounced differences between these groups in recent studies. Direct probiotic sup-
plementation of infants with Lactobacillus and Bifidobacterium strains appears to 
reduce the risk of necrotizing enterocolitis (NEC) in preterm infants in many studies 
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(Gritz and Bhandari 2015) may reduce the risk of atopy in high-risk infants (Wickens 
et al. 2008). While questions remain about the efficacy of providing pre- and probi-
otics to healthy infants, these dietary and microbe-modulating therapies may have 
the potential to directly and indirectly alter the composition of the microbiota to 
promote healthy growth and development.

 Conclusion

As this chapter describes, substantial evidence points to the importance of expo-
sures across early life in shaping the gut microbiome and its subsequent metabolic 
and immunological function. Thus, promoting optimal microbial development 
through limiting unnecessary medical intervention, supporting breastfeeding and 
increasing access to healthy diets for mothers and infants is important for shaping 
both short-term growth and development and long-term health. Increased attention 
to the mechanisms underlying the intergenerational transmission and development 
of the microbiota in early life will help to identify opportunities for intervention and 
improved health across the lifespan.

References

Aagaard, K., Riehle, K., Ma, J., Segata, N., Mistretta, T. A., Coarfa, C., Raza, S., Rosenbaum, S., 
Van den Veyver, I., Milosavljevic, A., et al. (2012). A metagenomic approach to characteriza-
tion of the vaginal microbiome signature in pregnancy. PLoS One, 7(6), e36466.

Aagaard, K., Ma, J., Antony, K. M., Ganu, R., Petrosino, J., & Versalovic, J. (2014). The placenta 
harbors a unique microbiome. Science Translational Medicine, 6(237), 237ra265.

Ajslev, T., Andersen, C., Gamborg, M., Sørensen, T., & Jess, T. (2011). Childhood overweight after 
establishment of the gut microbiota: The role of delivery mode, pre-pregnancy weight and early 
administration of antibiotics. International Journal of Obesity, 35(4), 522–529.

Ardissone, A. N., de la Cruz, D. M., Davis-Richardson, A. G., Rechcigl, K. T., Li, N., Drew, J. C., 
Murgas-Torrazza, R., Sharma, R., Hudak, M. L., Triplett, E. W., et al. (2014). Meconium micro-
biome analysis identifies bacteria correlated with premature birth. PLoS One, 9(3), e90784.

Arenz, S., Ruckerl, R., Koletzko, B., & von Kries, R. (2004). Breast-feeding and childhood obe-
sity—A systematic review. International Journal of Obesity and Related Metabolic Disorders, 
28(10), 1247–1256.

Arrieta, M. C., Stiemsma, L. T., Amenyogbe, N., Brown, E. M., & Finlay, B. (2014). The intestinal 
microbiome in early life: Health and disease. Frontiers in Immunology, 5, 427.

Avershina, E., Storro, O., Oien, T., Johnsen, R., Pope, P., & Rudi, K. (2014). Major faecal micro-
biota shifts in composition and diversity with age in a geographically restricted cohort of moth-
ers and their children. FEMS Microbiology Ecology, 87(1), 280–290.

Azad, M. B., Konya, T., Maughan, H., Guttman, D. S., Field, C. J., Chari, R. S., Sears, M. R., 
Becker, A. B., Scott, J. A., & Kozyrskyj, A. L. (2013). Gut microbiota of healthy Canadian 
infants: Profiles by mode of delivery and infant diet at 4 months. Canadian Medical Association 
Journal, 185(5), 385–394.

Backhed, F., Manchester, J. K., Semenkovich, C. F., & Gordon, J. I. (2007). Mechanisms under-
lying the resistance to diet-induced obesity in germ-free mice. Proceedings of the National 
Academy of Sciences of the United States of America, 104(3), 979–984.

A. L. Thompson



253

Backhed, F., Roswall, J., Peng, Y., Feng, Q., Jia, H., Kovatcheva-Datchary, P., Li, Y., Xia, Y., Xie, 
H., Zhong, H., et al. (2015). Dynamics and stabilization of the human gut microbiome during 
the first year of life. Cell Host & Microbe, 17(6), 852.

Bager, P., Wohlfahrt, J., & Westergaard, T. (2008). Caesarean delivery and risk of atopy and aller-
gic disease: Meta-analyses. Clinical and Experimental Allergy, 38(4), 634–642.

Baglatzi, L., Gavrili, S., Stamouli, K., Zachaki, S., Favre, L., Pecquet, S., Benyacoub, J., & Costalos, 
C. (2016). Effect of infant formula containing a low dose of the probiotic Bifidobacterium lac-
tis CNCM I-3446 on immune and gut functions in C-section delivered babies: A pilot study. 
Clinical Medicine Insights: Pediatrics, 10, 11.

Bailey, L. C., Forrest, C. B., Zhang, P., Richards, T. M., Livshits, A., & DeRusso, P. A. (2014). 
Association of antibiotics in infancy with early childhood obesity. JAMA Pediatrics, 168(11), 
1063–1069.

Bastard, J. P., Maachi, M., Lagathu, C., Kim, M. J., Caron, M., Vidal, H., Capeau, J., & Feve, B. 
(2006). Recent advances in the relationship between obesity, inflammation, and insulin resis-
tance. European Cytokine Network, 17(1), 4–12.

Belizán, J. M., Althabe, F., & Cafferata, M. L. (2007). Health consequences of the increasing cae-
sarean section rates. Epidemiology, 18(4), 485–486.

Bergstrom, A., Skov, T.  H., Bahl, M.  I., Roager, H.  M., Christensen, L.  B., Ejlerskov, K.  T., 
Molgaard, C., Michaelsen, K. F., & Licht, T. R. (2014). Establishment of intestinal microbiota 
during early life: A longitudinal, explorative study of a large cohort of Danish infants. Applied 
and Environmental Microbiology, 80(9), 2889–2900.

Biasucci, G., Rubini, M., Riboni, S., Morelli, L., Bessi, E., & Retetangos, C. (2010). Mode of 
delivery affects the bacterial community in the newborn gut. Early Human Development, 
86(Suppl. 1), 13–15.

Blaut, M., & Clavel, T. (2007). Metabolic diversity of the intestinal microbiota: Implications for 
health and disease. The Journal of Nutrition, 137(3 Suppl. 2), 751S–755S.

Cabrera-Rubio, R., Collado, M. C., Laitinen, K., Salminen, S., Isolauri, E., & Mira, A. (2012). The 
human milk microbiome changes over lactation and is shaped by maternal weight and mode of 
delivery. The American Journal of Clinical Nutrition, 96(3), 544–551.

Cani, P. D., & Delzenne, N. M. (2007). Gut microflora as a target for energy and metabolic homeo-
stasis. Current Opinion in Clinical Nutrition and Metabolic Care, 10(6), 729–734.

Carlson, A. L., Xia, K., Azcarate-Peril, M. A., Goldman, B. D., Ahn, M., Styner, M. A., Thompson, 
A. L., Geng, X., Gilmore, J. H., & Knickmeyer, R. C. (2018). Infant gut microbiome associated 
with cognitive development. Biological Psychiatry, 83(2), 148–159.

Collado, M.  C., Isolauri, E., Laitinen, K., & Salminen, S. (2008). Distinct composition of gut 
microbiota during pregnancy in overweight and normal-weight women. The American Journal 
of Clinical Nutrition, 88(4), 894–899.

Collado, M. C., Isolauri, E., Laitinen, K., & Salminen, S. (2010). Effect of mother’s weight on 
infant’s microbiota acquisition, composition, and activity during early infancy: A prospec-
tive follow-up study initiated in early pregnancy. The American Journal of Clinical Nutrition, 
92(5), 1023–1030.

Collado, M.  C., Cernada, M., Neu, J., Perez-Martinez, G., Gormaz, M., & Vento, M. (2015). 
Factors influencing gastrointestinal tract and microbiota immune interaction in preterm infants. 
Pediatric Research, 77(6), 726–731.

Cox, L. M., Yamanishi, S., Sohn, J., Alekseyenko, A. V., Leung, J. M., Cho, I., Kim, S. G., Li, H., 
Gao, Z., Mahana, D., et al. (2014). Altering the intestinal microbiota during a critical develop-
mental window has lasting metabolic consequences. Cell, 158(4), 705–721.

De Filippo, C., Cavalieri, D., Di Paola, M., Ramazzotti, M., Poullet, J. B., Massart, S., Collini, 
S., Pieraccini, G., & Lionetti, P. (2010). Impact of diet in shaping gut microbiota revealed by 
a comparative study in children from Europe and rural Africa. Proceedings of the National 
Academy of Sciences of the United States of America, 107(33), 14691–14696.

Dogra, S., Sakwinska, O., Soh, S.  E., Ngom-Bru, C., Bruck, W.  M., Berger, B., Brussow, H., 
Karnani, N., Lee, Y. S., Yap, F., et al. (2015). Rate of establishing the gut microbiota in infancy 
has consequences for future health. Gut Microbes, 6(5), 321–325.

Early Gut Microbiome: A Good Start in Nutrition and Growth May Have Lifelong…



254

Dominguez-Bello, M. G., Costello, E. K., Contreras, M., Magris, M., Hidalgo, G., Fierer, N., & 
Knight, R. (2010). Delivery mode shapes the acquisition and structure of the initial microbiota 
across multiple body habitats in newborns. Proceedings of the National Academy of Sciences 
of the United States of America, 107(26), 11971–11975.

Donnet-Hughes, A., Perez, P. F., Dore, J., Leclerc, M., Levenez, F., Benyacoub, J., Serrant, P., 
Segura-Roggero, I., & Schiffrin, E.  J. (2010). Potential role of the intestinal microbiota of 
the mother in neonatal immune education. The Proceedings of the Nutrition Society, 69(3), 
407–415.

Doyle, R. M., Alber, D. G., Jones, H. E., Harris, K., Fitzgerald, F., Peebles, D., & Klein, N. (2014). 
Term and preterm labour are associated with distinct microbial community structures in pla-
cental membranes which are independent of mode of delivery. Placenta, 35(12), 1099–1101.

Fallani, M., Amarri, S., Uusijarvi, A., Adam, R., Khanna, S., Aguilera, M., Gil, A., Vieites, J. M., 
Norin, E., Young, D., et al. (2011). Determinants of the human infant intestinal microbiota after 
the introduction of first complementary foods in infant samples from five European centres. 
Microbiology, 157(Pt 5), 1385–1392.

Fardini, Y., Chung, P., Dumm, R., Joshi, N., & Han, Y. W. (2010). Transmission of diverse oral bac-
teria to murine placenta: Evidence for the oral microbiome as a potential source of intrauterine 
infection. Infection and Immunity, 78(4), 1789–1796.

Flint, H. J., Duncan, S. H., Scott, K. P., & Louis, P. (2015). Links between diet, gut microbiota 
composition and gut metabolism. Proceedings of the Nutrition Society, 74(1), 13–22.

Goldsmith, F., O’Sullivan, A., Smilowitz, J. T., & Freeman, S. L. (2015). Lactation and intestinal 
microbiota: How early diet shapes the infant gut. Journal of Mammary Gland Biology and 
Neoplasia, 20(3–4), 149–158.

Gomez-Gallego, C., Garcia-Mantrana, I., Salminen, S., & Collado, M.  C. (2016). The human 
milk microbiome and factors influencing its composition and activity. Seminars in Fetal and 
Neonatal Medicine, 21(6), 400–405. Elsevier.

Gregory, K. E., & Walker, W. A. (2013). Immunologic factors in human milk and disease preven-
tion in the preterm infant. Current Pediatrics Reports, 1(4), 222–228.

Gritz, E. C., & Bhandari, V. (2015). The human neonatal gut microbiome: A brief review. Frontiers 
in Pediatrics, 3, 17.

Guarner, F., & Malagelada, J.  R. (2003). Gut flora in health and disease. Lancet, 361(9356), 
512–519.

Harmsen, H.  J., Wildeboer-Veloo, A. C., Raangs, G. C., Wagendorp, A. A., Klijn, N., Bindels, 
J.  G., & Welling, G.  W. (2000). Analysis of intestinal flora development in breast-fed and 
formula- fed infants by using molecular identification and detection methods. Journal of 
Pediatric Gastroenterology and Nutrition, 30(1), 61–67.

Hemarajata, P., & Versalovic, J. (2013). Effects of probiotics on gut microbiota: Mechanisms of 
intestinal immunomodulation and neuromodulation. Therapeutic Advances in Gastroenterology, 
6(1), 39–51.

Hooper, L. V., Midtvedt, T., & Gordon, J.  I. (2002). How host-microbial interactions shape the 
nutrient environment of the mammalian intestine. Annual Review of Nutrition, 22, 283–307.

Horta, B. L., Loret de Mola, C., & Victora, C. G. (2015). Long-term consequences of breastfeeding 
on cholesterol, obesity, systolic blood pressure and type 2 diabetes: A systematic review and 
meta-analysis. Acta Paediatrica, 104(S467), 30–37.

Hotamisligil, G. S. (2006). Inflammation and metabolic disorders. Nature, 444(7121), 860–867.
Huda, M.  N., Lewis, Z., Kalanetra, K.  M., Rashid, M., Ahmad, S.  M., Raqib, R., Qadri, F., 

Underwood, M. A., Mills, D. A., & Stephensen, C. B. (2014). Stool microbiota and vaccine 
responses of infants. Pediatrics, 134(2), e362–e372.

Hunt, K. M., Foster, J. A., Forney, L. J., Schutte, U. M., Beck, D. L., Abdo, Z., Fox, L. K., Williams, 
J. E., McGuire, M. K., & McGuire, M. A. (2011). Characterization of the diversity and tempo-
ral stability of bacterial communities in human milk. PLoS One, 6(6), e21313.

Jeurink, P. V., van Bergenhenegouwen, J., Jimenez, E., Knippels, L. M., Fernandez, L., Garssen, 
J., Knol, J., Rodriguez, J. M., & Martin, R. (2013). Human milk: A source of more life than we 
imagine. Beneficial Microbes, 4(1), 17–30.

A. L. Thompson



255

Johnson, C. L., & Versalovic, J. (2012). The human microbiome and its potential importance to 
pediatrics. Pediatrics, 129(5), 950–960.

Jost, T., Lacroix, C., Braegger, C. P., & Chassard, C. (2012). New insights in gut microbiota estab-
lishment in healthy breast fed neonates. PLoS One, 7(8), e44595.

Jost, T., Lacroix, C., Braegger, C. P., Rochat, F., & Chassard, C. (2014). Vertical mother- neonate 
transfer of maternal gut bacteria via breastfeeding. Environmental Microbiology, 16(9), 
2891–2904.

Kalliomaki, M., Kirjavainen, P., Eerola, E., Kero, P., Salminen, S., & Isolauri, E. (2001). Distinct 
patterns of neonatal gut microflora in infants in whom atopy was and was not developing. The 
Journal of Allergy and Clinical Immunology, 107(1), 129–134.

Kalliomaki, M., Collado, M. C., Salminen, S., & Isolauri, E. (2008). Early differences in fecal 
microbiota composition in children may predict overweight. The American Journal of Clinical 
Nutrition, 87(3), 534–538.

Keski-Nisula, L., Kyynäräinen, H. R., Kärkkäinen, U., Karhukorpi, J., Heinonen, S., & Pekkanen, 
J. (2013). Maternal intrapartum antibiotics and decreased vertical transmission of Lactobacillus 
to neonates during birth. Acta Paediatrica, 102(5), 480–485.

Khodayar-Pardo, P., Mira-Pascual, L., Collado, M. C., & Martinez-Costa, C. (2014). Impact of 
lactation stage, gestational age and mode of delivery on breast milk microbiota. Journal of 
Perinatology, 34(8), 599–605.

Koenig, J. E., Spor, A., Scalfone, N., Fricker, A. D., Stombaugh, J., Knight, R., Angenent, L. T., & 
Ley, R. E. (2011). Succession of microbial consortia in the developing infant gut microbiome. 
Proceedings of the National Academy of Sciences of the United States of America, 108(Suppl. 
1), 4578–4585.

Koren, O., Goodrich, J. K., Cullender, T. C., Spor, A., Laitinen, K., Backhed, H. K., Gonzalez, A., 
Werner, J. J., Angenent, L. T., Knight, R., et al. (2012). Host remodeling of the gut microbiome 
and metabolic changes during pregnancy. Cell, 150(3), 470–480.

Korpela, K., Salonen, A.,Virta, L.J., Kekkonen, R.A., Forslund, K., Bork, P., & de Vos, W. (2016). 
Intestinal microbiome is related to lifetime antibiotic use in Finnish pre-school children. Nature 
Communications 7(1), 10410.

Krebs, N.  F., Sherlock, L.  G., Westcott, J., Culbertson, D., Hambidge, K.  M., Feazel, L.  M., 
Robertson, C. E., & Frank, D. N. (2013). Effects of different complementary feeding regimens 
on iron status and enteric microbiota in breastfed infants. The Journal of Pediatrics, 163(2), 
416–423.

Kronman, M. P., Zaoutis, T. E., Haynes, K., Feng, R., & Coffin, S. E. (2012). Antibiotic exposure 
and IBD development among children: A population-based cohort study. Pediatrics, 130(4), 
e794–e803.

Kunz, C., Kuntz, S., Rudloff ,S. (2014). Bioactivity of human milk oligosaccharides, In: Moreno FJ, 
Sanz MLE, editors. Food Oligosaccharides: Production, Analysis and Bioactivity. Chichester: 
Wiley-Blackwell, p. 5–20.

Laursen, M. F., Andersen, L. B., Michaelsen, K. F., Molgaard, C., Trolle, E., Bahl, M. I., & Licht, 
T. R. (2016). Infant gut microbiota development is driven by transition to family foods inde-
pendent of maternal obesity. mSphere, 1(1), e00069-15.

Ley, R.  E. (2010). Obesity and the human microbiome. Current Opinion in Gastroenterology, 
26(1), 5–11.

Ley, R. E., Backhed, F., Turnbaugh, P., Lozupone, C. A., Knight, R. D., & Gordon, J. I. (2005). 
Obesity alters gut microbial ecology. Proceedings of the National Academy of Sciences of the 
United States of America, 102(31), 11070–11075.

Luoto, R., Kalliomaki, M., Laitinen, K., Delzenne, N. M., Cani, P. D., Salminen, S., & Isolauri, E. 
(2011). Initial dietary and microbiological environments deviate in normal-weight compared 
to overweight children at 10 years of age. Journal of Pediatric Gastroenterology and Nutrition, 
52(1), 90–95.

Madan, J. C., Hoen, A. G., Lundgren, S. N., Farzan, S. F., Cottingham, K. L., Morrison, H. G., 
Sogin, M. L., Li, H., Moore, J. H., & Karagas, M. R. (2016). Association of cesarean delivery 

Early Gut Microbiome: A Good Start in Nutrition and Growth May Have Lifelong…



256

and formula supplementation with the intestinal microbiome of 6-week-old infants. JAMA 
Pediatrics, 170(3), 212–219.

Marques, T.  M., Wall, R., Ross, R.  P., Fitzgerald, G.  F., Ryan, C.  A., & Stanton, C. (2010). 
Programming infant gut microbiota: Influence of dietary and environmental factors. Current 
Opinion in Biotechnology, 21(2), 149–156.

Martinez, F. D. (2014). The human microbiome. Early life determinant of health outcomes. Annals 
of the American Thoracic Society, 11(Suppl. 1), S7–S12.

Meropol, S.  B., & Edwards, A. (2015). Development of the infant intestinal microbiome: A 
bird’s eye view of a complex process. Birth Defects Research. Part C, Embryo Today, 105(4), 
228–239.

Morelli, L. (2008). Postnatal development of intestinal microflora as influenced by infant nutrition. 
The Journal of Nutrition, 138(9), 1791S–1795S.

Mueller, N. T., Bakacs, E., Combellick, J., Grigoryan, Z., & Dominguez-Bello, M. G. (2015a). The 
infant microbiome development: Mom matters. Trends in Molecular Medicine, 21(2), 109–117.

Mueller, N.  T., Whyatt, R., Hoepner, L., Oberfield, S., Dominguez-Bello, M.  G., Widen, E., 
Hassoun, A., Perera, F., & Rundle, A. (2015b). Prenatal exposure to antibiotics, cesarean sec-
tion and risk of childhood obesity. International Journal of Obesity, 39(4), 665–670.

Mueller, N. T., Shin, H., Pizoni, A., Werlang, I. C., Matte, U., Goldani, M. Z., Goldani, H. A., & 
Dominguez-Bello, M. G. (2016). Birth mode-dependent association between pre-pregnancy 
maternal weight status and the neonatal intestinal microbiome. Scientific Reports, 6, 23133.

Munblit, D., & Verhasselt, V. (2016). Allergy prevention by breastfeeding: Possible mechanisms 
and evidence from human cohorts. Current Opinion in Allergy and Clinical Immunology, 
16(5), 427–433.

Mysorekar, I. U., & Cao, B. (2014). Microbiome in parturition and preterm birth. Seminars in 
Reproductive Medicine, 32(1), 50–55.

Newburg, D. S., & Walker, W. A. (2007). Protection of the neonate by the innate immune system 
of developing gut and of human milk. Pediatric Research, 61(1), 2–8.

Parrett, A. M., & Edwards, C. A. (1997). In vitro fermentation of carbohydrate by breast fed and 
formula fed infants. Archives of Disease in Childhood, 76(3), 249–253.

Penders, J., Thijs, C., van den Brandt, P. A., Kummeling, I., Snijders, B., Stelma, F., Adams, H., 
van Ree, R., & Stobberingh, E. E. (2007). Gut microbiota composition and development of 
atopic manifestations in infancy: The KOALA Birth Cohort Study. Gut, 56(5), 661–667.

Rautava, S., & Walker, W. A. (2009). Academy of Breastfeeding Medicine founder’s lecture 2008: 
Breastfeeding—An extrauterine link between mother and child. Breastfeeding Medicine, 4(1), 
3–10.

Reinhardt, C., Reigstad, C. S., & Backhed, F. (2009). Intestinal microbiota during infancy and its 
implications for obesity. Journal of Pediatric Gastroenterology and Nutrition, 48(3), 249–256.

Rodriguez, J. M., Murphy, K., Stanton, C., Ross, R. P., Kober, O. I., Juge, N., Avershina, E., Rudi, 
K., Narbad, A., Jenmalm, M. C., et al. (2015). The composition of the gut microbiota through-
out life, with an emphasis on early life. Microbial Ecology in Health and Disease, 26, 26050.

Salminen, S., Gibson, G., McCartney, A., & Isolauri, E. (2004). Influence of mode of delivery on 
gut microbiota composition in seven year old children. Gut, 53(9), 1388–1389.

Schwartz, S., Friedberg, I., Ivanov, I. V., Davidson, L. A., Goldsby, J. S., Dahl, D. B., Herman, D., 
Wang, M., Donovan, S. M., & Chapkin, R. S. (2012). A metagenomic study of diet-dependent 
interaction between gut microbiota and host in infants reveals differences in immune response. 
Genome Biology, 13(4), r32.

Sela, D. A., & Mills, D. A. (2010). Nursing our microbiota: Molecular linkages between bifidobac-
teria and milk oligosaccharides. Trends in Microbiology, 18(7), 298–307.

Sjogren, Y. M., Jenmalm, M. C., Bottcher, M. F., Bjorksten, B., & Sverremark-Ekstrom, E. (2009). 
Altered early infant gut microbiota in children developing allergy up to 5 years of age. Clinical 
and Experimental Allergy, 39(4), 518–526.

