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Preface

Gut microbes play a vital role in regulating human health and conduct a multitude of phys‐
iological and biochemical reactions with metabolic entities that play a key role in nutrition
exchange between mammalian hosts and their intestinal microorganisms. The intestinal eco‐
system is shaped by interactions between intra- and interspecies communications, which
elucidate its roles in human health. The use of culture-independent methods for studying
host-associated microbial communities could prove invaluable in the expansion of our cur‐
rent knowledge. Next-generation sequence (NGS) targeting of the 16S rRNA gene allows
comprehensive clarification of the sampled bacterial community and their associated move‐
ment with migratory humans and animals. The application of NGS will lead to a better un‐
derstanding of the whole picture of bacterial communities in migratory birds. Narrowing
down the target bacteria using NGS will enable us to identify unknown pathogens or reveal
the potential migration status of known pathogens that have not been noticed so far due to
methodological constraints.

This renaissance in host-associated microbial ecology is spurred by advances in metagenom‐
ics tools. As never before, these tools collect massive amounts of information through func‐
tional and phylogenetic profiling of microbial isolates and complete microbial communities.
Metagenomics tools have a huge potential to describe the diversity of microbiomes in gut
microflora and most importantly directly in infectious samples. With rapid improvement in
genomic sequencing techniques, the overall metagenomics approach is valuable for the dis‐
covery of new viruses, novel genes, and new pathways, and the surveillance of pathogens,
host–virus interaction, and functional studies. The leads obtained through this exercise may
have great impact on early diagnosis and treatment.

A healthy human body functions in sync with a wide array of gut microbes collectively
known as the human gut microbiome. By conducting community composition investiga‐
tions in parallel with functional investigations (e.g., drug resistance), these methods will
lead to an understanding of the mechanisms by which multidrug-resistant bacteria spread
around the world, which are essential in our daily life such as in food metabolism. Various
illnesses, including colon cancer, autism, obesity, and autoimmune diseases, have been
linked to imbalanced gut microbiota. However, antibiotics are indispensable drugs, al‐
though administration of antibiotics in humans as well as in animals has shown to increase
antibiotic resistance genes (ARGs) in the gut microbiome.

In addition, numerous studies have consistently shown that the gut microbiome is unique to
each individual. Hence, depth of knowledge on the gut microbiota community and the fac‐
tors responsible for the shaping and spreading of ARGs are essential. This would in turn
enable the development of custom-tailored food and drugs in the future. Hence, the book
will give more precise information on gut microbes, which are associated in host organisms.

Ranjith N. Kumavath
Department of Genomic Science

Central University of Kerala, India
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Abstract

A healthy human body functions in sync with a wide array of gut microbes collectively 
known as human gut microbiome. They complement in a number of functions which are 
essential in our daily life such as in food metabolism. Various illnesses including colon cancer, 
autism, obesity, and autoimmune diseases have been linked to an imbalanced gut microbi-
ota. Antibiotics are indispensable drug; however, the administration of antibiotics in humans 
as well as in animal farms has shown to increase antimicrobial resistance genes (ARGs) in 
gut microbiome. This is of serious concern since the commensals in gut microbiome could 
capture ARGs through horizontal gene transfer which in turn could cause postsurgical infec-
tions. In addition, numerous studies have consistently shown that the gut microbiome is 
unique to each individual. Hence, in-depth knowledge on the gut microbiota community 
and the factor responsible for shaping and spreading of ARGs is essential. This would in 
turn enable the development of custom-tailored personalized food and drugs in the future.