Smith, M. I., Yatsunenko, T., Manary, M. J., Trehan, I., Mkakosya, R., Cheng, J., Kau, A. L., Rich, 
S. S., Concannon, P., Mychaleckyj, J. C., et al. (2013). Gut microbiomes of Malawian twin 
pairs discordant for kwashiorkor. Science, 339(6119), 548–554.

A. L. Thompson



257

Smith-Brown, P., Morrison, M., Krause, L., & Davies, P. S. (2016). Dairy and plant based food 
intakes are associated with altered faecal microbiota in 2 to 3 year old Australian children. 
Scientific Reports, 6, 32385.

Sohn, K., & Underwood, M. A. (2017). Prenatal and postnatal administration of prebiotics and 
probiotics. Seminars in Fetal and Neonatal Medicine, 22(5), 284–289. Elsevier.

Stensballe, L. G., Simonsen, J., Jensen, S. M., Bønnelykke, K., & Bisgaard, H. (2013). Use of 
antibiotics during pregnancy increases the risk of asthma in early childhood. The Journal of 
Pediatrics, 162(4), 832–838.e833.

Tannock, G.  W., Lawley, B., Munro, K., Gowri Pathmanathan, S., Zhou, S.  J., Makrides, M., 
Gibson, R. A., Sullivan, T., Prosser, C. G., Lowry, D., et al. (2013). Comparison of the compo-
sitions of the stool microbiotas of infants fed goat milk formula, cow milk-based formula, or 
breast milk. Applied and Environmental Microbiology, 79(9), 3040–3048.

Thompson, A. L. (2012). Developmental origins of obesity: Early feeding environments, infant 
growth, and the intestinal microbiome. American Journal of Human Biology, 24(3), 350–360.

Thompson, A. L., Monteagudo-Mera, A., Cadenas, M. B., Lampl, M. L., & Azcarate-Peril, M. A. 
(2015). Milk- and solid-feeding practices and daycare attendance are associated with differ-
ences in bacterial diversity, predominant communities, and metabolic and immune function of 
the infant gut microbiome. Frontiers in Cellular and Infection Microbiology, 5, 3.

Tilg, H., & Kaser, A. (2011). Gut microbiome, obesity, and metabolic dysfunction. The Journal of 
Clinical Investigation, 121(6), 2126–2132.

Trasande, L., Blustein, J., Liu, M., Corwin, E., Cox, L. M., & Blaser, M. J. (2013). Infant antibiotic 
exposures and early-life body mass. International Journal of Obesity, 37(1), 16–23.

Turnbaugh, P. J., Ley, R. E., Mahowald, M. A., Magrini, V., Mardis, E. R., & Gordon, J. I. (2006). 
An obesity-associated gut microbiome with increased capacity for energy harvest. Nature, 
444(7122), 1027–1031.

Ussar, S., Griffin, N. W., Bezy, O., Fujisaka, S., Vienberg, S., Softic, S., Deng, L., Bry, L., Gordon, 
J. I., & Kahn, C. R. (2015). Interactions between gut microbiota, host genetics and diet modu-
late the predisposition to obesity and metabolic syndrome. Cell Metabolism, 22(3), 516–530.

Vael, C., & Desager, K. (2009). The importance of the development of the intestinal microbiota in 
infancy. Current Opinion in Pediatrics, 21(6), 794–800.

Vandenplas, Y., Zakharova, I., & Dmitrieva, Y. (2015). Oligosaccharides in infant formula: More 
evidence to validate the role of prebiotics. British Journal of Nutrition, 113(9), 1339–1344.

Vebo, H. C., Sekelja, M., Nestestog, R., Storro, O., Johnsen, R., Oien, T., & Rudi, K. (2011). 
Temporal development of the infant gut microbiota in immunoglobulin E-sensitized and non-
sensitized children determined by the GA-map infant array. Clinical and Vaccine Immunology, 
18(8), 1326–1335.

Voreades, N., Kozil, A., & Weir, T. L. (2014). Diet and the development of the human intestinal 
microbiome. Frontiers in Microbiology, 5, 494.

Walker, W. A. (2017). The importance of appropriate initial bacterial colonization of the intestine 
in newborn, child, and adult health. Pediatric Research, 82(3), 387–395.

Walker, R. W., Clemente, J. C., Peter, I., & Loos, R. J. F. (2017). The prenatal gut microbiome: Are 
we colonized with bacteria in utero? Pediatric Obesity, 12(Suppl. 1), 3–17.

Wang, M., Karlsson, C., Olsson, C., Adlerberth, I., Wold, A. E., Strachan, D. P., Martricardi, P. M., 
Aberg, N., Perkin, M. R., Tripodi, S., et al. (2008). Reduced diversity in the early fecal micro-
biota of infants with atopic eczema. The Journal of Allergy and Clinical Immunology, 121(1), 
129–134.

West, C. E. (2014). Gut microbiota and allergic disease: New findings. Current Opinion in Clinical 
Nutrition and Metabolic Care, 17(3), 261–266.

Wickens, K., Black, P.  N., Stanley, T.  V., Mitchell, E., Fitzharris, P., Tannock, G.  W., Purdie, 
G., Crane, J., & Probiotic Study Group. (2008). A differential effect of 2 probiotics in the 
 prevention of eczema and atopy: A double-blind, randomized, placebo-controlled trial. The 
Journal of Allergy and Clinical Immunology, 122(4), 788–794.

Wopereis, H., Oozeer, R., Knipping, K., Belzer, C., & Knol, J.  (2014). The first thousand 
days—Intestinal microbiology of early life: Establishing a symbiosis. Pediatric Allergy and 
Immunology, 25(5), 428–438.

Early Gut Microbiome: A Good Start in Nutrition and Growth May Have Lifelong…



258

Yang, Z., & Huffman, S. L. (2013). Nutrition in pregnancy and early childhood and associations 
with obesity in developing countries. Maternal & Child Nutrition, 9(S1), 105–119.

Zivkovic, A. M., German, J. B., Lebrilla, C. B., & Mills, D. A. (2011). Human milk glycobiome 
and its impact on the infant gastrointestinal microbiota. Proceedings of the National Academy 
of Sciences of the United States of America, 108(Suppl. 1), 4653–4658.

Zivkovic, A. M., Lewis, Z. T., German, J. B., & Mills, D. A. (2013). Establishment of a milk- 
oriented microbiota (MOM) in early life: How babies meet their MOMs. Functional Food 
Reviews, 5(1), 3–12.

A. L. Thompson



259© Springer Nature Switzerland AG 2019
M. A. Azcarate-Peril et al. (eds.), How Fermented Foods Feed a Healthy Gut 
Microbiota, https://doi.org/10.1007/978-3-030-28737-5_11

“We Are What We Eat”: How Diet Impacts 
the Gut Microbiota in Adulthood

Taojun Wang, Dominique I. M. Roest, Hauke Smidt, and Erwin G. Zoetendal

Abstract The important role of the microbes residing in our gut, collectively called 
the microbiota, in human health is widely acknowledged. There are numerous fac-
tors that have an impact on the microbiota in the gut of which diet is considered a 
crucial one. In this chapter we highlight our current knowledge on the ecology of 
the microbiota in adults and how it is affected by diet. We summarize observations 
from different cross-sectional and intervention studies that focused on the impact of 
diet on microbiota composition and activity. Special attention is paid to which 
microbial metabolites can be produced in the gut; how these are affected by differ-
ent dietary components such as carbohydrates, fat, and proteins; and how these are 
associated to human health. Finally, we provide recommendations for future inter-
vention studies in order to improve our understanding of the complex interplay 
between microbes, diet, and ourselves.

Keywords Adult microbiome · Western diet · Traditional diet · Microbial stability · 
Resilience of the gut microbiome · Intestinal microbial metabolites

 Introduction

The gut microbiota evolves with age from infant to adult (Yatsunenko et al. 2012; 
O’Toole and Jeffery 2015). In adulthood, the gut microbiota reaches its highest 
diversity, compared with infants and the elderly (Cheng et  al. 2016; Lynch and 
Pedersen 2016; An et al. 2018). Furthermore, composition of the gut microbiota is 
considered stable over time, although a long term study showed that significant 
alterations may also happen during adulthood (Rajilić-Stojanović et  al. 2013). 
Firmicutes, Bacteroidetes, and Actinobacteria are in general the predominant phyla 
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within the gut microbiota; however, the composition is host-specific, and each indi-
vidual has a unique gut microbiota composition (Zoetendal and de Vos 2014). In 
contrast, the functional capacity encoded by the gut metagenome is more similar 
between subjects (Qin et  al. 2010; The Human Microbiome Project Consortium 
2012). Given the fact that we are all unique as human beings but our bodies function 
in a highly similar fashion, this is not very surprising.

A number of factors have been associated with the composition of the gut micro-
biota. These include the genetic background, environment, health status, use of anti-
biotics, and diet (Maslowski and Mackay 2011; Goodrich et al. 2014; Falony et al. 
2016). The famous expression “you are what you eat” emphasizes that diet is essen-
tial. However, we have become more aware of the significance of the fact that our 
daily diet not only feeds us but also provides substrates for the gut microbiota. 
Long-term diet is the dietary habit kept for several years or decades with relatively 
stable dietary components, and it has been shown to contribute to shaping gut 
microbial composition (Wu et  al. 2011). By contrast, short-term dietary changes 
have in general a minor impact on microbial composition, but may change overall 
activity patterns (David et al. 2014).

Typical long-term dietary patterns, such as consumption of Western or traditional 
diets, have been associated with specific gut microbial profiles. For example, 
Western diets are rich in protein and fat, a diet that is markedly different from 
African diets, which are traditionally rich in dietary fibres, and these differences are 
reflected in the microbiota composition (Yatsunenko et al. 2012). It was shown that 
even short-term consumption of a Western diet resulted in a microbiota-mediated 
increase in colorectal cancer (CRC) associated risk factors, while the opposite was 
observed with consumption of a traditional South African diet (O’Keefe et al. 2015). 
Other examples of the importance of diet with respect to human health are the asso-
ciation between irritable bowel syndrome (IBS) symptoms and fermentable oligo-
saccharides, disaccharides, monosaccharides and polyols (FODMAP) diets (Halmos 
et al. 2014b) as well as the associations of, among others, obesity, inflammatory 
bowel diseases (IBD), malnutrition, and type 2 diabetes with the gut microbiota and 
diets (Ley et al. 2006; Frank et al. 2007; Larsen et al. 2010; Kau et al. 2011).

Overall, diet is one of the most important factors associated with human health 
and diseases, which can exert its effects either directly or indirectly via the gut 
microbiota. In this chapter, we provide an overview of our insight into the adult gut 
microbiota and its association with diet.

 The Adult Gut Microbiota

The gut microbiota is individual and niche-specific Human beings are recog-
nized as “superorganisms” composed both of human and microbial cells. It is esti-
mated that the total number of bacterial (approximately 3.9 × 1013) is similar to that 
of human cells (Sender et  al. 2016a). Collectively, the gut microbiota comprises 
more than 1000 microbial species, harbouring approximately ten million non- 
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redundant genes, which is 2–3 orders of magnitude larger than the human gene 
complement (Qin et al. 2010; Li et al. 2014).

As indicated before, the gut microbiota in the healthy adult is dominated by 
Firmicutes and Bacteroidetes as well as Actinobacteria at the phylum level, with 
lower proportions of other phyla such as Proteobacteria and Verrucomicrobia 
(Rajilić-Stojanović et  al. 2007; Zhernakova et  al. 2016). However, the microbial 
composition varies along the intestinal tract due to variation in environmental con-
ditions (Zoetendal and de Vos 2014). The small intestine consisting of duodenum, 
jejunum and ileum is considered a harsh environment for the gut microbiota due to 
the relatively high oxygen level, presence of bile acids and digestive enzymes, and 
short transit time. As a result, microbial numbers are only a fraction of the total gut 
microbiota with 103–104 per millilitre in duodenum and jejunum, increasing to 108 
in the ileum (Booijink et al. 2010; Sender et al. 2016b). Since it is difficult to access 
the small intestine for sampling, studies on its residing microbiota are limited. It has 
been shown that the microbial composition in the small intestine is different from 
that in the colon, and even different when comparing proximal and distal parts of the 
small intestine (Ou et al. 2009; Zoetendal et al. 2012). Microbiota profiling of ileal 
effluent samples of ileostomists as well as samples taken at proximal sites in the 
small intestine demonstrated that among others, members of the genera Streptococcus 
and Veillonella are predominant (Booijink et al. 2010; Zoetendal et al. 2012). In 
contrast, samples from the distal small intestine resemble those of the colon, which 
could be due to colonic reflux (Zoetendal et al. 2012).

The colon is considered the main fermentation vessel of the human body and is 
the most densely populated organ with 1011 cells per millilitre and approximately 
400 mL in total. The high density and biomass levels are attributed to the extended 
transit time and more suitable fermentation conditions in comparison to the small 
intestine (Zoetendal and de Vos 2014; Sender et al. 2016a). Most studies in the past 
decades used faecal samples to characterize the gut microbiota in the colon due to 
their accessibility. Although a variety of studies have demonstrated that the gut 
microbiota is individual-specific, population-level studies observed that the gut 
microbiota is characterized by certain conserved patterns at a higher organizational 
level, termed enterotypes (Arumugam et al. 2011). It is evident that such a stratifica-
tion of the microbiota may improve our understanding of gut microbial ecology 
(Costea et al. 2018); however, there is an ongoing debate regarding the identification 
and stability of the enterotypes. Meta-analyses of microbial composition data indi-
cated that Faecalibacterium prausnitzii, Oscillospira guillermondii and 
Ruminococcus obeum are the top three taxa shared by adults (Shetty et al. 2017). Of 
note is that the faecal microbiota only resembles that of the distal colon, and that 
differences have been observed between lumen and mucosa-associated microbiota 
(Zoetendal et al. 2002; Lepage et al. 2005). A study characterizing the microbiota 
associated with human rectal biopsies and mucosal swab samples indicated a higher 
proportion of Proteobacteria and Actinobacteria compared to faecal samples. Taxa 
belonging to these phyla are often described to primarily metabolize peptones and 
amino acids in the mucus layer, reflecting the selective pressure and adaption to 
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substrates most readily available in this niche (Albenberg et al. 2014; Jones et al. 
2018). Furthermore, Akkermansia muciniphila, an abundant mucin degrader, is 
thought to act as the gatekeeper of the mucosa maintaining the stability of our gut 
microbial ecosystem (Derrien et  al. 2004; de Vos 2017; Geerlings et  al. 2018). 
Overall, it is evident that the differences in microbiota composition between sub-
jects and intestinal locations makes it challenging to comprehensively study the role 
of the microbiota and how it is impacted by diet.

Microbial diversity, stability and resilience The adult gut microbiota remains 
relatively stable over time, suggesting that it is resilient to environmental perturba-
tions. One hypothesis is that the microbes residing in microhabitats like the colonic 
crypts, the appendix or the mucus layer serve as reservoirs of microbial diversity 
and can replenish the gut microbiota after perturbations (Donaldson et al. 2016). 
Moreover, a deep phylogenetic analysis of gut microbial data in Western adults 
demonstrated that a limited number of gut microbial taxa show bimodal  distributions, 
being either highly abundant or nearly absent in most individuals. Such bistability 
may also play a role in maintaining the homeostasis of the gut ecosystem (Lahti 
et al. 2014).

Despite the resilience of the gut ecosystem, perturbations exceeding its capacity, 
like the use of antibiotics and extreme dietary changes can disrupt gut microbial 
composition and function, converting the healthy stable state of gut microbiota into 
a degraded stable state (Lozupone et  al. 2012). Accumulating evidence demon-
strated that the human gut microbiota composition differs between healthy subjects 
and those suffering from disorders like obesity, IBD and CRC (Turnbaugh et al. 
2006; Frank et al. 2007; Wang et al. 2012). It has been postulated that these disor-
ders may be induced by the consumption of a Western diet via diet-microbiota inter-
actions (Zoetendal and de Vos 2014). However, whether a different microbiota 
composition is the cause or the result of disorders and diseases remains unknown in 
most cases. On the other hand, it was pointed out that compromised individuals 
have generally a lower gut microbial diversity compared to healthy individuals 
(Lozupone et al. 2012; Zoetendal and de Vos 2014; Menni et al. 2018). Therefore, 
homeostasis of healthy individuals is hypothesized to be associated with a highly 
diverse and resilient microbiota (Zoetendal and de Vos 2014). In line with this, 
obese individuals with a low microbial richness are at increased risk for developing 
insulin resistance, dyslipidaemia and a more pronounced inflammatory phenotype 
in comparison with those with higher microbial richness (Ley et  al. 2006; Le 
Chatelier et al. 2013).

The transference of microbes from healthy donors to patients (faecal microbiota 
transplantation, FMT) has been tested as a therapy for a variety of health disorders. 
The most successful application of FMT has been without doubt in patients suffer-
ing from recurrent Clostridium difficile infections (Van Nood et al. 2013). FMT has 
also been used in individuals suffering from ulcerative colitis (UC) and IBD. Studies 
have shown that the treatment can relieve symptoms or eradicate disease after one 
or more transplants (Moayyedi et al. 2015; Vermeire et al. 2016), indicating that 
some microbiomes contain health promoting aspects and can pass on their beneficial 
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effects to others. This may be explained by the fact that a more diverse and more 
resilient microbiota can help compromised individuals to rebuild a stable personal-
ized microbiota restoring intestinal homeostasis. This hypothesis is supported by 
the recent discovery that donor microbiota richness determines FMT success in IBD 
(Vermeire et al. 2016). However, not all individuals respond to the FMT. For exam-
ple studies in UC patients found that FMT induces remission in some individuals, 
but not all (Moayyedi et al. 2015; Rossen et al. 2015). Moreover, one donor faeces 
does not suit all individuals. Analysis of the microbiota of responders and non- 
responders may help elucidating the mechanisms underlying FMT success (Fuentes 
et al. 2017).

Microbial metabolites Dietary components escaping the digestion and absorption 
in the small intestine include mostly complex carbohydrates, such as dietary fibre, 
but also certain proteins and peptides. These are subsequently fermented by the gut 
microbiota, generating specific metabolites (as shown in Fig. 1) including  short- chain 
fatty acids (SCFAs) and gasses such as hydrogen and carbon dioxide (Nicholson 
et al. 2012; Louis et al. 2014; Donia and Fischbach 2015). Besides diet, the mucin 
secreted by goblet cells provides a substrate for gut microbes (Atuma et al. 2001; 
Derrien et al. 2004).

SCFAs, notably acetate, propionate and butyrate, produced in the intestine can 
reach as far as the lungs through circulation, and cross the blood-brain barrier. The 
combined concentration of the three SCFAs acetate, propionate and butyrate is 
approximately 50–150 mM with a typical ratio of 3:1:1 in the colon (Louis et al. 
2014). Butyrate is the main energy source for the epithelial cells and is locally con-
sumed resulting in a lower concentration in the systemic circulation. Propionate that 
is absorbed from the lumen is transported via the portal vein and subsequently 
metabolized by the liver. Acetate remains in relatively high concentrations in periph-
eral blood circulation (Cummings et al. 1987; Louis et al. 2014). Butyrate is formed 

Fig. 1 Targets for improving the modulation of gut microbiota as a basis for individualized dietary 
recommendations. Diet modulates gut microbiota via many factors. Gut microbes convert dietary 
components into a broad range of small molecule metabolites. However, variable responsiveness 
to a given diet is seen in different individuals who can be stratified into responders and non- 
responders. Accordingly, precision diets based on information related to individualized gut micro-
biome and human genome data is recommended with the ambition to change non-responders into 
responders
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during fermentation using acetyl-CoA as the starting point via the phosphotransbu-
tyrylase/butyrate kinase or butyryl-CoA:acetate CoA-transferase route, which 
allows butyrate producers to utilize sugars, lactate and acetate as well as amino 
acids as substrates (Vital et al. 2014; Koh et al. 2016). A wide variety of microbes 
are able to produce butyrate, including e.g. Faecalibacterium prausnitzii, 
Anaerobutyricum hallii (recently renamed from Eubacterium hallii), Roseburia 
intestinalis, and Intestinimonas strain AF211 (Bui et  al. 2015; Koh et  al. 2016). 
Propionate is generated predominantly via the succinate pathway in the colon 
(Louis et  al. 2014), but the acrylate and propanediol pathways have also been 
described for gut microbes (Koh et al. 2016). Like butyrate, propionate can also be 
produced by a number of bacterial taxa, which include Bacteroides spp. and 
Veillonella spp., among others (Louis et al. 2014). As for acetate, it can be produced 
via acetyl-CoA or via the Wood-Ljungdahl pathway (Koh et  al. 2016), in which 
acetate is produced via reductive acetogenesis. Acetate can be produced by almost 
all intestinal microbes. When fermentable carbohydrates are limited, which is 
 typical for Western diets, the gut microbiota switches to utilize less favourable 
sources such as amino acids. This may result in increased concentrations of 
branched-chain fatty acids (BCFAs), amines, ammonia, and phenolic compounds, 
which are considered detrimental (Louis et al. 2014; Koh et al. 2016).

Besides organic acids, fermentation also leads to production of gasses. Hydrogen 
is one of the main gasses that is produced during microbial fermentation in the gut. 
The three most common pathways for hydrogen production include the reoxidation 
of reduced pyridine and flavin nucleotides, the metabolism of formate generated by 
the cleavage of pyruvate, and the activity of pyruvate:ferredoxin oxidoreductase and 
hydrogenase (Carbonero et al. 2012). Hydrogen producers include, among others, 
strains of Ruminococcus spp., Roseburia spp., Clostridium spp., and Bacteroides 
spp. (Carbonero et al. 2012). Hydrogen accumulation by hydrogenogenic microbes 
increases the partial pressure in the gut, limiting further microbial fermentation ther-
modynamically. In turn, hydrogen can be removed from the intestine via flatus and 
can also be transferred into the blood with subsequent excretion via the lungs. 
Microbial disposal of hydrogen in the gut by hydrogenotrophic microbes has also 
been described and includes reductive acetogenesis, methanogenesis and sulphate- 
reduction, which are performed by archaea or bacteria that use hydrogen as electron 
donor for anaerobic respiration (Stams and Plugge 2009; Nakamura et  al. 2010; 
Carbonero et  al. 2012). Reductive acetogenic bacteria like Blautia hydrogenotro-
phica and Marvinbryantia formatexigens can utilize hydrogen and carbon dioxide or 
formate which results in the generation of acetate (Rey et al. 2010). It is estimated 
that almost one third of acetate in the gut ecosystem is derived from this activity 
(Miller and Wolin 1996). The most common methanogenic archaeal species isolated 
from the human colon is Methanobrevibacter smithii that converts hydrogen and 
carbon dioxide to methane. It is estimated that one third of the Western population 
carries approximately109 CFU/g of methanogens in stool, while individuals who are 
non-methane producers harbour less than 104 CFU/g (Pochart et  al. 1992; Levitt 
et al. 2006). Remarkably, in Africans approximately 80% of the population harbours 
high numbers of intestinal methanogens (Segal et al. 1988). Whether this is related 
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to the differences in diets remains speculative. Sulphidogenic bacteria can generate 
the toxic component hydrogen sulfide from inorganic and organic sulphur contain-
ing compounds. Many use sulphate and/or sulphite and hydrogen as the electron 
acceptor and donor, respectively, although it should be noted that sulphide can also 
be produced through fermentation of sulphur-containing organic compounds (Feng 
et al. 2017). Hydrogen sulfide was reported to be associated with IBS, IBD and CRC 
(Carbonero et al. 2012). Sources of intestinal sulphur include host- derived mucin 
and taurine as well as dietary sulphur-containing components including amino acids.

A vast number of metabolites from dietary sources are produced by the gut 
microbiota. Some of them are beneficial, but some detrimental (Louis et al. 2014; 
Donia and Fischbach 2015). They play a critical role in the connection between the 
gut microbiota and human health and diseases. Therefore, clarifying how metabo-
lites affect human health and diseases and how diets are associated with metabolite 
production can be very meaningful but challenging in the future.

 The Impact of Diet on the Gut Microbiota

Dietary modulation of the gut microbiota Diet is considered a crucial determi-
nant of gut microbial composition, and a variety of factors may explain why diet 
acts as the ecological driving force, which include being the energy source of the 
microbes, affecting the pH of the lumen, regulating gut transit rate and stimulating 
the secretion of bile acids and other components (Fig. 1). First, dietary components 
are used as energy source, conferring selective growth advantages to specific micro-
bial taxa. Typical Western diets with high fat and protein content are markedly dif-
ferent from non-Western diets, such as traditional African diets which are rich in 
complex carbohydrates. Hence, the finding that Prevotella is abundantly detected in 
Africans with non-Western diet, suggests that this taxon plays a significant role in 
extracting energy from undigested plant-derived carbohydrates (De Filippo et al. 
2010, 2017; Ou et al. 2013). Additionally, the conversion of dietary components by 
the gut microbiota can lead to changes in pH, caused by metabolites such as SCFAs 
that can decrease pH in the intestinal lumen. It has been observed that pH values 
vary from 5.5 in the caecum to 6.5 in the descending colon (Cummings et al. 1987). 
An in vitro study using continuous flow fermenters indicated that the Bacteroidetes 
outcompeted Firmicutes and dominated in the system at pH 6.5, but could not per-
sist at pH 5.5, demonstrating the critical role of pH in shaping gut microbial compo-
sition (Duncan et  al. 2009). Another factor that can be a link between diet and 
microbiota is intestinal transit time (ITT). ITT has an impact on microbial competi-
tion since a faster transit favours the survival of fast growing organisms over slow 
growing ones. A murine model study showed that ITT was accelerated by high 
dietary fibre intake (Kashyap et al. 2013), and the explanation for a faster ITT is that 
dietary fibre, and especially incompletely fermented fibre, attracts water, increasing 
digesta mass, which shortens the transit time (Conlon and Bird 2014). Last but not 
least, secretion of digestive enzymes and other components like bile acids into the 
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intestinal lumen are stimulated by diet intake and is a selective force affecting resid-
ing microbes. Bile acids in the colon can act as antibacterial components selecting 
resistant microorganisms, indirectly making diet a selective force on gut microbial 
composition and function (Jones et al. 2008; Ridlon et al. 2014). Overall, studying 
the impact of diet on our microbiota can be very complex due to a myriad of actions.

A range of dietary components have been investigated for their impact on human 
health through gut microbial functionality (Table 1). The studies can be roughly 
divided into two classes. The first class examined the effects of long-term dietary 
patterns on gut microbiota by cross-sectional comparative analysis of individuals 
that consistently consumed a specific diet such as Western diet, traditional diet, 
vegetarian or vegan diets. The second class comprises short-term intervention stud-
ies that investigated the impact of diet on gut microbiota by switching from one 
dietary pattern to another for a certain period of time. These studies allowed to 
determine whether a specific diet or increased intake of certain macronutrients can 
lead to variations in gut microbiota composition and/or activity.

Several human short-term intervention studies have indicated that the microbiota 
can quickly adapt to a change in dietary pattern, which may not only lead to drastic 
microbiota activity changes, but also to compositional changes (Wu et  al. 2011; 
David et  al. 2014; O’Keefe et  al. 2015), while the gut microbiota reverted to its 
original structure when the dietary intervention stopped (David et al. 2014). Long- 
term dietary patterns have been linked to distinct gut microbial communities (Wu 
et  al. 2011). Major differences in microbiota composition, notably within the 
Bacteroidetes phylum (Prevotella in native Africans and Bacteroides in African 
Americans) have been observed when comparing the gut microbiota of Africans 
consuming a native diet to that of African Americans consuming a Western diet (Ou 
et al. 2013). A recent study showed that, as a consequence of modernization, a shift 
occurred from ancient microbial communities with a higher capacity to degrade 
complex carbohydrates, to microbial taxa that are more suited to metabolize protein 
and fat (De Filippo et al. 2017). In line with this observation, a mouse model study 
indicated that long-term adaptation to a Western diet over generations may result in 
progressive loss of gut microbial species and diversity which cannot be fully recov-
ered by the reintroduction of traditional diets (Sonnenburg et al. 2016). This is a 
worrying scenario as Westernization of our diet, associated with increased risk of 
gastrointestinal diseases, is increasing world-wide.

Responsiveness to dietary interventions appears to be host dependent, although 
a number of studies have identified dietary components that may have a universal 
effect on the gut microbiota. A study with obese men indicated that responsiveness 
of the gut microbiota to dietary components, and the generated fermentation prod-
ucts, differed drastically between subjects, suggesting that individuals could be 
stratified into responders and non-responders based on their gut microbial dynam-
ics (Salonen et al. 2014). Similarly, a dietary intervention study using a 3-day win-
dow of consumption of barley kernel-based bread showed that certain individuals 
gained improvement in glucose metabolism with a corresponding increase of 
Prevotella copri abundance while others did not (Kovatcheva-Datchary et  al. 
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2015). Comparative analyses between responders and non-responders are essential 
for the identification of signature microbes that could predict physiological changes 
in the host (Korpela et al. 2014). A recent study validated a comprehensive compu-
tational platform, the “community and system-level interactive optimization” 
(CASINO) toolbox, which was capable of predicting faecal and blood metabolo-
mics data in a dietary interventional study with 45 obese and overweight individu-
als, thereby providing a powerful tool to determine diet-induced metabolic changes 
of the gut microbiome (Shoaie et al. 2015). Similarly, a different study successfully 
predicted personalized postprandial glycaemic responses to real-life meals by inte-
grating microbial and host datasets using machine-learning algorithms (Zeevi et al. 
2015). Predictive studies and algorithms may lead to the design of personalized 
dietary interventions, which could prospectively convert non-responders into 
responders using human genome and gut microbiome information (Fig.  1) 
(Bashiardes et al. 2018).

Gut microbial interactions with dietary macronutrients The main macronutri-
ents in diet are carbohydrates, fat and protein. As described earlier, after escaping 
digestion and absorption by the human digestive system, nutrients can be utilized by 
the gut microbiota, resulting in the generation of a range of metabolites via micro-
bial fermentation and cross-feeding. Composition of the macronutrients thus exerts 
a considerable influence on gut microbiota composition, activity, and human physi-
ology (Fig. 1).

(a) Carbohydrates: Microbiota-accessible carbohydrates are fermented by the 
resident microbes resulting in the production of SCFAs, notably acetate, propionate 
and butyrate, and gasses such as hydrogen and carbon dioxide. Manipulating the 
gut microbial composition and activity by specific dietary carbohydrates, notably 
non- digestible fibre, is increasingly accepted as a promising approach to benefit 
human health (see the chapter “Beneficial Modulation of the Gut Microbiome: 
Probiotics and Prebiotics” for more in depth discussion about prebiotics and their 
impact on human health). A study by Tap and colleagues (Tap et al. 2015) using 19 
healthy volunteers indicated that increased dietary fibre restored richness and sta-
bility of the gut microbiota in adults. Moreover, a double-blind, placebo-controlled 
cross-over study in individuals given a 3-week oral administration of the prebiotic 
inulin showed that inulin increased the numbers of bifidobacteria and lactobacilli in 
faecal samples (Costabile et  al. 2010). Not only do the dietary fibres alter gut 
microbiota composition, but also contribute to human physiology. For example, a 
4-week randomized cross-over trial in healthy individuals found that intake of 
whole grains increased gut microbial diversity, and that this was also associated 
with the reduction of the postprandial glucose peak and immunological improve-
ments (Martinez et al. 2013). However, a dietary component-induced change of the 
microbiota not always results in an altered physiological response. For example, a 
recent intervention with galacto-oligosaccharides in prediabetic individuals resulted 
in increased relative abundance of bifidobacteria but did not improve insulin sensi-
tivity or host energy metabolism (Canfora et al. 2017). It has to be realized that 
carbohydrate fermentation does not always lead to improvements in the host. For 
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example, FODMAPs, which are usually digested and absorbed in the small intes-
tine, may cause a quick increase of glycaemic concentrations. When FODMAPs 
reach the colon, they can be rapidly fermented, leading to a mass production of 
hydrogen, an associated factor underlying susceptibility in irritable bowel syn-
drome (IBS) patients (Halmos et al. 2014b). Hence, restriction of FODMAP diets 
may reduce gastrointestinal symptoms in IBS patients (Staudacher et  al. 2012; 
Halmos et al. 2014b).

As indicated above, microbial fermentation of carbohydrates results mainly in 
the production of SCFAs. However, there is no general consensus on the link 
between diets and SCFAs since many conflicting results have been published. A 
positive correlation was observed between diets rich in fibre and high levels of 
SCFAs (De Filippis et  al. 2016). In contrast, another study showed unexpected 
reductions in faecal SCFAs concentrations in vegans compared with omnivores 
(Reiss et al. 2016), and a trial in which a whole grain-based diet was compared to a 
red meat-based diet did not show differences in SCFA levels (Foerster et al. 2014). 
Reasons for observed variations between studies could be that a minimum intake of 
dietary fibre is needed to induce measurable alterations in SCFA production, and 
that SCFA production occurs but is not measurable in faecal samples due to intesti-
nal absorption and subsequent microbial interactions. Other reasons could include 
the type of carbohydrate used in an intervention, the intestinal location where a 
certain carbohydrate fermentation takes place as well as the metabolic state of the 
individual. Overall, these intervention studies confirmed the complex interactions 
between carbohydrates and gut microbiota, and thus more mechanistic studies are 
needed to further elucidate how carbohydrates affect gut microbial composition and 
metabolites, and subsequently human physiology.

(b) Fat: Dietary fat is believed to be degraded and absorbed in the small intes-
tine. Thus, the colonic microbiota is not expected to have significant interactions 
with this macronutrient directly. Primary bile acids, produced from host cholesterol 
in the liver and then conjugated with taurine and glycine, are secreted into the small 
intestine to solubilize lipids, facilitating the digestion and absorption of fat. 
Secretion of bile acids is stimulated by consumption of high-fat diets, and excessive 
amounts are metabolized by bile salt hydrolases (BSH) from intestinal microorgan-
isms into secondary bile acids, such as deoxycholic acid and lithocholic acid 
(Begley et al. 2005; Ridlon et al. 2006). The accumulation of secondary bile acids, 
which are biologically active, may contribute to the development of gallstones, 
CRC, and other diseases (Ridlon et al. 2006; Azcárate-Peril et al. 2011; Ou et al. 
2012). Bile acids can also regulate gut microbial composition due to their antibacte-
rial properties. Research in rats indicated that Firmicutes and Proteobacteria are 
generally more resistant to bile salts compared to Bacteroidetes (Islam et al. 2011). 
Although these observations have not been consistently reported (Duncan et  al. 
2008; Schwiertz et al. 2010), differences in bacterial resistance to bile acids may in 
part explain why obese individuals harbour more Firmicutes but less Bacteroidetes 
(Ley et al. 2006).

Many studies have described the effects of high fat diets on host metabolism and 
the gut microbiota. However, human studies do not show a similar consistency. 
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A 2-week dietary exchange study in which rural Africans were fed a high-fat diet 
and African Americans a low-fat diet demonstrated that the switch from a high-fat 
diet to a high-complex carbohydrate diet increased butyrate production and sup-
pressed the synthesis of secondary bile acids (O’Keefe et al. 2015). In addition, an 
intervention study in subjects at increased risk for development of metabolic syn-
drome indicated that a diet high in mono-unsaturated fat did not affect gut microbial 
composition, but rather reduced the number of total bacteria, whereas a diet high in 
saturated fat increased the abundance of Faecalibacterium prausnitzii and SCFAs 
concentrations (Fava et al. 2013). Therefore, attention should be paid to both the 
quantity and quality of the dietary fat consumed and how this affects microbiota 
composition and activity.

(c) Protein: Protein may also escape digestion and absorption in the small intes-
tine, reaching the colon where it is exposed to the colonic microbiota. When carbo-
hydrates become limited substrates for the gut microbiota, fermentation of proteins 
occurs in the distal colon. Protein fermentation may result in the production of 
metabolites consisting of sulphur compounds, N-Nitroso compounds, ammonia, 
heterocyclic amines and organic acids, which are potentially toxic and detrimental 
to human health (Nyangale et al. 2012; Windey et al. 2012b).

Both, short-term and long-term dietary intervention studies in humans indicated 
that Bacteroides is strongly associated with an animal-based diet high in fat and 
proteins (Wu et al. 2011; David et al. 2014). In vitro fermentation studies revealed 
that the predominant proteolytic bacteria belong to the genera Bacteroides and 
Propionibacterium as well as species from to the genera Streptococcus, Clostridium, 
Bacillus and Staphylococcus, as determined by culturing (Macfarlane et al. 1986). 
More recent culture-independent studies using the TIM-2 dynamic colon model 
indicated that a high-protein diet enriches the genus Bacteroides with a concomitant 
increase in BCFAs, such as iso-butyrate and iso-valerate (Hermes 2016). In line 
with these observations, a 4-week dietary intervention study in obese individuals 
indicated that a diet high in proteins reduced the abundance of members of the 
Roseburia/Eubacterium rectale group with a significant decrease in beneficial 
metabolites like butyrate but concomitant increase in the concentration of metabo-
lites such as BCFAs in comparison with the maintenance diet (Russell et al. 2011). 
Due to the production of potentially detrimental protein-derived metabolites, it has 
been assumed that the intake of high protein is associated with several human dis-
eases including CRC, IBD and cardiovascular diseases (Jantchou et al. 2010; De 
Filippis et  al. 2016; O’Keefe et  al. 2015). However, we still lack the evidence 
explaining the relationship of the protein-derived metabolites and human diseases. 
Therefore, more studies should be carried out to discover the underlying causality.

Explaining the impact of a dietary change mechanistically is challenging. In 
intervention studies, diets are often calorically matched and as a result, the increase 
of one component is compensated by the decrease in other. For example, typical 
Western diets contain lower amounts of fibre and therefore concomitantly the 
amounts of fat and protein are higher. As a consequence, it remains speculative if 
the observations in comparative analyses between diets are a direct effect of the 
carbohydrate, fat or protein content, or a combination of these. Moreover, it could 
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also be that the effect of diet is indirect via bile or other host secretions as a result of 
the dietary intake. It is evident that there is an urgent need of dedicated studies to 
unravel the mechanisms underlying the observations in dietary intervention 
studies.

 Conclusions

Cross-sectional and interventional studies have investigated differences of long- 
term and short-term dietary changes. Comparative analyses indicated that long-term 
consumption of traditional versus Western diets are associated with major differ-
ences in microbiota composition. On the other hand, short-term dietary interven-
tions, even those that included major dietary changes, had a limited impact on 
composition but could have significant impact on metabolite production. It is evi-
dent that diet is a crucial determinant in the ecology of the gut microbiota, with 
concomitant effects on human metabolism and physiology. Nevertheless, our 
knowledge of how diets affect the microbiota in adulthood and what impact this has 
on human physiology is still in its infancy, mainly because the mechanisms underly-
ing observations involve many factors often dependent on each other. In addition, 
comparative analyses between studies are hampered by the facts that the setup, the 
choice of approaches to study the gut microbiota, background of the study partici-
pants, duration of the study, and choice of diet components and their amounts differ 
between studies. Moreover, due to the individuality of microbiota composition, 
responses towards the same intervention can be drastically different between sub-
jects. This may explain why contrasting observations with similar diets or dietary 
components have been reported.

In order to improve our understanding of how diet impacts gut microbiota and 
human physiology (Fig. 2), prospective studies should be performed to determine 
whether the gut microbiota is altered after the dietary interventions, which can help 
to form new hypotheses based on new observations. Then, the generated hypotheses 
should be tested and validated using microbial consortia inlcuding defined (syn-
thetic) communities, cell lines and intestinal organoids, animal models or other effe-
citive ways to improve or form new concepts of diet-microbiota interactions 
(Elzinga et al. 2019; Shetty et al. 2019). After that, individualized precision inter-
ventional studies can be carried out to further evaluate the new concepts. Such 
microbial research triangle is essential to elucidate whether the gut microbiota is 
causally linked to host metabolism in humans (Fig.  2). Besides this, different 
approaches with the ambition to predict diet-induced metabolic changes of the 
human gut microbiome (Shoaie et al. 2015) or the personalized postprandial glycae-
mic response to real-life meals have been reported (Zeevi et al. 2015). These are 
very promising approaches to move from observations towards subject-specific pre-
dictions on the effect of diets on the gut microbiota and human physiology and 
enable microbiota-focused precision nutrition in the future.
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The Aging Gut Microbiota
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Abstract Researchers have detailed changes in host–intestinal microbe homeosta-
sis in elderly humans, but it is not clear whether gut microbiota influence these 
changes, or if maintaining intestinal homeostasis would support overall health with 
age. Insight into age- related changes in hosts and their microbiota has been gained 
by studying vertebrate models such as mice, rats, and African turquoise killifish, 
and invertebrates, including Drosophila melanogaster and Caenorhabditis elegans. 
Studies using aged, germ-free models show that intestinal microbiota do not initiate 
all age-related pathologies, suggesting that host-specific changes may be a factor in 
declining host–intestinal microbe homeostasis with age. Although it is not clear 
how model-based host–intestinal microbe research applies to the elderly, under-
standing the interplay between aging hosts and gut microbiota will be critical toward 
the design of therapeutic interventions. Since research on aging microbiota systems 
is an emerging field, further developments may come through attempts to translate 
model findings to humans.

Keywords Aging microbiome · Inflammaging · Intestinal permeability · Healthy 
aging · Age-associated dysbiosis · Model organisms

 Introduction

With a growing population of longer-living people, the promotion of healthy aging 
is an increasingly urgent task. Our intestinal microbiota has gained attention because 
of the notable changes in host–microbe homeostasis in aged hosts, though there is 
great difficulty in distinguishing the physiological changes associated with the 
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aging host from that of microbe-driven pathologies. Being able to make those dis-
tinctions will be of clinical importance, especially in the promotion of healthy aging.

The gut is a highly complex organ system with a tremendous surface area. It not 
only serves as a barrier against luminal macromolecules and microbes, but it is also 
involved in immune function, digestion, and nutrient assimilation. Like any other 
organ system, gut aging is accompanied by physiological changes that lead to 
impaired function, with ultimately far-reaching consequences on health. For exam-
ple, age-related changes in intestinal transit time (Woodmansey 2007) and in gut 
function can impact nutritional intake and absorption (Lovat 1996), potentially 
exacerbating diet-related influences on intestinal and organismal physiology.

Evidence from invertebrate and vertebrate model organisms suggests that gut 
barrier integrity is compromised with age (Tran and Greenwood-Van Meerveld 
2013; Tricoire and Rera 2015; Dambroise et al. 2016; Gelino et al. 2016; Rera et al. 
2018); in mice and the invertebrate model Drosophila melanogaster, this change in 
intestinal permeability is thought to allow the translocation of bacteria or bacterial 
products from the lumen into circulation (Li et al. 2016; Thevaranjan et al. 2017). 
The host is then thought to mount an inflammatory response against the leaked 
microbial signatures. Although it is not yet known if a ‘leaky gut’ is a natural occur-
rence in the elderly, aged humans do show increased inflammation. Further, the 
ability to resolve inflammation may be impaired with advancing age (Sarkar and 
Fisher 2006). When the homeostatic balance of the immune system is no longer in 
check, an age-associated inflammatory state, dubbed ‘inflammaging’, may ensue, 
resulting in a chronic, low state of inflammation (Franceschi et  al. 2000, 2007). 
Chronic, low-grade inflammation may contribute to a range of comorbidities, accen-
tuating the aging phenotype.

There are documented examples of age-associated effects on components of the 
intestinal barrier and immune system in humans, but what about the gut microbiota? 
Here, we overview studies showing that aging is accompanied by changes in the 
composition of the gut microbiota, but the extent to which these changes are causes 
or consequences of aging gut physiology remains uncertain.

 What Is a ‘Healthy’ Gut Microbiota?

The gut was believed to be sterile up until birth, although recent studies point to the 
highly debated possibility of in utero colonization (Jimenez et al. 2005; Rautava 
et al. 2012; Collado et al. 2016; de Goffau et al. 2019; Martin et al. 2016; Perez-
Munoz et al. 2017). As delineated earlier in this book, mode of delivery and feeding 
influence the early intestinal microbiota composition, with possible consequences 
for immune system development (Hallstrom et al. 2004; Rutayisire et al. 2016). The 
early life microbiota may be an important factor in health outcomes, as Cesarean 
births are sometimes associated with higher incidences of immune-related disorders 
in early life (Negele et al. 2004). Indeed, microbes have been found to influence the 
developing immune system and have an impact on mucosal and systemic immune 
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tissues (Macpherson and Harris 2004; Malamitsi-Puchner et al. 2005; Hooper et al. 
2012; Tamburini et al. 2016).

With the introduction of solid foods, the composition of gut microbiota is diver-
sified and at around age 3 begins to resemble that of the adult, after which differ-
ences resulting from the mode of delivery and breast or formula feeding are less 
pronounced (Koenig et al. 2011; Yatsunenko et al. 2012; Duncan and Flint 2013). 
The gut microbiota continues to diversify with age up through adulthood, although 
there are individual differences in this maturation process (Odamaki et al. 2016). 
Microbes are housed throughout the intestinal tract, continually increasing in abun-
dance and found in the highest amount in the large intestine (O’Hara and Shanahan 
2006). The precise composition of microbiota in the adult gut varies between indi-
viduals and even among siblings, although there is thought to be a core, shared 
microbiota amongst different people (Qin et al. 2010; Yatsunenko et al. 2012). It is 
thought that greater than 20% of the observed interindividual variation in microbi-
ota composition is due to diet and other environmental factors as opposed to host 
genetics (Rothschild et al. 2018). And though the gut microbiota is responsive to 
environmental perturbations, the microbial communities inhabiting an individual 
remain relatively stable (Costello et al. 2009).

The characterization of a healthy microbiota might assist in the diagnosis and 
intervention of health conditions associated with alterations in gut microbes. 
Identifying what constitutes a healthy microbiota, however, has proven difficult 
despite a number of population-scale studies that have set out to do so (Human 
Microbiome Project  Consortium 2012). The microbial composition of subjects 
ranging in age and geography have been measured to establish common microbial 
features (Turnbaugh et al. 2007) and have generally focused on searching for taxa 
abundant in healthy guts (Lloyd-Price et al. 2016). Faecalibacterium prausnitzii, a 
member of Firmicutes, is one of the most abundant species in a healthy intestine and 
has anti-inflammatory properties; a loss in abundance has been observed in various 
intestinal disorders such as irritable bowel disease (Mueller et al. 2006; Sokol et al. 
2008; Miquel et al. 2013; Cao et al. 2014). Not all microbes are ubiquitous across 
humans, and a low prevalence of certain microbial groups does not indicate the lack 
of functionality. Lesser-represented groups in some Western populations, such as 
methanogenic archaea, are important despite their low relative abundance; metha-
nogens are useful for energy harvest from ingested food (Walker 2007).