Keywords: metagenomics, gut microbiome, antimicrobial resistance genes (ARGs) and 
gut resistome

1. Introduction

1.1. The gut microbiome and its significance

The human gut microbiome, also known as “second genome” [1], hosts over 100 trillion 
microorganisms [2] collectively covering over 150 folds more unique genes than the host [3, 
4]. Several projects such as the Human Microbiome Project, MyNewGut, and Meta-HIT have 
been initiated with the aim to understand the entirety and the functional potential of gut 
microbiome and to find possible strategies to benefit the host though the alteration of gut 
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distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 1

Metagenomics of Antimicrobial Resistance in Gut
Microbiome

Madangchanok Imchen and Ranjith Kumavath

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76214

Provisional chapter

DOI: 10.5772/intechopen.76214

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Metagenomics of Antimicrobial Resistance in Gut 
Microbiome

Madangchanok Imchen and Ranjith Kumavath

Additional information is available at the end of the chapter

Abstract

A healthy human body functions in sync with a wide array of gut microbes collectively 
known as human gut microbiome. They complement in a number of functions which are 
essential in our daily life such as in food metabolism. Various illnesses including colon cancer, 
autism, obesity, and autoimmune diseases have been linked to an imbalanced gut microbi-
ota. Antibiotics are indispensable drug; however, the administration of antibiotics in humans 
as well as in animal farms has shown to increase antimicrobial resistance genes (ARGs) in 
gut microbiome. This is of serious concern since the commensals in gut microbiome could 
capture ARGs through horizontal gene transfer which in turn could cause postsurgical infec-
tions. In addition, numerous studies have consistently shown that the gut microbiome is 
unique to each individual. Hence, in-depth knowledge on the gut microbiota community 
and the factor responsible for shaping and spreading of ARGs is essential. This would in 
turn enable the development of custom-tailored personalized food and drugs in the future.

Keywords: metagenomics, gut microbiome, antimicrobial resistance genes (ARGs) and 
gut resistome

1. Introduction

1.1. The gut microbiome and its significance

The human gut microbiome, also known as “second genome” [1], hosts over 100 trillion 
microorganisms [2] collectively covering over 150 folds more unique genes than the host [3, 
4]. Several projects such as the Human Microbiome Project, MyNewGut, and Meta-HIT have 
been initiated with the aim to understand the entirety and the functional potential of gut 
microbiome and to find possible strategies to benefit the host though the alteration of gut 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



microbiome [5]. The gut microbiome has been linked to various functions, some of which are 
discussed subsequently.

1.1.1. Gut microbiome is a necessary digestive “organ”

The gut microbiome is also considered as a “metabolically active organ” [6]. The distal human 
intestine is an anaerobic bioreactor consisting of numerous microbes having the ability to 
degrade and harvest nutrients which are otherwise inaccessible to the host [7]. In return, the 
host provides the raw materials and shelter to the microbiome. In this way, the host is relieved 
of various genotypic attributes which the microbiome complements. Studies have shown that 
the microbiome coevolved with us by having a mutualistic association [8]. It would seem that 
the microbiome might compete with the host for food and nutrients. However, conventional 
animals require 30% more calorie intake than the germfree counterparts in order to maintain 
the same body weight, implying that the microbiome actually aid in the host metabolism [9, 10].

1.1.2. Personalized gut microbiome

The gut microbiome, similar to fingerprint, has its own unique signature for every individual 
which is, however, very dynamic [11, 12]. The changes in the microbiota, also called dysbio-
sis, have also been associated to several health issues [13]. This has led to the possibility of 
personalized medicine and diet tailored uniquely for every individual depending on his/her 
unique microbiome [14].

1.1.3. The gut-microbiome-brain connection

Alterations in gut microbiota have also been linked to autism spectrum disorder (ASD) and 
gut-microbiome-brain connection. Maternal immune activation (MIA) mouse exhibits similar 
symptoms to ASD such as neurodevelopmental disorders, dysbiosis, alterations in gastroin-
testinal (GI), and serum metabolites [15–18]. Such MIA mouse when treated with Bacteroides 
fragilis improves intestinal permeability, tight junction proteins, and colon cytokines IL-6 
which is required by the MIA offspring for the development of behavioral deficits [9, 19]. 
Precursor 4-ethylphenol (4EP) found in MIA mice have also been shown to increase anxiety-
like behavior in naïve mice. 4EP is produced by several species of Clostridium which are also 
abundant in MIA mice. Treatment with B. fragilis resorts the 4EP level in MIA further support-
ing the role of microbiota in behavioral development [9].

1.2. Types of ARGs in gut microbiome resistome

The gut microbiome resistome can be broadly classified into intrinsic and mobile resis-
tance genes [20]. As the name suggests, intrinsic resistance genes are non-mobile resistance 
genes which are inherited and render tolerance to a particular drug without prior exposure. 
Although less mobile, there are possibilities of intrinsic resistance genes getting captured into 
mobile genetic elements (MGEs). Such events would turn it into mobile-resistant genes. Hence, 
studying such intrinsic resistance would provide knowledge on the mechanism and the pos-
sible treatment to tackle in case of outbreaks [20]. On the other hand, mobile resistomes are 
the resistance genes which are encoded in the highly mobile mobile genetic elements (MGE). 

Metagenomics for Gut Microbes4

Mobile genetic elements include plasmids, transposons, integrons, integrative conjugative 
elements, genomic islands, and phages [20–25]. Resistance genes can get accumulated into a 
particular segment of DNA forming a special genomic island encoding multiple antimicrobial 
resistance genes (ARGs) called resistance islands (RIs). For instance, Acinetobacter baumannii 
Resistance Island of 86 kb is the largest known RI harboring 45 ARGs [26]. Resistance genes 
encode for proteins that render the microbe resistance to various antibiotics (Figure 1).

1.3. Factors that shape and spread gut microbiome ARGs

It is essential to understand the factors that shape and spread ARGs in the gut microbiome 
since gut microbiota regulates the human body in a diverse way, many of which are yet to 

Figure 1. Antibiotic resistance mechanisms: They are broadly classified into four types: (A) the influx of the antibiotics 
is disabled into the cell, (B) the antibiotics that manage to get into the cell is pumped out by active efflux pumps, (C) the 
target site for antibiotic in the cell is modified so that the antibiotic cannot bind, and (D) the antibiotics that enters the 
cells are degraded by the cell machinery.
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be known. It is indeed an important part of our body as discussed earlier which need special 
attention. However, the human gut microbiome is exposed to every food and drugs we con-
sume. The microbiota is, therefore, reflected by the dynamic nature it faces. Cataloging ARGs 
in gut microbiome is essential in order to study and determine the source and the possible 
measure to tackle the problem.

1.3.1. Horizontal gene transfer through mobile genetic elements

Mobile genetic elements (MGEs) are transferred between microbes through horizontal gene 
transfer (HGT) involving conjugation, transduction, and transformation. Transformation is 
the capturing of naked DNA from the environment into the microbe. If the naked DNA has 
ARG encoded in it, the microbe taking up the naked DNA would gain resistance owning to the 
resistant gene encoded in the naked DNA. However, such events are found to be considerably 
rare in the mammalian gut [27]. Hence, comparatively, conjugation and transduction seem to 
have a higher impact in ARG horizontal gene transfer [28]. Conjugation involves the formation 
of mating bridge though which the ARGs are transferred from the donor to the recipient cell. 
Bacterial HGTs are more common among the same phylogenetic taxa [29]. ARG transfer was 
boosted between the commensal Escherichia coli and other pathogens during gut inflammation 
[30]. However, ARG transfer through conjugation was significantly reduced between E. coli 
strains in the healthy human gut since the intestinal epithelial cells produce a proteinaceous 
compound [28, 31] which could interfere with the conjugative process. In transduction, the 
ARG is encoded in the bacteriophages which get incorporated into the host once the bacterio-
phages invade a bacterium. It is postulated that transduction could be a major player in gut 
resistome [32] since the amount of phages and bacteria is equivalent in the intestinal tract [33, 
34]. This is supported by the work of Goren et al. [35] showing that the phages isolated from 
antibiotic-treated mice when inoculated to aerobic microbiota culture showed higher ARG 
isolates when compared to culture which was treated with non-antibiotic-treated mice.