Attempts to identify imbalances that reflect disease states are complicated by 
interindividual diversity and by the existence of a range of possible ‘healthy’ micro-
biota configurations (Lloyd-Price et al. 2016). An ‘unhealthy’ gut may be defined by 
a disproportionate amount of pathogenic bacteria, for example, Clostridium diffi-
cile, or when disease phenotypes manifest in the host as a result of an unbalanced 
intestinal microbiota, or intestinal dysbiosis (Bien et al. 2013; Henderson and Nibali 
2016). Alternatively, attempts to characterize a ‘healthy’ microbiome can use a 
metagenomic approach that focuses on the functionality of genes present (Lozupone 
et al. 2012; Rosen and Palm 2017). An analysis of fecal metagenomes (the genetic 
material isolated from fecal samples) of humans from different countries found that 
12 genetic biomarkers correlate with increasing age, including an elevation of 
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digestive enzymes that degrade starch (Arumugam et al. 2011). These findings point 
to a potential use of microbial biomarkers for the detection of an ‘aging’ microbiota 
(Arumugam et al. 2011).

A high degree of diversity in an ecosystem is sometimes considered better for 
adaptation to environmental stresses. Similarly, the diverse gut microbiota is some-
what malleable, responding to dietary changes to the potential benefit of the host 
(David et al. 2014; Biagi et al. 2017). A system of checks and balances may render 
a diverse microbiota ecosystem less susceptible to disease (Candela et al. 2012). 
Therefore, instead of defining a healthy microbiota by a set of taxa known to sup-
port health, it may be more informative to identify a set of general characteristics 
such as microbe diversity, stability, and plasticity (Backhed et al. 2012; Lloyd-Price 
et al. 2016).

 The Elderly Gut Microbiota

Though diversity and stability of the gut microbiome increases with age beginning 
at birth and throughout early life (Palmer et al. 2007; Koenig et al. 2011; Yatsunenko 
et al. 2012; Rodriguez et al. 2015), the general trajectory for the aging gut is a loss 
of biodiversity (Woodmansey 2007; Biagi et al. 2016), compromised stability, and 
greater individual variation (Claesson et al. 2011, 2012). Although increased inter-
individual variation makes it difficult to make generalizations, there are some broad 
trends and commonalities that are worth mentioning. A study focused on humans 
ranging in age from adulthood to centenarians and beyond identified a core set of 
shared microbes that were found to change in abundance over time. The dominant 
core microbiota was mostly comprised of Ruminococcaceae, Lachnospiraceae, and 
Bacteroidaceae (Biagi et al. 2016). While this dominant core shrank in representa-
tion in increasingly aged humans, subdominant groups increased in abundance 
(Biagi et  al. 2016). Across multiple studies, facultative anaerobes, streptococci, 
staphylococci, enterococci, and enterobacteria were among the microbial groups 
elevated with age (Candela et al. 2014). However, the same intestinal microbiota 
shifts are not always common across studies (Magrone and Jirillo 2013).

Studies on aging humans are often focused on distinct populations and are there-
fore not always broadly applicable. As such, there are differences found in studies 
across various groups of aging humans, and the conflicting observations are at least 
partially due to differences in diet and other environmental factors between cohorts 
(Magrone and Jirillo 2013). Further, the experimental design, microbe sampling 
method (Biagi et al. 2012), and targeted populations in clinical trials can lead to 
varying results between studies and lower the translatability of datasets. That said, 
it is possible to identify similarities across distinct human populations. A study 
focused on multiple European countries found that enterobacteria levels were 
increased in the elderly sampled across countries; between-cohort differences, how-
ever, were also noted in the Bifidobacterium group within the same study (Mueller 
et al. 2006). For these reasons, we focus largely on one dataset that used a unique 
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study design to capture the interplay between gut microbiota and the environment 
of aging humans.

The ELDERMET project was designed to identify links between health and gut 
microbiota structure within elderly Irish subjects. The ongoing project has been 
enacted in phases; one study tracked the elderly across different living situations 
and care facilities to provide insight into the interaction between health status, diet, 
lifestyle, and microbiota composition in aged humans. Subjects were categorized as 
one of the following: individuals living in the community, making out-patient hos-
pital visits, receiving short term care (<6 weeks) for rehabilitation, or residing long- 
term in residential care. The study identified several shifts in fecal microbiota 
associated with residence, which also closely associated with diet (Claesson et al. 
2012). The extent to which diet is a controllable factor to modulate age-related dis-
ease remains a major line of current research to determine if specialized diets can 
delay the onset of age-related illness.

Most of the long-stay subjects reported a diet that was moderate to high in fat and 
low in fiber, and their fecal metabolites revealed higher levels of glucose, glycine, 
and lipids. Microbiota from long-term care residents was composed of a higher 
proportion of Bacteroidetes over Firmicutes and was associated with Parabacteroides, 
Eubacterium, Anaerotruncus, Lactonifactor, and Coprobacillus genera. In contrast, 
the majority of community dwellers reported diets classified as low to moderate in 
fat, and high in fiber. Community dwellers had higher levels of the metabolites glu-
tarate, butyrate, acetate, propionate, and valerate. Further, their microbiota showed 
more abundant Coprococcus and Roseburia at the genus level, and Lachnospiraceae 
was among the most prominent of associated families. Those that ate a diet classi-
fied as low fat/high fiber not only had the most diverse diet but also had the most 
diverse intestinal microbiota (Claesson et al. 2012). It is possible that those living at 
home had more exposure to a variety of foods. These findings may indicate that care 
facilities can benefit from diversified food menus that promote intestinal microbiota 
diversity.

The shifts observed in elderly gut microbiota were reflective of changes in health 
as measured by a number of indices, including mental state, inflammatory markers, 
and functional independence. A loss of certain community-associated microbes was 
correlated with increased measures of frailty (Claesson et al. 2012). Frailty can be a 
useful indicator of health deficit, and studies have shown that reduced microbiota 
diversity is associated with increased frailty (Jackson et al. 2016). There are reported 
differences in fecal microbiota composition between elderly persons with low and 
high frailty scores. For example, Lactobacilli, Bacteroides/Prevotella, and F. praus-
nitzii were decreased, while Enterobacteriaceae were increased in the high-frailty 
subjects (van Tongeren et al. 2005). These microbial changes associated with frailty 
may represent diagnostic targets to monitor as individuals age.

Longitudinal studies following humans across their lifespan are not readily 
attainable; these studies are more feasible in shorter-lived animal models. Some 
human studies are semi-longitudinal over a brief portion of the human lifespan, 
however most are cross-sectional, whereby representative groups are sampled at 
one point in time. Although longitudinal studies may be ideal to record age-related 
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trajectories, cross-sectional studies have provided insight into broad differences 
across age, health, and lifestyle cohorts. Numerous studies not covered here detected 
shifts in the intestinal microbiota of aged humans (Hopkins et al. 2001; Hopkins and 
Macfarlane 2002; Hayashi et al. 2003; Woodmansey et al. 2004; Mariat et al. 2009; 
Biagi et al. 2010; Rampelli et al. 2013; Odamaki et al. 2016; Buford 2017), includ-
ing other ELDERMET consortium studies (Claesson et  al. 2011; Jeffery et  al. 
2016). It is worth reiterating that the variation in gut microbiota composition and the 
specificity of human studies can complicate attempts to reveal common associations 
between microbes and host age; the degree to which observed changes are due to 
dietary or lifestyle factors, or are part of the natural aging process, is not always 
clear. Future research may benefit from an integrative approach to reveal how envi-
ronmental factors impact a broader range of human populations.

 Age-Related Changes in the Host–Microbiota System

Existing studies have detected age-related changes in the composition of gut micro-
bial populations (Buford 2017), leading to an interest in detailing causative factors. 
One proposed causal factor is a change in nutrition in older adults (Lu and Wang 
2018), which can be driven by natural processes, age-related illnesses, or behavioral 
and lifestyle changes (Nagpal et al. 2018; Riaz Rajoka et al. 2018). Beyond changes 
in physiologic systems, external factors including the environment and how an indi-
vidual responds to their environment can also influence the intestinal microbiota in 
an age-dependent manner. Elderly humans show a higher threshold for sweet, salty, 
sour, and bitter tastants, indicating that taste is altered with age (Fukunaga et al. 
2005), potentially contributing to changes in food intake. Since changes in nutrition 
correlate with fecal microbiota composition in healthy (Wu et al. 2011) and elderly 
humans (Claesson et al. 2012), the factors that alter dietary intake with age may 
interact to influence intestinal microbiota during the aging process. It is not yet clear 
if specific diets can prevent aging-related microbial changes. However, it was pro-
posed that achieving optimal levels of protein, fiber, and fat may support intestinal 
and immune health in the elderly (Clements and Carding 2018).

In addition to changes in nutrition, antibiotic use in elderly patients can reduce or 
eradicate certain microbial species in fecal microbiota (Bartosch et al. 2004). The 
rising antibiotic use in residential care facilities (Lim et al. 2014) and in older United 
States residents (Lee et al. 2013, 2014) represents an increasingly influential factor 
on intestinal microbes. Additionally, living conditions can impact how intestinal 
microbiota respond to antibiotic treatment (Jeffery et al. 2016), making it difficult 
to perform controlled analyses on human populations. Given the myriad of factors 
that influence intestinal microbiota in humans, it follows that laboratory models are 
commonly used for a more controlled approach to researching aging host–microbe 
systems. The use of model systems has produced some of the most informative data 
to date on age-associated changes in hosts and their intestinal microbes (Maynard 
and Weinkove 2018).
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Humans and model organisms experience age-associated changes in systemic 
and intestinal immunity (Man et al. 2014); models are useful to study aging host–
microbe systems because altered immune regulation can impact microbial symbi-
onts, and vice versa. Advancing studies use models to pursue a century-old 
hypothesis generated by Elie Metchnikoff: maleffects of old age stem from changes 
in intestinal microbiota and a restoration of host–microbe homeostasis can improve 
age-related illnesses (Metchnikoff 1908). To test this idea, researchers have begun 
detailing aging guts to determine if altered host–microbe homeostasis underlies 
broader age-related maladies.

One commonality of interest is the increase in chronic, systemic inflammation 
with age (i.e., inflammaging). An age-related increase in inflammation is seen in a 
range of organisms from insects (Rera et al. 2012; Clark et al. 2015; Li et al. 2016) 
to mice (Conley et al. 2016) and humans. The inflammation status of elderly humans 
is thought to be an indicator of disease and mortality risk (Franceschi and Campisi 
2014). Although associative changes are known to occur along with inflammaging, 
the definitive cause of age-related inflammation remains mostly unknown. As a 
starting point for investigations of age-related inflammation, some research has 
focused on the innermost layer of the intestine, the mucosa.

The mucus layer coats the inner lining of the intestinal tract and comes into con-
tact with luminal microbes; deterioration of this interface may be a source for the 
homeostatic breakdown between host and microbes. In rodents, the density of the 
colonic mucus layer varies both vertically and longitudinally, and this viscosity gra-
dient can impact the distribution of colonic microbes (Swidsinski et  al. 2007b). 
Although the mucus layer thickness varies across species, many animals (Varum 
et  al. 2012) including humans have two colonic mucus layers (Matsuo et  al. 
1997) with a relatively dense inner layer adjacent to epithelial cell surfaces, and a 
less-dense outer layer exposed to the intestinal luminal contents. The inner layer is 
expected to be absent of microbes, whereas the outer layer is colonized with 
microbes, suggesting that microbes are typically partitioned from the epithelium by 
the dense inner mucosal layer (Johansson et al. 2008, 2011).

Since the mucus layer covering the intestinal epithelium acts as a barrier for 
those epithelial cells (Johansson 2014), a malfunctioning mucus layer is associated 
with translocation of bacteria into intestinal crypts and an increase in intestinal 
inflammation (Johansson et  al. 2008; Johansson 2014). The mucus layer of the 
mouse colon declines with age (van Beek et al. 2016). Aged mice show a diminish-
ing mucus layer and bacterial translocation into the mucus or even into the intestinal 
epithelium. These changes are associated with a change in microbiota composition 
and activation of the intestinal immune response (Elderman et al. 2017).

As in other organisms, the human colonic mucus layers largely prevent contact 
between intestinal microbes and the epithelium. An investigation of normal and 
inflamed colons from human subjects found an association with decreased mucus 
layer thickness and increased inflammation, as well as a migration of bacteria into 
the mucosa (Swidsinski et al. 2007a). Further, upon some intestinal insults, a dimin-
ished mucus layer is associated with increased intestinal epithelial permeability in 
rats (Qin et al. 2011; Fishman et al. 2013). Thus, once this protective mucosal layer 
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is diminished with age or with illness, the cellular barrier of the intestine may be 
compromised and an associated increase in inflammation can occur.

It has been proposed that a compromised intestinal barrier function upon age 
may allow gut microbes, or microbial products, to leak into non-tolerant areas 
(Franceschi and Campisi 2014); a translocation of microbial signatures then sparks 
a subsequent inflammatory response against exogenous products that hosts encoun-
ter in circulation. Indeed, aged mice show increased intestinal permeability—spe-
cifically, the colonic region shows higher paracellular permeability, indicating that 
the increased intestinal permeability is due to compromised passage between inter-
cellular spaces (Thevaranjan et al. 2017). Aged mice also show higher levels of a 
bacterial cell-wall product called muramyl dipeptide outside of the intestinal lumen, 
which may indicate that displaced microbes or microbial products are indeed circu-
lating systemically (Thevaranjan et al. 2017).

Mice null for TNF, a pro-inflammatory cytokine, have been used to determine 
how inflammation influences these age-associated changes. Aged TNF mutants do 
not show heightened systemic inflammation, compromised intestinal barrier func-
tion, or  increased microbial signatures in circulation (Thevaranjan et  al. 2017). 
Further, these mutants appear to have less prominent age-associated microbial 
adjustments, and anti-TNF therapy has the capacity to modulate microbial diversity 
(Thevaranjan et al. 2017). These results indicate that TNF-mediated inflammation 
may influence aging phenotypes related to altered gut barrier function and microbial 
composition.

Aged germ-free mice also lack some of the aforementioned age-related symp-
toms perhaps because of the absence of intestinal microbiota. Old germ-free mice 
do not show a decline in intestinal barrier function or increased systemic inflamma-
tion. Co-housing germ-free mice with young or old conventional mice exposed 
germ-free mice to a conventional, or ‘standard’, microbiota. Young germ-free mice 
exposed to aged donor mice demonstrate an increase in intestinal permeability and 
systemic inflammation (Thevaranjan et al. 2017). These results are consistent with 
a model suggesting that microbiota from aged individuals can drive these intestinal 
and systemic symptoms. However, no causal changes within the microbiota from 
aged mice have been identified. Thus, specific dysbiotic changes in the microbiota 
composition or quantity remain unknown. Interestingly, aged germ-free mice show 
increased TNF when exposed to microbes from both young and old mice, suggest-
ing that older mice may also possess sensitivities to intestinal microbiota that are 
absent in younger mice (Thevaranjan et al. 2017). Sensitivity to microbiota upon 
age could potentially compound age-related symptoms.

In a similar study, fecal microbiota were transferred from young or old conven-
tional mice into young, germ-free mice by oral gavage. This process exposed for-
merly germ-free mice to conventional youthful or aged mouse gut microbiota. After 
4 weeks, recipients of ‘old’ microbes showed systemic immune activation along 
with an upregulation of several immune pathways in the small intestine (Fransen 
et  al. 2017). These changes were not detected in young mice, or recipients of 
‘young’ microbiota (Fransen et al. 2017). A bioinformatics analysis suggested that 
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lipopolysaccharides, molecules found on the outer membrane of some bacteria, 
induce the immune modulatory effect of ‘old’ microbiota (Fransen et al. 2017).

Further, cell culture-based tests indicated that sera from recipients of ‘old’ micro-
biota, but not from ‘young’ microbiota, may contain immune-stimulatory factors, a 
proxy measurement for microbial signatures (Fransen et al. 2017). This is consistent 
with a model in which the transfer of ‘old’ microbiota into young mice may lead to 
translocation of immune-activating bacterial moieties systemically. More definitive 
tests should be performed, however, since sera from conventional aged mice show 
no increased signatures of bacterial components when compared to young conven-
tional mice. Changes in a few groups of bacteria including decreases in Akkermansia 
and increases in TM7 and Proteobacteria are associated with older mice or recipi-
ents of ‘old’ microbiota. These changes in microbiota composition are dynamic 
over a month-long period and it is not known if shifts in any of these groups are 
causative to the observed age-related outcomes (Fransen et al. 2017).

Many of the current studies on the interaction between microbiota and the aging 
host are associative. Further research is necessary to approach the status of clear, 
causal evidence. Overall, these studies show that age-related changes occur in both 
the host and microbiota across a range of animals, and that these changes are associ-
ated with negative health outcomes. As a result, there is great interest in finding 
ways to prevent or delay ailments of old age by treating both the host and intestinal 
microbiota.

 Preventing Age-Related Deterioration by Genetically 
Manipulating the Host

Studies on D. melanogaster were some of the first to provide detailed information 
on the homeostatic changes in intestinal, commensal, and host physiology in aged 
animals. Some of the benefits of the fly model are its genetic tractability, relatively 
short lifespan (typically ranging from 30 to 80 days), and the similarities between 
mammalian and fly intestinal biology (Buchon et al. 2013; Marianes and Spradling 
2013). These benefits allow rapid studies on the connection between host–commensal 
physiology, and organismal aging and longevity. A properly functioning intestinal 
barrier is influential on longevity in D. melanogaster. Further, the general status of 
fly–microbe homeostasis is indicative of intestinal barrier integrity and host mortal-
ity (Rera et al. 2012; Clark et al. 2015; Li et al. 2016). As flies age, they demonstrate 
changes in the configuration and numbers of intestinal microbes, and flies also show 
diminished barrier function (Guo et al. 2014; Clark et al. 2015). A recent focus on 
the etiology of intestinal and commensal maleffects has identified genetic manipu-
lations that can impede or lessen these age-related breakdowns in host–microbe 
homeostasis, ultimately extending life.

The fly intestine normally comprises ten or more compartments (Buchon et al. 
2013, Marianes and Spradling 2013) that are involved in the localization of luminal 
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microbes along the intestinal tract (Li et al. 2016). An acidic region of the gut is 
formed by the ‘copper cells’. pH alterations of the acidic region can modulate 
microbiota levels, suggesting this distinct compartment has a regulatory role over 
gut microbes (Overend et al. 2016). When the acidic region is intact, microbes are 
most commonly housed within the anterior gut. When the copper cell region is 
genetically ablated, however, the quantity of luminal microbes increases throughout 
the intestinal tract (Li et al. 2016). As these changes occur, systemic inflammation 
elevates as measured by the activity of conserved pathways that control inflamma-
tion in mammals (Li et  al. 2016). It is possible that this inflammatory response 
occurs as the fly responds to translocated microbial factors, similar to what was 
suggested in the mouse model (Fransen et al. 2017; Thevaranjan et al. 2017).

The copper cell region of aging flies undergoes metaplastic changes as copper 
cells are replaced with cell types typically found in other intestinal compartments; 
these changes are also demonstrated by germ-free animals (Li et al. 2016). Aged 
flies, even when germ-free, experience changes in septate junction protein localiza-
tion that may negatively impact intestinal barrier integrity (Byri et al. 2015; Resnik- 
Docampo et al. 2017, 2018; Salazar et al. 2018). The occurrence of these cellular 
alterations in germ-free flies indicates that intestinal microbiota do not initiate these 
age-related intestinal pathologies. This is consistent with the possibility that age- 
related changes in the copper cell region and intercellular junctions may drive 
changes in host–microbe homeostasis. Importantly, these results suggest that genetic 
manipulations of the aging fly host could help pinpoint the onset of age-related 
malfunctions in fly–microbe homeostasis.

To determine the etiology of age-related intestinal pathologies, researchers selec-
tively focused on the JAK/Stat pathway, which can control inflammatory-like 
responses against infection and is deregulated with age (Guo et al. 2014). Further 
analysis detected heightened JAK/Stat pathway activity in the intestine of aged flies. 
Importantly, intestinal JAK/Stat activation causes metaplastic changes in the copper 
cell region, comprised of both mis-differentiated and trans-differentiated cells (Li 
et  al. 2016). These results indicate that JAK/Stat activation can impair intestinal 
partitions, one of the hallmarks of declining host–microbe homeostasis in the fly.

In further supportive studies, knocking-down JAK/Stat activity in the intestinal 
copper cell region counteracts negative health parameters in aged flies; these flies 
harbor lower counts of intestinal bacteria and showed cellular characteristics of 
younger flies (Li et al. 2016). Interestingly, these animals also have an increased 
lifespan even when germ-free, suggesting that JAK/Stat misregulation in the copper 
cell region generates negative health outcomes in aging flies, and inhibiting JAK/
Stat activity reverses some of those symptoms to extend life. Further, the longer 
lifespan and intestinal compartment preservation in axenic flies with decreased 
JAK/Stat signaling adds evidence that changes in intestinal microbiota alone do not 
explain all of the ailments of age. Further studies are required to determine why 
intestinal decompartmentalization drives negative effects with age, and how these 
effects may influence host–microbe homeostasis.

Although there are some noted similarities between models and humans, such as 
late-life shifts in microbiota (Claesson et  al. 2011; Guo et  al. 2014; Clark et  al. 
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2015; Conley et  al. 2016; Li et  al. 2016; Fransen et  al. 2017; Thevaranjan et  al. 
2017) and increased inflammation (Franceschi and Campisi 2014; Li et al. 2016; 
Thevaranjan et al. 2017), whether the remaining age-related disturbances occur in 
humans is unknown. Therefore, while there are similarities between the age-related 
pathologies across mice and flies, the implication of these findings for humans is not 
definitive. Still, model systems have contributed valuable insight into potential 
mechanisms leading to age-related inflammation and intestinal decline. Continued 
work may enhance the translational power of models. Recent Drosophila stud-
ies suggest that microbes can influence host nutritional status or act as a nutritional 
resource (Ridley et al. 2012; Broderick et al. 2014; Wong et al. 2014; Chaston et al. 
2016) to impact fly lifespan under certain conditions (Yamada et  al. 2015; Bing 
et al. 2018; Keebaugh et al. 2018). It may be interesting to consider passive versus 
active microbial effects in an aging fly model, potentially by differentiating between 
microbes that stably colonize the fly intestine (Obadia et al. 2017; Pais et al. 2018) 
versus those that pass through during meals. Ultimately, modern studies with vari-
ous models may provide a deeper understanding of the physiological alterations 
influencing host–microbe homeostasis and whether these changes impact longevity. 
Future research might also investigate how interventions targeting the aging intes-
tine can influence host–microbiota outcomes.

 Treating Age-Related Symptoms with Probiotics

Some of the intestinal microbial species that decrease in aged humans can be benefi-
cial for preventing inflammatory responses. Whether compositional changes impact-
ing these species influence increased age-related inflammation remains unknown 
(Rehman 2012). Research suggests that the immunomodulatory effect of some 
microbial strains is impacted by aging (You and Yaqoob 2012). Because of the 
potential link between microbiota, aging, and immune regulation, there is an inter-
est in treating aging symptoms by promoting beneficial microbes.

Live microbes that promote health benefits when adequately consumed are gen-
erally referred to as probiotics (see chapter on “Probiotics and Prebiotics”). There 
are different ways probiotics can be administered, including as foods or as supple-
ments, and probiotics can have a range of beneficial effects on hosts (Hill et  al. 
2014). Fermented foods have also been found to have beneficial effects in older 
adults (Turchet et al. 2003; Beausoleil et al. 2007; Fukushima et al. 2007; Hickson 
et al. 2007; Guillemard et al. 2010) although not all fermented foods can be consid-
ered probiotics given their unquantified amount of microbes. Further, it is not always 
straightforward to differentiate the benefits of microbes within fermented foods 
with those associated with the food item itself (Hill et al. 2014). That said, studies 
have found that dietary supplementation or fermented drinks with quantified levels 
of Bifidobacterium can increase the levels of these microbes in fecal samples 
(Ahmed et al. 2007; Lahtinen et al. 2009), and is correlated with an increase in 
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cellular immune function (Gill et al. 2001) and potentially beneficial shifts in pro- 
and anti-inflammatory cytokines in elderly subjects (Ouwehand et al. 2008).

Although some of the individual symptoms of age may be treated with probiot-
ics, there is no current probiotic or fermented food regimen to prevent the suite of 
aforementioned age-related pathologies in host–microbe homeostasis. Most of the 
evidence for age-related probiotic treatments is largely produced in mice or in 
accelerated-aging mouse models. There is some evidence for specific microbial 
strains that can improve the intestinal permeability and longevity of aged mice. 
Middle-aged mice gavaged with Bifidobacterium animalis strain LKM512 three 
times a week show decreased colon permeability and improved survival rates over 
the 11-month dosing period (Matsumoto et al. 2011). Further, mice show suppressed 
systemic and colonic inflammation at 45  weeks of treatment (Matsumoto et  al. 
2011). Currently, the relevance of these findings in humans is unknown.

Many studies, including some using human subjects, focus on the bacterial spe-
cies Lactobacillus plantarum. L. plantarum is a fermentative lactic acid bacterium 
that is found in a variety of food products and in the intestines of multiple animals 
(Ahrne et al. 1998; de Vries et al. 2006). A study testing the adherence capacity of 
different L. plantarum strains found that a majority of tested strains have the capac-
ity to bind to a human-derived colonic cell line via what appears to be a mannose- 
specific mechanism, suggesting that some L. plantarum strains adhere to 
mannose-containing receptors within the intestine (Ahrne et  al. 1998). Certain 
strains of L. plantarum from a fermented diet can survive the gastrointestinal tract 
and become associated with the intestinal mucosa in both healthy (Johansson et al. 
1993) and ill patients (Klarin et al. 2005), although the capacity for L. plantarum to 
colonize the human intestinal tract varies (Johansson et al. 1993; Vesa et al. 2000). 
Since constant exposure is required for persistence of some strains (Vesa et  al. 
2000), recent attempts to identify ‘persisting’ L. plantarum strains are focusing on 
strains derived from healthy human guts as opposed to other sources (Suryavanshi 
et al. 2017). Such strains that are sustained within the intestine may be more suited 
for probiotic applications. To date, various L. plantarum strains have been tested for 
probiotic effects in human trials on patients harboring a diverse range of illnesses 
(Darby and Jones 2017); of potential interest for the aging population, L. plantarum 
strain 299v has the potential to attenuate systemic inflammation in ill patients 
(McNaught et al. 2005; Jones et al. 2013).

Recently, a mouse model of accelerated aging was used to test for the effects 
microbes have on aging intestines, since little is known about the impact of specific 
microbial strains on the aging gut. Accelerated-aging mutant mice and their wild- type 
littermates were exposed to L. plantarum strain WCFS1 by gavage three times per 
week for a 10-week period. The WCFS1 strain impedes the thinning of the colonic 
mucus barrier, which is a normal occurrence in the accelerated-aging mutants. 
Interestingly, there are no noted effects of WCFS1 supplementation in wild-type lit-
termates, suggesting that the beneficial effects of this strain may be specific to aged 
animals (van Beek et al. 2016). As L. plantarum strain WCFS1 has a sequenced and 
annotated genome, it may provide a powerful system to investigate the mechanisms 
underlying beneficial effects in aging mice (Kleerebezem et al. 2003).
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 Conclusion and Future Directions

The expanse of recent gut microbiota research details a complex relationship 
between hosts and their associated microbes. It is increasingly evident that the 
maintenance of intestinal homeostasis may contribute to the overall health status of 
aged individuals. With a growing population of elderly people, understanding how 
an aging microbiota might accelerate or slow the pathophysiology of aging is of 
particular interest and may lead to novel therapeutics or dietary interventions that 
can restore intestinal homeostasis and support health.

It is currently unclear the degree to which aging gut physiology is a cause or 
consequence of the microbiota shifts accompanying age. Numerous studies on the 
elderly have detected changes in gut microbiota composition as well as increased 
levels of inflammation, but it is not known whether microbiota drive inflammaging. 
Although we do not yet understand the underlying etiological mechanisms in their 
entirety, we know that there are a number of factors that may compromise our 
homeostatic relationship with gut microbes, possibly tipping the scale toward a dys-
biotic ecology. Although the appealing idea to enterically treat the suite of age- 
related gut and microbe alterations has no current support in humans, studies have 
demonstrated that certain microbes may have the ability to modify the host pheno-
type in ways that pertain to host health.

Diet is a somewhat controllable factor by which to manipulate gut microbiota, 
and a diverse, healthy diet is associated with a diverse gut microbiota. Modern 
approaches may help in the development of dietary interventions for aging humans. 
Researchers are investigating long-lived models of ‘healthy aging’ to identify life-
style and dietary habits that might support the maintenance of microbial diversity 
and health with age (Kong et al. 2016, 2018; Franceschi et al. 2018), and consider-
ing biological markers of aging as opposed to chronological age to better under-
stand the interaction of diet, aging, and the microbiota (Kim and Jazwinski 2018). 
These studies, in combination with longitudinal approaches (Santoro et al. 2018) 
and new genome-scale metabolic modeling methods (Kumar et  al. 2016), may 
eventually reveal how physiological changes upon age impact nutritional intake and 
microbiota composition and reveal nutritional means by which aging humans can 
maintain health.

Researchers are responding to the mounting knowledge on aging intestinal 
microbiota with attempts to develop food-based or probiotic treatments. A down-
stream initiative from the ELDERMET studies, referred to as ELDERFOOD, is 
identifying food ingredients that support a healthy microbiota and overall health in 
the elderly. As researchers continue to catalog specific functions performed by par-
ticular microbial strains, we may see an increase in targeted therapeutic probiotics. 
Fermented foods are another abundant source of microbes, some of which are part 
of traditional diets. Future studies may focus on aging human subjects to infer ben-
eficial effects of specific microbial strains or fermented foods. However, mechanis-
tic investigations into age-related changes are likely to be restricted to genetically 
tractable model organisms.

The Aging Gut Microbiota



298

Most of the aforementioned treatment-focused studies rely on model organisms, 
and they would not be possible without the prior progress made by aging model 
research. Fly and mouse research provided premier details on the interrelated, age- 
associated changes in host intestines, microbiota, and systemic immune regulation. 
Although research has found correlative changes between intestinal microbiota and 
age, causal roles that distinct microbial strains play in age-related changes have not 
yet been detailed. Subsequent work using models may focus on identifying specific 
dysbiotic changes that influence, or are characteristic of, age-related pathologies. 
Identifying specific dysbiotic shifts across animals may help to identify health- or 
age-associated microbes that may ultimately support direct probiotic developments.

There is still more to come from research pertaining to aging and gut microbiota 
across animal systems. The nematode Caenorhabditis elegans has been used to 
identify pro-longevity variants in Escherichia coli mutant libraries (Han et al. 2017); 
downstream efforts from this study may aid in the development of pro-longevity 
probiotics. C. elegans research has also demonstrated that intestinal microbes can 
influence drug efficiency (Garcia-Gonzalez et al. 2017; Scott et al. 2017), and recent 
studies in mice indicate that the microbiome can contribute greatly to drug metabo-
lism (Zimmermann et al. 2019). Future work on modeling host–gut microbe–drug 
interactions may be important for aging humans because of the increasing polyphar-
macy observed with age (Charlesworth et al. 2015).

Aged African turquoise killifish lose gut microbe diversity during aging and live 
longer when colonized with microbiota from younger fish (Smith et al. 2017). This 
suggests that negative changes occur in killifish microbiota with age, and restoring 
microbiota to a more youthful state is beneficial to older fish. Model organisms have 
unique attributes and limitations (Douglas 2018). Although innate differences in gut 
anatomy or microbiota partitioning may interfere with translating findings from 
study organisms to humans (Nguyen et al. 2015; Keebaugh and Ja 2016), animal 
models will continue to be valued for their use in uncovering molecular mecha-
nisms and in developing host- or microbe-targeted interventions.

Researchers have only scraped the surface in terms of aging microbiota research. 
In particular, microbial populations outside of the intestine are lesser-studied and 
may have significance for aged humans. For example, it has been suggested 
that  toxic proteases from Porphyromonas gingivalis, a bacterium associated with 
periodontal disease, are found in higher levels in the brains of Alzheimer’s patients; 
small-molecule inhibitors of those proteases reduced Alzheimer’s-like disease 
pathology in the mouse brain and are now being tested in human trials (Dominy 
et al. 2019). Further interesting developments may come as researchers continue to 
compile and analyze data across species, and attempt to translate findings from 
model organisms to the human system.
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Beneficial Modulation of the Gut 
Microbiome: Probiotics and Prebiotics
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Abstract The gut microbiota plays a critical role in the overall health of its host. 
Benefits derived from bacterial members of the gut microbiota can influence host 
growth, immune response, pathogen colonization, and intestinal physiology. Use of 
probiotics, prebiotics, and synbiotics are emerging as effective mechanisms to 
selectively modulate composition and function of the gut microbiota. This chapter 
introduces the concept of probiotics and prebiotics from a historic perspective, and 
attempts to answer the fundamental questions of the impact of probiotics and prebi-
otics on microbiome composition in health versus disease states, colonization of the 
human gut by probiotics (is it necessary?), and how the food or product matrix 
impact probiotic delivery and effect. The conclusion of this chapter focuses on the 
next generation of probiotics: novel species and bacterial consortia.

Keywords Probiotics · Prebiotics · Microbiota modulation · Bifidobacterium · 
Lactobacillus · Next generation probiotics

 Introduction: The Origin and Evolution of the Concept 
and Definition of Probiotics and Prebiotics

Ilya Metchnikoff in his classic book, “Prolongation of Life: Optimistic Studies” 
(Metchnikoff and Mitchell 2004), posed a number of provocative questions to which 
scientists were only recently able to provide answers. He contemplated a potential 
causality relationship between the relatively short life of mammals, compared to 
birds and lower vertebrates, and their over developed large intestine. Metchnikoff 
hypothesized in the book that the large intestine “has been increased in mammals to 
make it possible for these animals to run long distances without having to stand still 
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for defecation”. In other words, although the large intestine provided an advantage 
to animals in cases of emergency, its only role was to accumulate waste matter and 
hence could become a “nidus for microbes which produce fermentations and putre-
faction harmful to the organism”. Furthermore, he proposed that accumulation of 
microorganisms for relatively long periods of time, for example in cases of consti-
pation, led to auto-intoxication (a concept widely accepted at the time) and that 
microbes were the cause of senility. It is in the following chapters of his book that 
the concept of modulation or manipulation of the gut microbiota arose as an 
approach to prolong human life. Although these chapters included a thorough 
review of methods that attempt to “completely disinfect the intestine”, like the use 
of β-naphthol, naphthaline, camphor, and purgatives, Metchnikoff eventually 
reaches the conclusion that if the lactic acid in acidified foods, like sour milk, can 
prevent the putrefaction of for example meat, they could do the same within the 
gastrointestinal tract. Citing previous studies, he eventually reached the conclusion 
that “intestinal putrefaction is to be combated not by lactic acid itself but by the 
introduction into the organism of cultures of the lactic bacilli” thus originating the 
concept of probiotics as beneficial modulators of the gut microbiota. Metchnikoff 
did not use the term “probiotics”, this expression was actually introduced in the 
1950s by researchers from Germany and Sweden, and then by Lilly and Stillwell 
(1965) to refer to substances produced by protozoa during their logarithmic phase 
of growth that prolonged the logarithmic phase of other species. A 2003 letter to the 
editor of the British Journal of Nutrition by Hamilton-Miller, Gibson, and Bruck 
nicely detailed the derivation and early uses of the term “probiotics” (Hamilton- 
Miller et al. 2003). Currently probiotics are defined as “live microorganisms that, 
when administered in adequate amounts, confer a health benefit on the host” 
(Bindels et  al. 2015). The International Scientific Association for Probiotics and 
Prebiotics (ISAPP) in 2013 confirmed this definition stated by the FAO/WHO 
Expert Panel (Hill et  al. 2014) and previously by Reid and collaborators (Reid 
et al. 2003).

The concept and definition of prebiotics is more recent with a delineation of the 
concept by the study of Rettger and Cheplin (1921). At the time of their publication 
“Treatise on the Transformation of the Intestinal Flora: with Special Reference to 
the Implantation of Bacillus acidophilus”, the fact that diet had a profound influence 
on the composition and predominant bacteria of the gastrointestinal tract was well 
established; however, the authors propose that certain carbohydrates, specifically 
dextrose and lactose in their study, were capable of simplifying the gut microbiota 
and “encourage a non-putrefactive flora”. A formal definition of prebiotics was 
introduced in 1995, establishing that prebiotics are “nondigestible food ingredients 
that beneficially affect the host by selectively stimulating the growth and/or activity 
of one or a limited number of bacterial species already resident in the colon” (Gibson 
and Roberfroid 1995). The term “selectively” was challenged by the group of Jens 
Walter (Bindels et al. 2015) concluding that only two types of dietary oligosaccha-
rides (inulin and trans-GOS) fulfil this criteria for classification as a prebiotic. Based 
on this and other questions, which included the restriction to carbohydrates and the 
gut, the authors propose that prebiotics could be defined as “a nondigestible 
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compound that, through its metabolization by microorganisms in the gut, modulates 
composition and/or activity of the gut microbiota, thus conferring a beneficial 
 physiological effect on the host”. This broader definition allowed to include new 
compounds to the category including pectin, arabinoxylan, whole grains and vari-
ous dietary fibers. However, in 2017 the ISAPP expert panel conveyed that in fact 
the criterion of selective utilization is the one that distinguishes prebiotics from a 
range of substances hence introducing the following (and most current) definition of 
prebiotics as “a substrate that is selective utilized by host microorganisms confer-
ring a health benefit”.

The one criterion shared by the definitions of probiotics and prebiotics is their 
ability of conferring a health benefit to the host. This criterion undoubtedly leads to 
the concept of synbiotics, defined as “a mixture of probiotics and prebiotics that 
beneficially affects the host by improving the survival and implantation of live 
microbial dietary supplements in the gastrointestinal tract, by selectively stimulat-
ing the growth and/or by activating the metabolism of one or a limited number of 
health-promoting bacteria, and thus improving host welfare” (Gibson and Roberfroid 
1995). The definition implies a synergistic relationship between the prebiotic (selec-
tively favors the probiotic strain or mixture of strains) and the probiotic (selected to 
metabolize the prebiotic compound). However, synergism also occurs between the 
prebiotic and the intestinal probiome (autochthonous beneficial bacteria).

 Do Probiotics Actually Alter the Composition 
and Functionality of the Gut Microbiota?

Before we were able to rapidly determine how an intervention modified the compo-
sition of the gut (fecal) microbiome, it was assumed that probiotics temporarily 
modified abundances of bacteria in the gastrointestinal tract, and through those 
modifications, impacted gut functionality. A clear proof of modification of the gut 
microbiome composition was lacking until fairly recently. However, modifications 
to gut functionality where identified in the 1970s, for example in the study by 
Goldin and Gorbach (1977) which showed that L. acidophilus significantly lowered 
the activity of fecal nitroreductase and azoreductase in meat-eating rats. Figure 1 
lists the proven impacts of probiotics of the Bifidobacterium and Lactobacillus gen-
era. This figure does not intend to represent an exhaustive literature search but 
instead to serve as confirmation of previous assumptions on probiotics effects on 
composition, functionality, and disease or disease prevention.

Although there is a consensus that probiotics must be able to survive transit 
through the gut, and several studies have focused on the mechanisms used by probi-
otic bacteria to survive the acidity of the stomach, as well as pH shifts and bile acids 
in the small intestine and colon (Azcarate-Peril et al. 2004; Buck et al. 2006; Pfeiler 
et  al. 2006, 2007; Oozeer et  al. 2006; Bruno-Barcena et  al. 2010; Watson et  al. 
2008), research has clearly shown that probiotics are not capable of persistent 
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colonization of the adult GI tract (Alander et al. 1999; Bezkorovainy 2001). On the 
other hand, colonization of the infant gut by probiotics is still under debate. In the 
UK, a randomized controlled trial of the probiotic Bifidobacterium breve BBG-001 
in preterm babies to prevent sepsis, necrotizing enterocolitis and death showed that, 
although there were no evident benefits for the primary outcomes, the probiotic 
strain persisted for up to 2 weeks in stools of treated infants after the end of the 
intervention (Costeloe et al. 2016). In another study, breastfed infants that received 
B. infantis EVC001 until postnatal day 28, maintained significantly higher abun-
dances of fecal B. infantis for 30 days after supplementation compared to control 
infants (Frese et  al. 2017). Conversely, in a study conducted on healthy infants 
receiving a standard whey-based formula containing a total of 107 colony-forming 
units (CFU)/g of B. bifidum, B. breve, B. longum, and B. longum subspecies infan-
tis), long-term colonization (24  months) of the supplemented Bifidobacterium 
strains was not detected (Bazanella et al. 2017).

Still to this day there is no consensus regarding effectiveness of probiotics in 
general. Most probably because it is not correct to include all probiotics in one gen-
eral category. Can we really compare efficacy of probiotic interventions for one 
specific disease or disease prevention when different strains and doses were used? 
For example in the review of efficacy of probiotics on vaccine response, Zimmerman 
and Curtis included a total of 26 studies, involving 3812 participants and 40 differ-
ent probiotic strains on the efficacy of 17 different vaccines (Zimmermann and 
Curtis 2018). The review acknowledged that the large variation in the reported 
effect of probiotics was probably due to the substantial variation between studies in 
the choice of probiotics, strain, dose, viability, purity, and duration and timing of 
administration. Importantly nevertheless and despite this broad variability, the 
review concluded that probiotics increased responses to influenza vaccination in 
elderly people, whom have lower seroconversion rates to influenza vaccination 
compared to younger people. We also highlighted the probiotic effect variation on 
colon cancer prevention in our earlier review (Azcarate-Peril et al. 2011).

We can conclude from this section that some affirmations can be made of probi-
otics in general. Although assumed for decades, a number of recent research studies 
have demonstrated that in fact probiotics modify gut microbiota composition. 
However, those modifications are short lived and depend on the continuous supply 
of the beneficial strain(s). A similar conclusion can be made regarding impact on 
functionality. In other words, our gut microbiota needs continuous replenishment of 
beneficial bacteria to stay healthy. A healthy, balanced microbiota will be then more 
resilient and resistant to disease. Conclusions about effectiveness are harder to make 
due to the variation in probiotic strains and disease conditions.

 Who Is Enhanced by Prebiotics in the Colon?

The high complexity of the microbial populations residing in the human gas-
trointestinal tract adds another confounding factor to prebiotic and probiotic 
research. Hence, trying to discern the effect of one specific compound on a bacterial 
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population of 500–700 species (and millions of different strains), which varies from 
 individual to individual, is impacted by the host’s genotype, diet, and other environ-
mental factors can be a daunting task. Nevertheless, we recently reviewed the exten-
sive evidence on the bacterial targets of the most studied and widely used prebiotics 
(galacto-oligosaccharides [GOS] and fructo-oligosaccharides [FOS]) (Bruno- 
Barcena and Azcarate-Peril 2015).

The bifidogenic effect of GOS has been historically documented in infants fed 
formula containing β (1–4) GOS (Scalabrin et al. 2012), or β (1–4) GOS plus FOS 
(in a 9:1 ratio) (Salvini et al. 2011; Holscher et al. 2012; Bruzzese et al. 2009). GOS 
is generally metabolized by β-galactosidases (β-Gal, EC 3.2.1.23), also known as 
lactases (Campbell et al. 2005) because β-Gal enzymes are also responsible for the 
hydrolysis of terminal non-reducing β-D-galactose residue of the disaccharide lac-
tose (4-O-β-galactopyranosyl-D-glucopyranose). In fact, lactose human milk oligo-
saccharides (HMOs) represent the highest proportion of carbohydrates in the breast 
milk of mammals being the first and most natural source of nutrients for the new-
born. It is recognized that one of the most abundant taxa in breastfed babies is 
Bifidobacterium (Thompson et al. 2015; Tannock et al. 2013) and hence the most 
extensively characterized β-Gal enzymes are those from Bifidobacterium species. 
B. bifidum and some strains of B. longum subsp. longum have a dedicated pathway 
for degrading type I HMOs, which involves liberation of lacto-N-biose type I (LNB) 
and galacto-N-biose type I (GNB) from their natural substrates by extracellular 
enzymes [endo-α-N-acetylgalactosaminidase (Fujita et  al. 2005) and/or lacto-N- 
biosidase (Wada et al. 2008)], transport and subsequent cleavage by the lacto-N- 
biose phosphorylase LnpA. The products of this process are α-galactosyl phosphate, 
which enters glycolysis, and N-acetylhexosamines, which enter the aminosugar 
metabolic cycle (Nishimoto and Kitaoka 2007). Strains of B. longum subsp. infantis 
characterized so far have shown no presence of lacto-N-biosidase homologs 
(LoCascio et al. 2010). A study by Yoshida et al. (2012) showed that B. longum 
subsp. infantis can directly incorporate lacto-N-tetraose (LNT) and hydrolyze it via 
a specific β-Gal enzyme. The authors identified two different β-Gal enzymes 
(Bga42A and Bga2A) responsible for the degradation of type-1 and type-2 HMOs 
respectively.

The bacterial enzymatic machinery necessary for hydrolysis of β-GOS in the 
colon is quite ubiquitous. β-Gal enzymes have been identified in the phyla 
Proteobacteria, Firmicutes, Actinobacteria, the CFB (Bacteroidetes-Chlorobi- 
Fibrobacteres) group, Verrucomicrobia, and Spirochaetes, and also in Victivallaceae, 
Thermotogales, Chloroflexi, Acidobacteriales, and over 350 more taxa. 
β-Galactosidases have been identified in over 20 species of Lactobacillus, including 
L. pentosus (Maischberger et al. 2010), L. sakei (Iqbal et al. 2011), L. delbrueckii 
subsp. bulgaricus (Nguyen et al. 2012), L. plantarum (Iqbal et al. 2010), L. reuteri 
(Nguyen et al. 2006) and L. acidophilus (Nguyen et al. 2007). However, the dedi-
cated pathways and enzymes involved in GOS degradation by β-Galactosidases in 
lactobacilli have not been extensively characterized.

Although the impact of prebiotics on beneficial bacteria of the gastrointestinal 
tract is well documented, we cannot assume that prebiotics will not increase 
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abundance of other taxa, especially considering that β-galactosidases are widely 
 distributed in the gut microbiome. The study by Davis et  al. (2011) done in 18 
healthy adult human volunteers, whom received (1–4) GOS during 16  weeks 
showed that only a few taxa other than bifidobacteria, were impacted by 
GOS. Statistically significant decreases were observed for the family Bacteroidaceae 
and the genus Bacteroides while abundance of Coprococcus comes and 
Faecalibacterium prausnitzii was significantly increased at doses of 5 and 10 g/day. 
We further demonstrated that specific bifidobacteria (B. longum, B. adolescentis, 
B. catenulatum, and B. breve) increased in lactose-intolerant adults receiving puri-
fied GOS (Azcarate Peril et al. 2013, 2017). In addition, our study showed that GOS 
also enhanced other beneficial taxa like Faecalibacterium prausnitzii, Lactobacillus, 
Christensenellaceae, Collinsella, Prevotella, and Catenibacterium (Azcarate-Peril 
et al. 2017; Monteagudo-Mera et al. 2016). It remains to be investigated the reasons 
why, although the enzymes that target GOS are widely distributed, their impact 
appears to be limited to mostly beneficial members of the gut microbiota.

 Health and Disease: Different Circumstances, Different 
Impact

Foods containing probiotics and prebiotics have been consumed by humans for mil-
lennia, mostly fermented foods (yogurt, kimchi, fermented vegetables) and vegeta-
bles containing high levels of prebiotic compounds like inulin (asparagus, onion) or 
FOS (garlic). Is it possible to quantify their effect on healthy individuals? Probably 
not. A recent opinion article in Scientific American states that “although certain 
bacteria help treat some gut disorders, they have no known benefits for healthy 
people” (Jabr 2017). The author mainly refers to food supplements, deemed as 
another “nutritional craze”. Although the point of view of this particular article is 
understandable, in terms of manufacturers’ attempts to manipulate consumers into 
purchasing their products, it is clear that the consumption of probiotics and prebiot-
ics is essentially what keeps healthy people healthy! Given the complexity of the 
issue, no long-term study has attempted to compare the overall health status of 
persons consuming or not beneficial bacteria and/or prebiotics. However, a probi-
otic study on 68 healthy adults living in the Helsinki area showed that specific 
strains of probiotics (in this case L. rhamnosus GG and P. freudenreichii ssp. sher-
manii JS) have the ability to induce anti-inflammatory and cytokine responses and 
may have a moderate anti-inflammatory effect shown as a decrease in serum highly 
sensitive CRP (hsCRP) levels (Kekkonen et al. 2008).

In essence, the probiotics in food are not considered treatment or cure, and hence 
cannot be used to make health claims. Moreover, is unclear which biomarkers can 
serve as indicators for interventions to prevent diseases in healthy individuals. There 
could be however, an agreement on pre-disease states, in which alterations of spe-
cific physiologic parameters in otherwise healthy individuals could predispose to 
particular ailments. We find one example in the study by Takahashi and  collaborators 

Beneficial Modulation of the Gut Microbiome: Probiotics and Prebiotics



316

(Takahashi et al. 2016) that showed that consumption of Bifidobacterium animalis 
ssp. lactis GCL2505 during 12 weeks by overweight or mildly obese, but otherwise 
healthy Japanese subjects resulted in a measured decrease in visceral fat area, which 
can be a key factor associated with metabolic disorders, including metabolic syn-
drome. It is clear that more studies are needed in healthy subjects to determine a 
“health baseline” and to identify biomarkers impacted by beneficial modulators of 
the gut microbiota.

 Does It Matter How the Probiotics Are Delivered to Our Gut?

Nearly 10,000 years ago, before we even started using the term ‘probiotics’, benefi-
cial bacteria were delivered to our gastrointestinal tract in food matrices, as fer-
mented foodstuffs. As products of non-controlled fermentative processes, they 
probably had food safety issues, but microbial diversity in those products was 
undoubtedly high and contributed to an overall healthier gut diversity. There are 
clear challenges to the delivery of probiotics including protecting the microorgan-
isms from the harsh gastric environment (or selecting highly resistant strains) to 
reach the colon in adequate amounts of viable bacteria. Immobilization (the process 
of attaching a cell or entrapping it within a suitable inert material called a matrix) 
and encapsulation (the process of forming a continuous coating around an inner 
matrix that is wholly contained within the capsule wall as a core of encapsulated 
material) are methods used to increase viability of probiotics in food and nutritional 
supplements (Sipailiene and Petraityte 2017). Today, carefully characterized probi-
otic strains selected for their industrial robustness are delivered via conventional 
and non-conventional food matrices and as dietary supplements (Fig. 2).

Decades of research have shown that processing, delivery, and passage through 
the gastrointestinal tract elicit rapid gene expression responses from probiotic bac-
teria (Azcarate-Peril et al. 2009; Desmond et al. 2004; Sheehan et al. 2007), and 
hence are likely to influence functionality by inducing changes to cell composition, 
generation of end-products like organic acids, and bioactives like bacteriocins and 
small peptides (Tripathi and Giri 2014; Ananta et  al. 2004; Sanders and Marco 
2010). Moreover, the delivery matrix has an effect on viability of strains during 
shelf life and passage through the upper gastrointestinal tract. Finally, delivery of 
probiotics in a food matrix could induce synergy with other active ingredients, 
including fiber and prebiotics (Sanders and Marco 2010).

Not many studies have focused in comparative analyses of probiotic efficacy in 
regard to the delivery matrix. The efficacy of L. rhamnosus GG on duration of diar-
rhea in children was evaluated in fermented milk or as a freeze-dried powder 
(Isolauri et al. 1991). Duration of diarrhea episodes was shorter in the fermented 
milk and freeze-dried powder groups compared with the pasteurized yogurt group, 
suggesting that, in this study, the delivery matrix was not critical for probiotic func-
tion. Conversely, efficacy of Lactobacillus casei BL23 in a dextran sulfate sodium 
(DSS)-induced murine model of ulcerative colitis showed that the strain protected 
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Fig. 2 Methods and vehicles currently used for the delivery of probiotics. Based on the following 
references (Sipailiene and Petraityte 2017; Phillips et al. 2006; Govender et al. 2014; Dalli et al. 
2017)

against the development of colitis when ingested in milk but not in a nutrient-free 
buffer simulating a nutritional supplement (Lee et al. 2015). Earlier studies in ani-
mal models showed comparable results. Administration of L. rhamnosus GG to a rat 
model of arthritis in water or milk conferred minor preventative effects, whereas 
animals that received plain yogurt or yogurt containing the probiotics were more 
protected in the prevention of either adjuvant or tropomyosin arthritis (Baharav 
et  al. 2004). Similarly, significantly fewer adenomas were detected in the small 
intestine of mice fed micro capsulated L. acidophilus in yogurt compared with mice 
fed the same strain in saline solution (Urbanska et al. 2009).

 The Next Generation of Beneficial Modulators of the Gut 
Microbiota

Traditional probiotics draw from a very narrow spectrum of bacterial species, the 
species that are more robust and resilient, and presumably, the species in which the 
highest percent of strains share probiotic features, making them Generally Regarded 
as Safe (GRAS). The explosion of microbiome research however has uncovered a 
number of potentially beneficial bacteria beyond Lactobacillus and Bifidobacterium 
species. A recent review (O’Toole et al. 2017) listed species of probiotic potential 
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not previously considered probiotics. The list includes Bacteroides xylanisolvens, 
B. ovatus, B. dorei, B. fragilis, B. acidifaciens, Clostridium butyricum, 
Faecalibacterium prausnitzii, and Lactococcus lactis. Their probiotic features can 
be natively encoded, or provided by genetic modification, like in one of the two 
strains of Lactococcus lactis included in the list, which were modified and used as 
delivery vehicles for elafin (peptidase inhibitor 3) and trefoil factor 1 or IL-10 to 
treat inflammatory diseases, and autoimmune diseases and type1 diabetes, respec-
tively. At this point, evidence of probiotic potential of strains other than Lactobacillus 
and Bifidobacterium is correlative or preclinical, either in vitro or mice, with the 
exception of B. xylanisolvens, shown to be safe in humans and proven to induce 
TFα-specific IgM (Ulsemer et al. 2016), C. butyricum, studied mostly in Asia, and 
L. lactis (Robert and Steidler 2014).

Akkermansia muciniphila has also recently emerged as a potential probiotic, 
based on the notion that humans make their own prebiotics to enhance growth of 
beneficial bacteria. Literally meaning “mucin-loving”, this bacterium was isolated 
for the first time in 2004 (Derrien et al. 2004), being one of the most abundant single 
species in the human intestine with abundances ranging from 0.5 to 5%. Correlation 
studies have shown that this bacterium is inversely associated with obesity, diabetes, 
cardiometabolic diseases and low-grade inflammation (reviewed by Cani and de 
Vos (2017)). Furthermore, animal experiments demonstrated that administration of 
A. muciniphila improved the metabolism of obese and diabetic mice (Plovier et al. 
2017) and protected against atherosclerosis by preventing metabolic endotoxemia- 
induced inflammation in Apoe−/− mice (Li et al. 2016). Conversely, Seregin et al. 
(2017a) showed that loss of the innate immune receptor NLRP6 in mice resulted in 
impaired production of interleukin-18 (IL-18) and increased susceptibility to 
epithelial- induced injury. Subsequently, they demonstrated that NLRP6 was impor-
tant for suppressing the development of spontaneous colitis in Il10−/− mice and that 
NLRP6 deficiency resulted in the enrichment of A. muciniphila. In fact, A. muciniph-
ila was sufficient for promoting intestinal inflammation in both specific-pathogen- 
free and germ-free Il10−/− mice suggesting that this organism can have a detrimental 
effect in genetically susceptible hosts (Seregin et al. 2017b). Further studies will 
contribute to establish (or not) A. muciniphila as a probiotic microorganism.

The success of fecal microbiota transplantation (FMT) for treatment of C. diffi-
cile infections hints that the future of beneficial modulation of the gut microbiota 
lies not on isolated strains but in bacterial consortia capable of restoring complete 
metabolic pathways potentially affected by disease. Microbiome therapeutics using 
characterized microbial consortia are being investigated by multiple groups as more 
controlled and/ or safer alternatives to FMT. One example is RePOOPulate (Petrof 
et al. 2013), a consortium of 33 bacterial strains developed by extensively culturing 
the microbial diversity from the stool of a healthy, 41-year-old female donor. The 
mix contains species of Lactobacillus, Eubacterium, Dorea, Clostridium, 
Faecalibacterium, Roseburia, Ruminococcus, and Streptococcus. Although treat-
ment of two C. difficile patients was reported successful in the study, this mixture 
has not been tested in a larger cohort and it is not commercially available.
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 Conclusions

A recent review by Puebla-Barragan and Reid (2019) provided an extraordinary 
summary of a 45-year evolution of probiotics and probiotics research from being 
completely ignored to “snake oil sold from the back of covered wagons”, as defined 
in 1999 by then the President of the American Society of Microbiology (Atlas 
1999), to the present day where omics tools have clearly demonstrated that benefi-
cial modulation of the gut microbiota translates into host health and well-being. 
Unfortunately, the National Institutes of Health (NIH) and other funding agencies 
are still focused on curing rather than preventing disease, slowing down the advance-
ment of probiotics, prebiotics, and nutrition research. It will be up to consumers to 
guide research for healthy future generations.
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The Disappearing Microbiota: Diseases 
of the Western Civilization

Emiliano Salvucci

Abstract The human being is a superorganism composed of human cells and its 
associated microbiota. Humans did not emerge alone along evolution but in coexis-
tence and intricate metabolic integration with microorganisms. The microorganisms 
that co-evolve and co-live with humans are called the microbiota. The human gut 
microbiota is a dynamic taxonomically complex community that participates in sev-
eral processes related to normal function of the host-microbiota superorganism, 
maintaining the health status. Changes to the social aspects of the Western civiliza-
tion and technological developments impacted on the evolutionary host-microbes’ 
association. As a consequence of the disruption to this equilibrium, immunological, 
endocrine, metabolic and neurological alterations have arisen. Maternal diet, life-
style, mode of delivery, administration of antibiotics to the mother during preg-
nancy, early nutrition (breastfeeding or formula) and treatment with antibiotics in 
newborns are crucial factors that affect microbiota structure. Microbiota and epig-
enome are involved in the reduced or increased risk to develop different microbi-
ome-associated diseases in adult life.

Keywords Human-microbes superorganism · Western diseases · Western diet · 
Low diversity · Antibiotics · Epigenetics

 Introduction

The purpose of this chapter is to analyze the emergence of diseases specific to the 
Western civilization and their potential relationship with the depletion of the human-
associated microbiota. This evolutionary perspective takes into consideration the fact 
that integration of systems is a common pattern of life. The human being is a superor-
ganism composed of human cells and organs, and its associated microbiota. Humans 
did not emerge alone along evolution but in coexistence and intricate metabolic inte-
gration with microorganisms. Changes to the social aspects of the Western civilization 

E. Salvucci (*) 
Instituto de Ciencia y Tecnología de Alimentos Córdoba (ICYTAC), Consejo Nacional de 
Investigaciones Científicas y Técnicas (CONICET), Córdoba, Argentina

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-28737-5_14&domain=pdf


326

and technological developments impacted the evolutionary host-microbes’ associa-
tion. The relatively recent alteration of the coexistence between host and microbiota 
has led to the emergence of diseases related to an over reactive immune system. A 
better knowledge of the human superorganism will yield approaches to restore or 
modulate the microbiota to treat or alleviate symptoms of these emergent diseases.

 Origin of the Human-Microbes Superorganism

Maturana and Varela (Varela et al. 1974) created a new term to explain life: autopoi-
esis. Literally, it means self-production. It is the common trait of all living organ-
isms. Cells and organisms produce a myriad of molecules and create a net of 
functionality to maintain their distinctiveness, cohesiveness, and relative autonomy. 
This net of components maintains cell self-production (Varela et al. 1974; Zelený 
1981). According to this perspective, it is not correct to state that the organism nei-
ther adapts to the milieu nor the milieu selects changes in the organisms. The envi-
ronment and the niche do not pre-exist to individuals. Organism and milieu change 
concomitantly. Maturana calls ‘ontogenic drift’ the process in which each organism 
is part of the niche where others organisms change and change it, in reciprocal 
building of their niches. The diversity of species is the result of reproduction and 
maintenance of autopoiesis and the systemic conservation of their organization in 
relation with other organisms or lineages (Maturana-Romesin and Mpodozis 2000).

There is an intrinsic force, inseparable of life, that causes system evolution: dras-
tic changes result in collapse of the system or its re-organization (an evolutive step). 
This should not be confused with vitalism. The inevitable and inseparable propul-
sion of life to evolve is not extern to the organism but a characteristic that defines 
life. So there is nothing outside life that defines what is fit and what is not. Under 
this perspective, there is no selector (because it implies a teleological thinking) and 
natural selection is what an observer sees in the differential reproduction of two 
lineages of organism in different historical moments. The process behind the 
observed “selection” remains hidden. That is, the conservation of phenotypes in a 
natural drift (ontogenic and phylogenetic drift) is inseparable from autopoiesis 
(Maturana-Romesin and Mpodozis 2000). The properties of life imply evolution.

There are crucial mechanisms in evolution that involve the maintenance of this 
autopoiesis and they imply integration. Main steps of evolution are based on inte-
gration processes. A crucial mechanism is symbiogenesis. According to Margulis 
and Sagan (2003) symbiosis is simply the living together of organisms that are dif-
ferent from each other and symbiogenesis is the origin of evolutionary novelty via 
symbiosis (Margulis 2010; Margulis and Sagan 2003). As an example, the emer-
gence of the eukaryotic cell involved the integration of pre-existent bacterial cells. 
Moreover, there is strong evidence that mitochondria and chloroplasts are evolu-
tionary structures originated from different ancestors, with the mitochondria evolv-
ing from proto-Rickettsiales, proto-Rhizobiales, proto-alphaproteobacteria and 
current alphaproteobacterial species (Georgiades and Raoult 2012). The symbioge-
netic theory was developed by Lynn Margulis and, independent and previously, by 
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Ivan Wallin, Paul Poitier, Konstantin Merezhkovski and Boris Kozo-Polianski 
(Kozo-Polyansky and Margulis 2010; Brucker and Bordenstein 2012; Wallin 1927; 
Symbiosis as a Source of Evolutionary Innovation 2017).

Consistently, the nuclear structure of eukaryotes is another example of an evolu-
tionary integration step (Bell 2001; Forterre 2006). The role of viruses in the emer-
gence of nucleus demonstrate the importance of those microoorganisms in 
evolution, based on their ability to integrate into the nucleic acids, modifying 
genomic behaviour and regulation. This integrative process is associated with the 
emergence of new structures (Feschotte and Gilbert 2012; Belyi et al. 2010; Ding 
and Lipshitz 1994; Gifford et al. 2008; Jamain et al. 2001; Medstrand and Mager 
1998; Villarreal and DeFilippis 2000). For example, virus-related genes are 
involved in the process of placentation in mammals (Mallet et al. 2004). Likewise, 
retrotransposons participate in the regulation of genes related to the histocompati-
bility in humans, other mammals and invertebrates (Ding and Lipshitz 1994; 
McDonald et al. 1997; Kidwell and Lisch 2000).

A crucial evolutionary mechanism is horizontal gene transfer (HGT). The high 
prevalence of HGT events in Bacteria, Archaea and Eukaryotes has resulted in the 
mosaicism of genomes. It is difficult to identify a single common ancestor for the 
gene repertoire of any organism. HGT is not only extensive and directional but also 
ongoing, and acquired genes are related to metabolism and biogenesis with crucial 
value in evolution (Deschamps et al. 2014; Fuchsman et al. 2017; Craig et al. 2009; 
Hotopp 2011). HGT has a central importance in evolution of microorganism 
and metazoan hosts. As examples, endogenous viral elements from different 
families (Bornaviridae, Filoviridae, Bunyaviridae, Flaviviridae, Parvoviridae, 
Hapadnaviridae) are part of animal genomes including primates (Holmes 2011; 
Katzourakis and Gifford 2010; Gilbert et al. 2010). Human genome sequencing has 
demonstrated the high content of bacterium- and virus-related genes including ret-
rotransposons (Mallet et al. 2004; Hotopp 2011; Gilbert et al. 2010; Gifford et al. 
2008; Mi et  al. 2000). This reveals that the genomic structure is the result of a 
dynamic equilibrium between genetic and cellular processes. The primary structure 
of the DNA is the result of the continuous feedback between an organism and the 
rest of living beings and the environment in a net of mutual building (Belyi et al. 
2010; Gifford et al. 2008; Casjens 2003; Merhej and Raoult 2012). Evolution of 
species including metazoan is described like a rhizome by some researchers, point-
ing out different and mixed origins of genomic sequences in species (Georgiades 
and Raoult 2011, 2012). Ramulu et al. (2012) have emphasized that many proposals 
have emerged replacing the tree-like pattern, that consider a the existence of a com-
mon ancestor of organisms, with more complex models such as the “reticulate evo-
lution”, “synthesis of life”, “web of life” or “network of life” (Ramulu et al. 2012).

The mechanisms of integration and symbiopoiesis are presently at work. It is 
possible to understand that co-evolution of humans and microorganisms results in 
an intricate metabolism and homeostasis, and this is not possible to maintain if any 
part of this symbiosis is altered or depleted. The microorganisms that co-evolve and 
co-live with humans are called the microbiota. In fact, the human body contains 
more bacterial cells than human cells. Recently, it has been stated that 
human:microorganisms cells ratio is 1,3:1, but that takes into account bacterial cells 
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(Sender et al. 2016), but not eukaryotic components of the microbiota (Parfrey et al. 
2011). All organisms emerge in relation with their environment and the surrounding 
organisms that coevolve with them as a unity. Humans arose with the microorgan-
isms that defined their metabolism, their systems, and their structure.

The human gut microbiota is a dynamic taxonomically complex community that 
participates in several processes related to normal function of the host-microbiota 
superorganism, maintaining the health status (Kau et  al. 2011; Lederberg and 
McCray 2001; Salvucci 2016). These include vitamin production, digestion and 
utilization of carbohydrates and lipids, energy homeostasis, tryptophan metabolism 
regulation, integrity of intestinal barrier and angiogenesis (Arrieta et al. 2014; van 
der Meulen et al. 2016; Evans et al. 2013). As an example, large primates are inca-
pable of vitamin C synthesis. As a consequence, humans have an evolved  dependence 
on fruit and vegetables since our genes for vitamin synthesis were lost (Rook 2011).

Short-chain fatty acids (SCFAs), mainly acetic, propionic and butyric acids are 
products of bacterial fermentation in the intestinal tract. Cross-feeding interac-
tions between bifidobacteria and butyrate-producing colon bacteria, such as 
Faecalibacterium prausnitzii (clostridial cluster IV) and Anaerostipes, Eubacterium, 
and Roseburia species (clostridial cluster XIVa) result in an enhancement of butyr-
ate production. SCFAs are a source of ATP for intestinal epithelial cells (IECs) and 
modulate IECs and leukocytes development, survival and function through activa-
tion of G protein coupled receptors (FFAR2, FFAR3, GPR109a and Olfr78). SCFAs 
also modulate enzymatic activity and transcription factors including histone acetyl-
transferase and deacetylase, and the hypoxia-inducible factor (Corrêa-Oliveira et al. 
2016; Kasubuchi et al. 2015).

The gut microbiota produces and regulates compounds with crucial local effects, 
but that also influence the function of distal organs and systems. In fact, metabolites 
generated by the gut microbiota have been shown to influence brain chemistry and 
behaviour independently from the autonomic nervous system, gastrointestinal neu-
rotransmitters or inflammation through the microbiota-brain axis (Foster and McVey 
Neufeld 2013). This is a two-way communication pathway between the central ner-
vous system and the intestine (Foster and McVey Neufeld 2013; Bercik et al. 2012). 
Butyrate has profound effects on mood and behaviour in mice (Schroeder et  al. 
2007). The microbial metabolism in the gut can also influence the level of neu-
rotransmitters or hormones (Allen et al. 2013; O’Mahony et al. 2015). As examples, 
GABA and serotonin, related to anxiety, depression and mood states are influenced 
by the microbiota (Foster and McVey Neufeld 2013; Bercik et al. 2010). Inflammatory 
bowel diseases (IBD) are often accompanied by disorders of the nervous system 
such as irritability, anxiety, and depression (Hayley et al. 2016; Lee and Chua 2011). 
Moreover, dysbiosis can contribute to the development of psychiatric disorders in 
patients with intestinal symptoms (Bercik et  al. 2010; Borre et  al. 2014; Collins 
et al. 2012; Cryan and Dinan 2012; Dinan et al. 2014; Nemani et al. 2014).

The continuum human-microbiota represents a step of symbiosis along the 
genomic evolution. According to this perspective, the human genome would be a 
“hard drive” where is possible to observe integrated sequences of different origins 
as well as the integration processes. The human genome is consequently the result 
of the evolutionary history of the superorganism human-microbiota and their 
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environmental interactions. This superorganism also includes mobile elements like 
plasmids, transposons, integrons, and bacteriophages that are called the ‘mobilome’ 
(Siefert 2009). These genetic elements constitute a genetic pool that fuel HGT and 
a sensitive response to environmental changes.

Main social and environmental changes along history caused variations in the 
human-microbes superorganism. These epidemiological transitions had and have 
today a profound impact on human health.

 Epidemiological Transitions and Western Diseases

Two major epidemiological transitions resulted in dramatic changes to the human 
superorganism (McKeown 2009; Rook 2010). These shifts involved alterations in 
social behaviour and organization, which can be correlated with significant changes 
in the microbiota structure (Fig. 1). Two million years ago humans were nomadic 
hunter-gatherers (Palaeolithic period). With the establishment of populations, 
humans became sedentary. An agricultural revolution ensued with a profound shift 
in human lifestyle (Neolithic period, 10,000 years BC). In this period, new foods 
like cereals and dairy products appeared, and population density increased. It is 
reasonable to assume that dramatic changes occurred in the microbiota after the first 
epidemiological transition. However, this shift did not result in loss of microbial 
diversity because, until the modern era, more than 97% of the population still lived 

Fig. 1 Epidemiological transitions. The second epidemiological transition had great impact on 
human microbiota. Social and technological changes led to a depletion of microorganisms associ-
ated to human being.
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in rural environments (Rook 2011). However, the new lifestyle increased faecal–
oral transmission and prolonged contact with animals (Rook 2012). Viruses that 
were acquired previous to Neolithic have been maintained, including herpes, papil-
loma, adeno-, parvo-, some entero-, and perhaps hepatitis B virus (Rook 2012; Van 
Blerkom Linda 2003; Leal Éde and Zanotto 2000). It is possible that during this 
period characterized by a marked increase in population density, humans started 
suffering from “modern” diseases such as measles, influenza, and dengue (Rook 
2012; Leal Éde and Zanotto 2000). Helminths, Mycobacteria, Helicobacter pylori, 
Salmonella, Toxoplasma and lactobacilli were acquired during this period (Rook 
2011, 2012; Cremonini and Gasbarrini 2003).

The second remarkable shift in human lifestyle and dietary habits started with 
the Industrial Revolution less than 200 years ago, accompanied with a radical move, 
away from local and seasonal foods (McKeown 2009). People started to migrate 
into cities and the use of sanitization increased. This resulted in a diminished or 
delayed contact with microorganisms and viruses. With this second transition there 
were significant lifestyles changes. Sanitization was improved with the use of soap 
detergents, washed food, chlorinated water and, eventually, antibiotics. This transi-
tion was characterized by a significant decrease in orofecal transmission. Life in the 
city implied advances in housing with a wide use of construction materials like 
concrete and asphalt, and less soil material. Less contact with animals also contrib-
uted to de-worming. As a result, changes to the microbiota included decreased hel-
minths, H. pylori, Salmonella, Toxoplasma and Mycobacterium tuberculosis (Fig. 1) 
(McKeown 2009; Rook 2009, 2012).

Changes in dietary habits were important factors in the alteration of the host–
microbe symbiosis during epidemiological transitions since diet drives the genera-
tion of gut microbe-derived bioactive metabolites (Hunter 2008). According to 
recently published studies, the ancestral diet was based on high fiber intake and 
maintained a well-balanced microbiota. The microbiota was more structurally and 
functionally diverse with enhanced polysaccharide breakdown capacities. This 
highly diverse microbiota has been maintained in rural and remote populations from 
developing countries compared to urban industrialized populations (Crittenden 
et al. 2014; West et al. 2015; Turroni et al. 2016; Smits et al. 2017), with gut bacte-
rial taxa or functions that may have disappeared due to cultural Westernization 
(Crittenden et  al. 2014). Conversely, the Western diet is characterized by a high 
intake of animal products and sugars, the use of food preservatives, and a low intake 
of plant-based foods like fruits, vegetables, and whole grain cereals.

Researchers have compared microbiota of communities from Tanzania (Hadza 
tribe) with that from Western countries. Hunter-gatherers that live today as thousands 
years ago maintaining an ancestral diet, showed lower inflammation than individuals 
from the Western hemisphere. Hunter-gatherers have a more diverse enzymatic rep-
ertoire for utilizing carbohydrates in their microbiota than those from healthy 
American subjects (Schnorr et  al. 2014). These studies made possible to identify 
organisms and functions that would have been abundant in the ancestral microbiota, 
but are diminished or absent from the modern city environment (Rook 2009, 2010). 
Specifically, the Hadza microbiota has higher functional capacity for utilization of 
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plant carbohydrates than the microbiota of Americans (Crittenden et al. 2014). The 
community consume tubers and baobab year-round. Conversely, the American 
microbiota with less consumption of fiber-rich diet have a greater mucin-utilization 
capacity than Hadzas (Turroni et al. 2016; Smits et al. 2017). These data are in agree-
ment with other studies that indicate that the microbiota of people in urbanized 
regions is characteristic of a diet limited in plant-derived complex carbohydrates, 
with many bacterial species underrepresented or missing (Kau et al. 2011; Findley 
et al. 2016). Fiber-rich diets fuel the gut microbiota metabolism and maintain resi-
dent bacterial populations (Thorburn et al. 2014; De Filippo et al. 2010). The deple-
tion of microbiota has been clearly intensified by social factors like industrialization 
and Western diets with consequences to equilibrium and homeostasis.

As a consequence of the disruption to the host-microbiota equilibrium, immuno-
logical, endocrine, metabolic and neurological alterations have arisen (Arrieta et al. 
2014; Foster and McVey Neufeld 2013; Hayley et  al. 2016; Rook 2009; Paun and 
Danska 2015; van der Meulen et al. 2016). Human diseases like inflammatory bowel 
diseases (IBD), irritable bowel syndrome (IBS), cancer, diabetes, asthma, allergies, 
obesity and metabolic syndrome appear to be related to the depleted microbiota (Fig. 2).

Obesity and metabolic syndrome have been recognized as epidemic diseases 
associated with Western diets and low microbial diversity. The altered microbiota in 
obese subjects has lower proportion of Bacteroidetes and more Firmicutes than 
healthy individuals (Remely et al. 2014; Ley et al. 2005). The obese microbiota can 
be inherited from parents with high fat diets and it has an increased capacity to har-
vest energy from the diet (Ley et al. 2005; Myles et al. 2013), producing signifi-
cantly higher total body fat. Concomitantly, immunological alterations include 

Fig. 2 Microbiota depletion. Human superorganism lost part of the microbiota along the last 
epidemiological transition. This depletion of microbiota is related to different emergent diseases 
with impact on gut-brain axis, immune system, gut and systemic disorders.

The Disappearing Microbiota: Diseases of the Western Civilization



332

infiltration of adipose tissue by macrophages, CD8+ T cells and CD4+ T cells, and 
high expression of inflammatory cytokines such as IL-6, IL-17, TNF- alpha and 
interferon-gamma (Kau et al. 2011). Additionally, obese individuals usually have 
high endotoxemia caused by LPS infiltration due to an increased intestinal perme-
ability. A recent study showed that the diversity of the gut microbiota and the degree 
of methylation of the FFAR3 promoter region were significantly lower in obese and 
type 2 diabetic individuals compared to lean individuals. FFAR3 is a G protein 
couple receptor involved in the development and survival of IECs (Kasubuchi et al. 
2015). Prebiotics and Bifidobacterium strains lowered the uptake of LPS from the 
gut lumen reinforcing tight junctions of epithelial cells (Al-Sheraji et  al. 2015; 
Fukuda et al. 2011; Meyer and Stasse-Wolthuis 2009).

The genetic background necessary to develop these disorders (intrinsic factors) 
can be influenced by the metabolism of the gut microbiota (extrinsic factors) 
(Salvucci 2013, 2016; Proal et al. 2009). For example, multiple genetic risk variants 
associated with the type 1 (T1D) and type 2 (T2D) diabetes have been postulated. 
Most T1D-associated variants are in genes controlling immunity (e.g. HLA), whereas 
T2D-associated genes control transcription, adipo-cytokine signals and β cell cycle 
regulation. Naturally, the increased incidence of T1D and T2D is not due to only to 
the genetic background, but the result of gene interactions with dynamic environ-
mental risk factors, particularly impactful in early childhood (Paun and Danska 
2016). In the same way, an altered gut microbiota characterized by low diversity and 
resilience has been associated to T1D and T2D (Paun and Danska 2016).

Crohn’s disease (CD) is a condition in which the lining of the gastrointestinal tract 
becomes inflamed, causing severe diarrhoea and abdominal pain (Reddy and Fried 
2009). The incidence of CD has increased in Western countries. Both CD and ulcer-
ative colitis (UC) are idiopathic pathologies of IBD. The manifestations of this disease 
include an aggressive cellular immune response, over expression of pro inflammatory 
mediators in different T lymphocyte subsets (Th1 and Th17, Th2), abnormal antigen 
presentation, and aberrant thymic education with a concomitant penetration of the 
intestinal barrier by luminal bacteria. Underlying inflammation triggers Crohn’s dis-
ease and the luminal microbiota change. This process leads to nonstandard host-micro-
biota interactions that can aggravate the disease. In fact, CD patients present decreased 
bacterial diversity and richness (Imhann et  al. 2016; Khanna and Raffals 2017). 
Moreover, reports agree that the phyla Bacteroidetes and Proteobacteria are increased, 
while the phylum Firmicutes is decreased in patients with UC. Also Bifidobacterium, 
Roseburia, Faecalibacterium and Phascolarctobacterium are in reduced abundance 
compared with healthy individuals (Imhann et al. 2016; Khanna and Raffals 2017) . 
Recently, it was reported that there are significant differences in the gut microbiota of 
healthy individuals who carried a high genetic risk for IBD, including a decrease in 
species of Roseburia known to be butyrate producers (Imhann et al. 2016).

The remnants of ancestral integration of the microbial DNA into the human 
genome can be detected today. Helicobacter pylori and other potentially pathogenic 
microorganisms, like Toxoplasma, which possibly only infects humans accidentally, 
can co-habit with the host with detrimental effects (Cremonini and Gasbarrini 2003; 
Marini et al. 2007). Likewise, herpes viruses like varicella-zoster remain dormant in 
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the human nervous system after an infection in the cranial nerve ganglia and auto-
nomic ganglia. Viruses can reactivate and cause neurologic conditions (Gilden et al. 
2000). Schizophrenia has been associated with gene loci that include an ancestral 
cytomegalovirus (Børglum et al. 2014). All of the above listed organisms leave entire 
copies or fragments of their genomes, which remain lodged within us for the rest of 
our lives interacting with our nervous system (Kramer and Bressan 2015). Parasite 
co-habitation can drive evolutive changes of host organisms (Vannier- Santos and 
Lenzi 2011). With epidemiological transitions, there was an intensification in sanitiza-
tion and de-worming of humans that might have led to immunological imbalances. 
Parasites could act as regulators of immune system helping to control excessive 
inflammatory responses (Helmby 2015). For example, the induction of suppressive 
regulatory T cells (Tregs) is a common mechanism to regulate inflammatory effects 
(Paun and Danska 2015). Interestingly, activation of Tregs appears to be a feature of 
both microbiota colonization (Gifford et al. 2008; Jamain et al. 2001) and helminth 
parasite infection (Medstrand and Mager 1998). Bacteroides fragilis, Bifidobacterium 
infantis, Clostridium spp., and Lactobacillus spp., as well nematode parasites, such as 
Heligmosomoides polygyrus and Strongyloides ratti can induce or suppress regulatory 
Tregs (Reynolds et al. 2015). Studies in animal models have demonstrated that intes-
tinal helminth infections can inhibit the development of intestinal inflammation (Rook 
2009; Reddy and Fried 2009; Reynolds et  al. 2015). Likewise, pre-clinical assays 
have suggested a beneficial effect of helminth infections on inflammatory bowel con-
ditions, allergies, asthma and multiple sclerosis (Reddy and Fried 2009; Correale and 
Farez 2011). Specifically, treatment with embryonated Trichuris suis eggs resulted in 
significant disease remission in patients with UC and CD (Reddy and Fried 2007).

Microbiota restoration by fecal microbiota transplantation (FMT) is another potential 
emerging therapeutic. This therapy has shown to be a successfully treatment in recurrent 
Clostridium difficile infection (CDI) (Gianotti and Moss 2017). However, CD like other 
autoimmune diseases, has a more complex pathogenesis and the success of FMT can be 
dependant of additional factors including the donor microbial profile, inflammatory bur-
den, and the microbial diversity of the recipient (Gianotti and Moss 2017).

We can conclude from this section that two major epidemiological transitions 
(establishment of nomadic hunter-gatherers and industrial revolution), with the 
accompanying cultural and dietary shifts led to a significant reduction in microbiota 
diversity, with a concomitant loss of function that could be correlated to the increased 
occurrence of auto immune diseases. Restoration of the gut microbiota by FMT and 
helminth therapies are being considered as emergent treatments.

 The Infant Microbiota and the Impact of Antibiotics

The natural drift of human-microbiota superorganism and the maintenance of its auto-
poiesis are observed in inheritance of the microbiota. This superorganism inherited 
epigenetic changes that are responsible of fine tuning along their development. This 
epigenetic landscape is involved in the adaptation to the environment including the 
interaction with the microbiota at different stages of development (Indrio et al. 2017).
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The placental microbiome is composed of four dominant phyla: Proteobacteria, 
Bacteroidetes, Actinobacteria and Firmicutes (Zheng et al. 2017). Then, the moth-
er’s microbiota provides the newborn with a specific microbial inoculum at birth. 
Vaginal delivery supplies the baby with a bacterial composition resembling their 
mother’s vaginal microbiota. Lactobacillus, Prevotella, and Sneathia are the pre-
dominant groups. Babies delivered by Cesarean section acquire bacteria that resem-
bles those present on the skin, like Staphylococcus, Corynebacterium, and 
Propionibacterium (De Filippo et al. 2010; Koleva et al. 2015; Dominguez-Bello 
et  al. 2010, 2016). Vaginal delivery may afford the neonate immediate access at 
birth to microbiota that allows maximal energy harvest during the incipient hours of 
life (Mueller et al. 2015). In fact, studies suggest a correlation between C-section 
delivery and the immune system due to the essential role of the maternal microbiota 
on the development of the perinatal immune system. Increased risk for asthma, 
allergies and obesity has been reported for C-section delivered infants (Ximenez 
and Torres 2017). Coincidentally, babies born via C-section have a different associ-
ated microbiome at least during the first 4 weeks of age. Full-term vaginally deliv-
ered infants present higher diversity compared to C-section babies (Ximenez and 
Torres 2017; von Mutius 2017). They also displayed an increased faecal abundance 
of Firmicutes, Bacteroides and Bifidobacterium and lower abundance of 
Actinobacteria compared to C-section babies (Ximenez and Torres 2017; Hill et al. 
2017). However, the discrepancies between groups gradually disappear and are not 
observed by 6 months of age.

As elaborated in Part III, Chapter “Early Gut Microbiome, a Good Start in 
Nutrition and Growth May Have Lifelong Lasting Consequences”, after birth, 
breastfeeding provides the baby with the microorganisms and immunological com-
ponents to promote optimal growth. Moreover, breast milk also contains complex 
oligosaccharides (prebiotics) that promote the establishment of beneficial bacteria 
like Bifidobacterium longum (Indrio et al. 2017; Mueller et al. 2015). This is can be 
considered as the first example of how bacteria in food “feed” the gut microbiota.

The infant gut microbiota differ significantly from the adult microbiota. In fact 
its compositional structure and function are attained only after dynamic changes 
experienced during the first 3  years of life. Staphylococcus, Streptococcus and 
Enterobacteria are the first colonizers of the gut (Wampach et al. 2017; Voreades 
et al. 2014) . Then, these taxa are replaced by facultative anaerobic bacteria of the 
phyla Actinobacteria and Firmicutes (Turroni et al. 2012). At adulthood, 90% of 
microbes colonizing the gut are represented by only six phyla, Firmicutes, 
Bacteroides, Actinobacteria, Fusobacteria, Proteobacteria, and Verrucomicrobia 
(Arumugam et al. 2011). Other factors impact the infant gut microbiota including 
mom’s diet and environmental factors. The degree of impact is more relevant early 
in life, when the gut microbiota has not yet been fully established.

Antibiotic treatment is a factor that can perturb the microbiota early in life and 
could be a missing link in autoimmunity disorders (Iizumi et al. 2017). Antibiotic 
use in children has become widespread. In fact, children in the US are prescribed a 
mean of three courses of antibiotic treatment before they are 2 years of age. This 
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represents more than the double from European countries. A recent cross-national 
study has shown that South Korean children had the highest rate of antimicrobial 
prescriptions, with 3.41 prescribed courses per child-year during the first 2 years of 
life. Italy and Spain had a mean of 1 and 1.6, respectively, while Norway had only 
0.5 courses per child-year (Youngster et al. 2017).

Antibiotic use, administered either orally or intravenously, reduces gut micro-
biota diversity (Iizumi et al. 2017) (Fig. 2). Repeated exposure to antibiotics during 
the first year of life caused a less stable microbial community, which lasted until 
the third year, and a decreased diversity (Maturana-Romesin and Mpodozis 2000). 
Also an epidemiological study showed that children that received antibiotics in the 
first 6 months of life had a significantly higher risk of being overweight at 7 years 
old (Trasande et al. 2013). Mouse studies have demonstrated the effects of antibiot-
ics on microbiota. For example, penicillin G, V and vancomycin have been associ-
ated with increased weight, fat mass and insulin resistance (Iizumi et al. 2017). 
Likewise, azithromycin significantly increased weight gain risk. Other antibiotics 
including meropenem, cefotaxime and ticarcillin-clavulanate (Gibson et al. 2016) 
administered to preterm neonates affected severely intestinal species richness. 
Macrolides had a similar impact in children aged 2–7 years changing composi-
tion of the gut microbiome, decreased richness, and decreased abundance of 
Bifidobacterium, with increased levels of Proteobacteria (Enterobacteriaceae) and 
Bacteroidetes (Korpela et al. 2016). These changes persisted up to 2 years after 
macrolide treatment and were associated with increased risk of asthma and obesity 
(Korpela et al. 2016).

Administration of antibiotics to the mother during pregnancy may also affect the 
oral microbiota of the newborn. Maternal intrapartum antibiotic treatment is a key 
regulator of the initial neonatal oral microbiota. The oral microbiota of the infants 
was more similar to the oral microbiota than to the placenta or gut microbiota of the 
mother. Families belonging to Proteobacteria were abundant after antibiotics expo-
sure of the mother while Streptococcaceae, Gemellaceae and Lactobacillales domi-
nated in unexposed neonates (Gomez-Arango et al. 2017).

Finally, antibiotics have been shown to delay the maturation of microbiota, due 
to reduction of Lachnospiraceae, Erysipelotrichaceae and Clostridiales. These 
families are very sensitive to antibiotic exposure and this causes a reduction in pro-
duction of butyrate and other SCFA. These reductions impact on infant immunity, 
signalling epithelial cell, colonic T regulatory cells and macrophages and matura-
tion of the gut (Ximenez and Torres 2017). Therefore, Lachnospiraceae is useful as 
an indicator of microbiota maturation.

There is strong evidence that maternal exposure of antibiotics and administration 
of antibiotics in neonates alter and delay the maturation of microbiota. These 
changes have consequences at immunological level and it is associated to higher 
risk of diseases in adult life. Early antibiotic exposure may have other long term 
consequences related to higher risk to inflammatory and immune diseases. Also 
behaviour, anxiety, blood-brain-barrier integrity and brain cytokines expression 
could be related to antenatal and postnatal antibiotic exposure.
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 Epigenetics and the Gut Microbiota

Epigenetics refers to modifications of the genome that do not alter the DNA 
sequence but cause mitotically and meiotically heritable changes (Morgan and 
Whitelaw 2008). There is a wide variety of mechanisms that reduce, activate or 
inactivate genes and regulatory networks influencing early cellular differentiation, 
and creating new phenotypic traits during pregnancy and within the neonatal period 
(Indrio et al. 2017; Liu 2007). A number of antenatal and postnatal factors, includ-
ing diet and composition of the microbiota, contribute to epigenetic changes that 
have an influence on lifelong health and disease by modifying inflammatory molec-
ular pathways and the immune response (Indrio et al. 2017).

The main epigenetic mechanism is the methylation of cytosine residues in 
DNA, which results in remodelling of the chromatin structure and RNA-mediated 
regulation. These modifications may upregulate or downregulate gene expression 
according to the type of change and its position. A group of enzymes catalyze 
DNA methylation. It consists in methylation of cytosine residues followed by gua-
nine or adenine and the consequent suppression of gene expression (Abdolmaleky 
et al. 2015).

Other epigenetic mechanisms are acetylation and phosphorylation. Different 
amino acids of histone tails can be methylated, acetylated or phosphorylated (Alam 
et al. 2017). Action of acetyltransferases results in acetylation of histone residues 
that increases accessibility of nucleosomal DNA to transcription factors, thus 
increasing the expression levels of corresponding genes (Alam et al. 2017).

Epigenetic modifications have key roles in the development of human organs, 
especially the central nervous system during the embryo-fetal, perinatal, and later 
stages of life (Alam et al. 2017; Jablonka and Raz 2009). These mechanisms are 
widely observed in nature acting in response to environmental factors and interact 
in a regulatory network involving more than 1000 microRNAs. Each microRNA 
can target hundreds of transcripts increasing cell adaptability in a tissue-specific 
manner. They demonstrate how environmental factors increase genomic flexibility, 
being maintained through generations (Table 1) (Alam et al. 2017).

Perturbations of the perinatal microbiota by specific practices (lack of skin con-
tact, cesarean delivery, formula feeding, antibiotics) play a role in the susceptibility 
to late-onset diseases like obesity, diabetes, allergies, asthma, and other autoim-
mune disorders potentially by developing a particular genetic repertoire and modu-
lating the immune development through epigenetic modifications (Salvucci 2016; 
Indrio et al. 2017; Jablonka and Raz 2009; Bossdorf et al. 2008). Individuals inher-
ited from parents particular epigenetic changes (acetylation, methylation or phos-
phorylation of genes) that influence the adaptation of the newborn and are related to 
metabolism and immunological status (Myles et al. 2013).

Depletion of the gut microbiota and the related inflammatory, immune and neu-
roendocrine manifestations have shown to be linked by epigenetic changes (Table 1) 
(Myles et  al. 2013; Indrio et  al. 2017; Morgan and Whitelaw 2008; Liu 2007; 
Jablonka and Raz 2009). The fetal epigenetic program is influenced by diet and the 
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Table 1 Epigenetic effect persists in subsequent untreated generation of different organism

Organism Effect and epigenetic mechanism Reference

Arabidopsis 
thaliana

Short-wave radiation increases the somatic homologous 
recombination in a transgenic reporter gene

Molinier et al. 
(2006)

Rats Exposure to glucocorticoids or a low-protein diet causes 
changes in the expression of liver enzymes, elevated 
blood pressure and endothelial dysfunction

Langley-Evans 
(2000) and Jensen 
Pena et al. (2012)

Maternal choline supplementation improved 
development and functioning of the adult rat brain. DNA 
and histone methylation are mechanism implied

Davison et al. 
(2009)

Maternal food restriction resulting in intrauterine growth 
restriction increased risk of obesity, insulin resistance 
and diabetes

Tosh et al. (2010) 
and Park et al. 
(2008)

Mice Maternal supplementation with dietary methyl donors 
(folic acid, vitamin B12, choline, zinc, methionine, 
betaine) increased risk of allergic airway disease in 
offspring. decreased transcriptional activity by excessive 
methylation of Runx3 gene

Hollingsworth et al. 
(2008)

Yeast Prion sup35 activates the expression of “silent” gene 
changing the fidelity in the translation process

Chernoff (2001) 
and Shorter and 
Lindquist (2006)

Drosophila 
melanogaster

Alteration of chromatin regulation. Decrease in heat 
shock protein HSP90 levels in response to environmental 
changes
Stable heritable phenotypes up to 4 generations

Ruden and Lu 
(2008)

Maternal undernutrition and increased risk of metabolic 
syndrome in adulthood. Methylation at the IGF2/H19 
imprinting region

Hernández-Valero 
et al. (2013)

Humans 
(Human- 
microbiota 
superorganism)

Lactobacilli and Bifidobacteria. Inhibition of histone 
deacetylase. DNA methylation secondary to methyl 
donor production
Modulation of local and systemic inflammation

Remely et al. 
(2014) and Indrio 
et al. (2017)

Increased Firmicutes/Bacteroides ratio. DNA 
methylation in genes related to SCFA production and 
Toll-Like receptor

Indrio et al. (2017) 
and Sepulveda et al. 
(2010)

Maternal vitamin D deficiency increase risk of 
preeclampsia development in humans and possible 
adverse pregnancy outcomes. Increased DNA 
methylation of CYP27B1, VDR and RXR genes

Anderson et al. 
(2015)

Low maternal dietary intakes of long-chain 
polyunsaturated fatty acids. Vascular dysregulation, 
altered placentation and increased long-term risk of 
cardiovascular diseases. Aberrant DNA methylation 
patterns and alterations in the expression of angiogenic 
factor genes

Khot et al. (2015, 
2017)

Maternal high fat diet increase diabetes risk in their 
grandchildren. DNA methylation, histone modification 
and changes in microRNA

Myles et al. (2013) 
and Kaati et al. 
(2002)

Maternal high-fat diet produce alteration in foetal 
chromatin
structure and increase risk of non-alcoholic fatty liver 
disease. Histone deacetylase. SIRT1 involved. 
Regulation of hepatic Pon1

Suter et al. (2012), 
Strakovsky et al. 
(2014), and Chu 
et al. (2016)

Epigenetics mechanisms that connect risk factor and diseases in animal models and humans
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microbiota along their development. Malnutrition or overnutrition during pregnancy 
cause negative effects on the offspring health at childhood and adulthood (Lee 2015; 
Alfaradhi et al. 2016; Roberts et al. 2015). For example, in a mouse study supple-
mentation with folic acid, vitamin B12, methionine, zinc, betaine, and choline 
resulted in higher rates of allergic airway inflammation due to excessive methyla-
tion of the runt-related transcription factor 3 (RUNX3), a mediator of T-lymphocyte 
differentiation (Håberg et al. 2009) . Zinc status can exert a fundamental influence 
on the epigenome. Zinc deficiency during intrauterine life and childhood could con-
tribute to the development of chronic inflammatory diseases by aberrant methyla-
tion (Tomat et al. 2011).

Microbiota has the ability to induce epigenetic changes in the human-microbiota 
superorganism (Salvucci 2013). Among the mechanisms through which intestinal 
bacteria can influence human health, epigenetic modifications are the most impor-
tant. The epigenome influences the establishment of the microbiota but also micro-
organisms can introduce epigenetic changes in genes relevant to immunological, 
metabolic, and neurological development and functions. For instance, SCFAs that 
regulate gene expression by DNA methylation or histone modifications are crucial 
metabolites of microbiota (Indrio et al. 2017; McKenzie et al. 2017).

The host-microbial interactions that characterize human superorganism start 
before the early postnatal period. In fact, the microbiota found in the amniotic fluid 
starts to modulate the foetus epigenetically since its placental life (West et al. 2015; 
Zheng et al. 2017; Urushiyama et al. 2017). Moreover, diet, antibiotic exposure and 
other environmental factors influence the microbiota composition and their epigen-
etic changes. All these factors contribute the higher or lesser risk to develop aller-
gies and inflammatory diseases (Indrio et al. 2017; Cremonini and Gasbarrini 2003; 
Schaub et al. 2009).

It is difficult to establish a causal relationship between the diversity or prevalence 
of certain species in microbiota and the epigenome. Still, there are some clues 
related to the ratios of Firmicutes/Bacteroides and distinct DNA methylation pro-
files. Ratios associated with metabolic disorders have also differences in methyla-
tion in genes related to obesity, metabolism, and inflammation (Kumar et al. 2014). 
In obesity, there are differences in methylation of the promoter of SCD5 that encodes 
an stearoyl-coenzyme A (CoA) desaturase, which has a key function in the catalysis 
of monounsaturated fatty acids from saturated fatty acids. The promoter was more 
methylated in the groups of individuals with higher Firmicutes/Bacteroides ratio 
(Kumar et  al. 2014). In IBD there are epigenetic marks that define the visceral 
hypersensitivity and modulate stress-induced visceral pain. Altered microbiota pro-
files are concomitant (Indrio et al. 2017; Jeffery et al. 2012).

Epigenetic changes like aberrant DNA methylation, histone modifications and 
dysregulation of micro-RNAs are linked to the pathogenesis of mental disorders. 
Moreover, a number of psychiatric drugs modulates features of the epigenome, for 
instance, tubastatin can restore the reduction in tubulin acetylation observed in 
Rett syndrome (Abdolmaleky et al. 2015). Valproate, lithium, lamotrigine, halo-
peridol, clozapine, olanzapine and risperidone alter the expression of many miR-
NAs (Abdolmaleky et al. 2015) . This implies that epigenetic modifications are a 
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plausible alternative for treatment of mental disorders and, in consequence, 
modulation of gut microbiota can be a blank for therapies. The gut microbiota 
contributes to epigenetic fine-tuning confirming its role as an ontogenic missing 
link in mental illnesses. These changes are not only indirect effects mediated by 
metabolic by- products, it was observed that infection with some bacteria such as 
Helicobacter pylori is specifically linked to DNA methylation and may decrease 
expression of O6-methylguanine DNA methyltransferase (Sepulveda et al. 2010).

Maternal diet, lifestyle, mode of delivery, early nutrition and gut microbiota 
define an epigenome of newborn that potentially has a crucial role in the develop-
ment of microbiota-related diseases. The mother (superorganism) transmits epigen-
etic changes to the foetus that interact with the microbiota and introducing changes 
at this level can be considered the missing link that could define the success of 
treatments like helminth therapy and FMT in the diseases related to the microbiota 
depletion, including mental disorders. The epigenetic heredity allows the child to be 
adapted to the environment that the mother has experienced. Many other antenatal 
and postnatal factors could distort that synchrony. The probiotic treatments and 
modulation of microbiota should take into account the ability of some bacteria to 
induce the epigenetic changes to re-establish the homeostasis. The role for 
microbiota- induced epigenetic modifications and their effects is an emerging 
research field that is in the initial stages and its development will contribute to a 
better understanding of the interrelationship host-microbiota superorganism.

 Conclusions

Scientific and anecdotal evidence seem to suggest that overall loss of microbial 
diversity and the loss of specific bacterial groups associated with two historical epi-
demiological transitions could be potentially correlated with an over-reactive immune 
system and consequent increased occurrence of allergies and other autoimmune dis-
orders (Salvucci 2013; Proal et  al. 2009; Tlaskalová-Hogenová et  al. 2004). The 
common background of immune, inflammatory or systemic imbalance point to treat-
ments aiming to restore the gut microbiota through probiotics, prebiotics and diet are 
plausible treatments for these emergent diseases (van der Meulen et al. 2016).
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Abstract Our gut microbiota is composed of an assortment of (semi)permanent 
intestinal inhabitants that co-exist with temporary microbes. Although it is hard to 
keep up with the fast advancing field of microbiome research, this book bid to pro-
vide, first, a look into key players of the gut microbiota found in food from breast 
milk to dairy, meats and vegetables, to a revision of methods to generate efficacious 
probiotics. Then, we approached the oral microbiota as the host-microbe ecosystem 
that selects which bacteria will progress into the gastrointestinal tract, highlighting 
the importance of oral health for the overall health of the host. Finally, the third part 
of the book focused on age and the gut microbiome, how the consumption of foods 
with high microbial loads may lead to temporary changes in microbial diversity, to 
end on what is commonly known now as “the diseases of the Western civilization” 
and the potential to modulate the gut microbiota for a more resilient microbial popu-
lation. Hence, what do we know now that we did not know 10 years ago?
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It will be well for the unscientific reader to understand 
distinctly that Professor Metchnikoff does not offer a cure for 
old age. Old age is not a disease and cannot be cured; it is an 
accumulation of changes which begin during earliest youth and 
continue throughout the entire life of the individual. To 
overcome old age, either the process or the result of the normal 
life of man would have to be radically changed, and there seems 
little prospect of our ever being able to overthrow the natural 
course of individual development. On the other hand, we may 
reasonable hope, by improving the health of the individual, to 
prolong life.
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 Who Are the Gut Bacterial Key Players and Where Do 
We Get Them from?

The most equilibrated and complete source of nutrition for the human infant and its 
associated microbiota is, without argument, breast milk. As pointed out by Dr. 
Collado and collaborators in the first chapter of this book, all national and interna-
tional organizations focused on health, infancy, paediatrics, nutrition and epidemiol-
ogy recommend exclusive breast-feeding during at least the first 6 months of life, and 
breastfeeding supplemented with solid foods up to year two or beyond (Horta and 
Victora 2013). Although exciting new research has demonstrated the contribution of 
other environmental influences (like mode of delivery) to the healthy establishment 
of baby’s gut microbiota and beyond, breast milk is the main source of health-asso-
ciated microorganisms (bifidobacteria) that will dominate the infants’ gut during the 
first year of life, plus the prebiotic human milk oligosaccharides (HMOs) intended to 
support the establishment of beneficial bacteria in the gastrointestinal tract. Later, 
solid foods will expose baby’s gut to a whole new world of microbes.

Dr. Requena in the chapter “Fermented Dairy Products”, speculates that “because 
humans have consumed fermented foods since ancient times, the human gastroin-
testinal tract adapted to a constant supply of live bacteria on a nearly daily basis. In 
fact, many of the microbial species found in fermented foods are either identical to 
or share physiological traits with species known to promote gastrointestinal health”. 
She emphasizes the exploration not only of the microbiota in fermented dairy prod-
ucts, but also the bacterial bioactive components that enrich those products, being 
one example the yeast S. cerevisiae, used as starter in kefir or koumiss, which is a 
folate producer. Another example of bacterial metabolites in fermented dairy prod-
ucts is gamma-aminobutyric acid (GABA), a major inhibitory neurotransmitter in 
the adult mammalian brain, generated by lactic acid bacteria that encode glutamate 
decarboxylases, which in the bacteria, act as a resistance mechanism against acid 
stress. As nicely described by the chapters “Fermented Dairy Products”, “Meat and 
Meat Products”, and “Fermented Vegetables as Vectors for Relocation of Microbial 
Diversity from the Environment to the Human Gut”, the indigenous microbiota 
associated to dairy, meats, and vegetables is diverse and normally established in 
their original habitat in symbiotic or commensal relationships. For example, species 
of Bacillus help cucumber plants to scavenge and fix nitrogen converting gas into a 
solid and usable form. Bacillus, Enterobacteriaceae and lactic acid bacteria also 
assist with phosphate solubilization through the production of organic acids or 
phosphatases. Furthermore, Enterobacteriaceae and Pseudomonas can produce 
auxin, a plant growth hormone, and siderophores to chelate iron (Khalaf and Raizada 
2016). The plant-associated microbiota is essential for the host, to the point where 
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scientists have speculated that it may be transmitted by seeds and conserved for 
future generations to secure the symbiotic relationship between plants and their 
microbiomes. Important points are made by Dr. Perez-Diaz in the  chapter 
“Fermented Vegetables as Vectors for Relocation of Microbial Diversity from the 
Environment to the Human Gut”. For example, that starter cultures in vegetable 
fermentations eliminate or reduce biodiversity selecting for those microbes that can 
tolerate a number of stresses associated with the specific habitat. Lowering salt 
content and adding a more diverse starter could increase diversity of the end prod-
uct; however, is this really desirable at the risk of shortening shelf life by increasing 
the risk of spoilage or adverse effects? In other words, how can we improve current 
food processing practices for a better gut microbiome health, preserving nutritional 
properties and enhancing healthy bacteria? Dr. Bruno-Barcena in the  chapter 
“Production and Conservation of Starter Cultures: From “Backslopping” to 
Controlled Fermentations” takes us back to the origin of fermentation, which 
extended the life of dairy, meats and vegetables by bio-transforming them into new, 
enriched products. Trial and error practices led then to artisanal fermentations, 
which were aggressively restricted when humanity declared the war on microbes. 
The rise on chronic diseases as well as consumer preferences of new generations are 
leading us back to traditional, but controlled, fermentation practices seeking the 
equilibrium between food nutrition/taste and safety.

 Oral Health Is Essential for Gut Health

The oral microbiome is the second most diverse ecosystem in the human body, after 
the colon. The mouth can (and should) be considered a complex macro ecosystem 
in which teeth, gingiva, tongue and the other oral surfaces act as differentiated 
microecosystems, each with a characteristic microbiome. The most diverse of these 
microecosystems is the non-shedding surface of teeth, which provide the conditions 
for establishment of biofilms. Oral biofilms can be composed of over 700 species, 
where streptococcal species become the first colonizers able to bind tooth surfaces 
and promote arrival of secondary colonizers like Actinomyces naeslundii and 
Fusobacterium nucleatum. Although the superficial epithelial surfaces of the mouth 
are continually shedding, the oral mucosa is constantly populated with microorgan-
isms; however, the cellular turnover and the efficiency of the washing action of 
saliva result in a limited microbial colonization and low diversity communities. In 
following with the theme of this book, saliva is the most relevant ecosystem of the 
oral habitat as it provides the vehicle for the delivery of nutrients and microbes into 
the gastrointestinal tract. Although it has no indigenous microbiota, whole saliva 
can contain up to 108 colony forming units per mL of cultivable bacteria, most of 
which are also found in the oral mucosa. Saliva has important roles in biofilm for-
mation and colonization of the oral mucosa. It also delivers antimicrobial molecules 
like secretory IgA antibodies, lactoferrin, lysozyme, salivary peroxidase, cationic 
peptides, proline-rich proteins, defensins, mucins and the salivary agglutinin GP340. 
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Salivary glands secrete an average of 1–1.5 L in healthy human individuals leading 
us to conclude that, in addition to shaping the composition of the oral microbiome, 
saliva and its microbial passengers influence establishment and adult composition 
of the gut microbiome.

As with the gut, birth is the single, most important event in shaping the oral 
microbiota. In fact, as detailed by Drs. Ribeiro and Roland in the  chapter 
“Introduction to the Oral Cavity”, there are significant differences in the oral micro-
biome composition of babies delivered by C-section compared to vaginally deliv-
ered infants at 3 months of age. Breastfeeding will then maintain an oral microbiota 
rich in lactobacilli, which will change with eruption and loss of primary teeth as 
well as with dietary changes. Healthy establishment and stabilization of the micro-
biota around year 3 of life leads to a symbiotic balance, where established commen-
sals prevent pathogen colonization while contributing to overall host health. 
Unfavorable dietary and/or oral hygiene habits lead to a dysbiotic, and hence vul-
nerable, community, eventually resulting in prevalent diseases including dental car-
ies and periodontal diseases like gingivitis and periodontitis.

Links between oral diseases and systemic chronic diseases including cardiovascu-
lar disease, stroke, abnormal pregnancy outcomes, diabetes, aspiration pneumonia, 
cancers and Alzheimer’s disease, have been identified in a number of studies. In fact, 
research studies connected maternal periodontal disease with adverse pregnancy out-
comes, including preterm delivery, preeclampsia, and low birth weight. Interventional 
studies however failed to demonstrate that treatment of periodontitis reduced the inci-
dence of preterm birth or low birth weight. It is clear that the concept of dysbiosis of 
the oral microbiota and systemic effects is new; therefore, further studies will provide 
a better understanding of how this imbalance can be related to human diseases.

The connection between oral health and diet was recognized at least in the 1920s. 
The omics tools available today, like sequencing of microbial DNA, demonstrated 
how drastically changes in human dietary patterns impacted diversity of the oral 
microbiome, paralleling the effect on the gut microbiota. Sequencing data from 
calcified dental plaque of Mesolithic to medieval humans showed that the oral 
microbiome of individuals who lived in early farming communities were much less 
diverse than those of hunter-gatherers, harboring more groups linked to periodontal 
diseases (Fig. 1).

Complex hunter-gatherers as well as humans that turned to agriculture for suste-
nance, and later to modern starch- and sugar-rich diets, went through dramatic 
changes in the composition of their oral microbiome. It is interesting, however, that 
Pleistocene hunter-gatherers from North Africa had a very high prevalence of caries 
(51.2% of teeth in adult dentitions), comparable to modern industrialized popula-
tions with a diet high in refined sugars and processed cereals, due to their reliance 
on wild plants rich in fermentable carbohydrates and changes in food processing, 
which caused an early change toward a disease-associated oral microbiota 
(Humphrey et al. 2014). We can conclude then that, despite a current diet rich in 
simple carbohydrates, hygiene and dentistry practices counteract an environment 
conducive to caries, leading however to an oral macro ecosystem that is different 
from that of our ancestors whose diet was rich in fibrous foods.
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 Are Diversity and Resilience the Key to a Healthy Gut 
Microbiota?

Proper establishment of beneficial and commensal microbes supports nutrient 
absorption, pathogen exclusion and maturation of baby’s immune and nervous sys-
tem. Interruption of this natural process has lifelong consequences as highlighted by 
recent research and throughout this book. As remarked by Dr. Thompson in 
the chapter “Early Gut Microbiome: A Good Start in Nutrition and Growth May 
Have Lifelong Lasting Consequences”, “since initial colonization may shape final 
adult colonization, disturbances during this period may alter growth, contribute to 
the development of immune disorders, such as allergy and infectious disease, and 
metabolic conditions, like obesity and diabetes, and, potentially, shape brain devel-
opment, with effects on developmental disorders and cognitive function”.

Once microbial communities are established (around 3  years of age), the gut 
microbiome of adults is host-specific and unique to each individual. Conversely, 
functionality is well conserved across subjects. The evolutive meaning of this is 
under debate. Clearly, environmental factors impose selective pressures on the host 
which in turn affect its microbiota. Thus, selecting for a function or a genetic trait 
rather than specific taxa is advantageous for the host. However, recent evolutionary 
theories may need to be reformulated or expanded to consider adaptation of the 
holobiont (the host plus its associated microbiota) as a unit (Huitzil et al. 2018).

Dr. Zoetendal in chapter the “We Are What We Eat”: How Diet Impacts the Gut 
Microbiota in Adulthood” details how long-term diets can shape gut microbial compo-
sition in contrast to short-term dietary changes, which have in general a minor impact 
on microbial composition, but may change overall activity patterns. In the adult micro-
biome, adequate support of diversity imparts the resilience to buffer against dysbiosis, 

Host-Associated Microbial 
Diversity

Industrial 
Revolution 

Modern Era 

Contemporary Era 

Infectious Diseases

Chronic Diseases

Neolithic Era
Agriculture

Caries
Periodontal Diseases
Inflammatory Bowel Diseases
Asthma
Allergies…

Fig. 1 Dramatic shifts introduced into the human culture and lifestyle led to loss of diversity of 
the host-associated microbiome. The loss of diversity was exacerbated in the second half of the 
twentieth century by consumption of the Western diet, characterized by low fiber and high levels 
of refined carbohydrates. While antibiotic use and sanitation practices resulted in a reduction of the 
prevalence of infectious diseases, they also led to the increased prevalence of chronic and autoim-
mune conditions
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transient changes in intestinal permeability, inflammation, pre- disposition to illness 
and infection and psychological imbalances. The most important factor with a clear 
impact on the gut microbiome of healthy individuals are fiber and, within fibers, those 
considered prebiotics. This has been recognized by numerous studies comparing our 
current Western diet (high in sugar and fat, but low in fiber) with fiber-rich diets. The 
observations that long-term adaptation to a Western diet over generations may have 
resulted in progressive loss of gut microbial species, and that diversity probably cannot 
be fully recovered by the reintroduction of traditional diets (Sonnenburg et al. 2016) 
suggest that improvement of our current microbiomes will most likely take generations 
of conscious, healthy eating. More importantly, the consequences of dietary long-terms 
patterns directly affect how individuals age.

Extensive research has demonstrated that the aging gut is characterized by a com-
promised barrier integrity, which is thought to allow the translocation of bacteria and 
bacterial metabolites into circulation from the gut lumen, and chronic, low- level 
inflammation or ‘inflammaging’. As highlighted by Dr. Ja, the aging gut microbiota 
is characterized by a declining diversity and the over representation of bacterial taxa 
that could be considered pathogenic (like Enterobacteria) while butyrate producers 
are in reduced numbers. Although the general features of the aging gut holobiome 
have been confirmed by several studies, a causal relationship is not clear. Different 
lifestyles and life events like changes in diet, medications, frailty and residency sta-
tus, have such an impact that the emerging features of the host- microbiota system are 
difficult to compile. Although research implies that life-long dietary patterns and 
lifestyle condition gut aging, the human life span limits longitudinal studies, which 
can only be undertaken in animal models like Caenorhabditis elegans.

Studies of the gut microbiome at every age have identified critical life events or 
choices that will have a long-term impact (for example, breastfeeding), which define 
essential windows of modulation. As nature exemplifies in breast milk, beneficial 
bacteria plus prebiotics, will greatly contribute to a healthy microbiota in infants. 
We can speculate that adult and elderly populations benefit from this approach as 
increasing number of studies show the effects of probiotics on composition, func-
tionality, and disease or disease prevention, even if the need for probiotic coloniza-
tion of the gut is under debate. Similarly, prebiotics and fiber-rich diets have known 
beneficial effects.

The logical follow up question to this book is, what actions can we take at each 
age and life stage to establish and maintain a healthy gut microbiota? Figure 2 pres-
ents a very simplified view of the characteristics of the gut microbiome at different 
ages. One commonality of the healthy microbiome, as emphasized by Dr. Salvucci 
in the chapter “The Disappearing Microbiota: Diseases of the Western Civilization”, 
is the biodiversity status of the microbiota that will ensure the optimal functionality 
of the system at every age, therefore, should we attempt to increase gut microbiota 
diversity? If so, how do we promote healthy diversity in the gut microbiota?

As biologists, we have to acknowledge variations that complicate a clear catego-
rization of individuals (although attempts to do this have been carried out, for exam-
ple by classifying specific microbiome configurations as enterotypes (Arumugam 
et al. 2011; Wu et al. 2011). The fluidity of these differences makes essential to 
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identify treatment-specific signature microbes that can predict host physiological 
responses and efficacy. For example, a high percent of lactose intolerant individuals 
responded to treatment with lactose-free prebiotics, which act via modulation of the 
gut microbiota increasing lactose-metabolizing bacteria (Azcarate-Peril et al. 2017); 
however, some individuals did not. Elucidating the factors that contribute to the 
responder and non-responder phenotypes is the first step to increasing efficacy of 
modulatory treatments of the gut microbiota.

Overall, the association between hosts and their microbiotas and the intersection-
ality between systems is complex and fascinating. It is also very fragile as demon-
strated by the impacts that “hits” like disease conditions, antibiotic treatments, and 
lifestyle can have in one system (the gut) that will then cascade into others (the 
host’s overall health). Although immense progress has been made, the study of such 
systems and their connections is still in its infancy. Advancement will depend on 
education of the consumer on the best approaches to maintain health as well as 
policy makers to regulate food industries and labeling.
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