1.3.2. Gut resistome and antibiotic usage in farm animals

In the United States, nearly 80% of the antibiotics produced is used up in animal farm for 
treatment purposes [36]. As a result, the gut microbiome of farm animals is highly enriched 
in ARGs due to regular antibiotics treatment [37, 38]. ARGs enrichment up to 28,000 folds, 
including numerous unique ARGs, were detected in Chinese Swine farm [38] having efflux 
pumps, antibiotic deactivation, and cellular protection resistance mechanism. However, anti-
biotic-free organic pig guts were also found to harbor novel genes encoding resistance to the 
tetracyclines which were associated with putative mobile genetic elements [39]. Tetracycline 
resistance gene had the highest ratio of total ARGs according to a large-scale human gut 
microbiome analysis within the population from Denmark, Spain, and China. The study sug-
gests the possibility of tetracycline resistance gene being transferred from animals since tetra-
cyclines were highly used in animal farms [40, 41]. Subjects from country with comparatively 
tighter policies on antibiotic usages in humans and animals have considerably lesser ARG 
levels [42]. In addition, the antibiotic resistance genes revealed signature clustering of Chinese 
samples separate from other European countries thought single nucleotide polymorphisms 
(SNPs) analysis [41]. An independent study [43] on another population further supports this 
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idea of ARG signature. The country-wise signature patterns could be linked to different poli-
cies adapted in different countries [28].

1.3.3. Travelers and migratory birds spread ARGs

ARGs can also spread through traveling. In a study involving Swedish students exchange 
programs to India or Central Africa, the level of sulfonamide, trimethoprim, and beta-lactams 
were increased after the completion of the exchange programs [44]. The spread of ARGs can 
also be affected widely by migratory birds, which fly long distances [45].

1.3.4. Antibiotic therapy enriches ARGs

Gut microbiome is a reservoir of ARGs which can indirectly pass the ARGs into the environ-
ment. The application of antibiotics has been largely linked to increase in ARGs. Resistance to 
aminoglycosides was found to increase after admitting to intensive care unit (ICU) [46]. ARGs 
were also found to increase on patients after treatment with antibiotics [47]. Studies on large-
scale human gut samples from 10 different countries have shown that the ARGs in gut micro-
biome are highly influenced by the antibiotic usage and food products [48] while other factors 
such as age, sex, body mass index (BMI), and health status did not show significant contribu-
tion to ARGs level. The administration of cephalosporin, cefprozil, increased Lachnoclostridium 
bolteae in 16 out of 18 participants, as revealed from a study by Raymond et al. [49]. It also 
increased opportunistic pathogen Enterobacter cloacae in those participants whose initial micro-
biome diversity was comparatively lower. The treatment also enriched ARGs which were 
undetectable before the treatment. The alternation in the microbiome was specific to each 
subject, however, in a specific and reproducible manner. The authors, Raymond et al. [49], 
hypothesized that the initial analysis of microbiome before the treatment of antibiotics could 
bypass adverse effects during and after the antibiotic treatments. Nonetheless, the reduction 
of ARGs was seen in some studies when combinatorial antibiotic treatment was administrated 
[28, 46, 47]. This could happen when the resistant microbe is susceptible to another antibiotic 
when given in combination [28]. The application of antibiotic treatment, in addition to altera-
tion of gut microbiome, can also cause long-term persistence of the ARGs in the gut microbiota 
[50]. Hence, alternative approach to antibiotic therapy is of urgent need to avoid undesirable 
effects to the microbiota. Alternative therapies such as probiotic intervention, vaccination, and 
bacteriotherapy [51–54] have been developed. However, such alternative strategies are still at 
infancy stage; hence, focus on such strategies have to be encouraged.

1.4. Gut microbiome ARGs

Human gut microbiota is a home to numerous commensals, microbes that derive benefit from 
the host without causing harm. However, such commensals can acquire ARGs from microbes 
that are merely passing through the gut which can cause serious postsurgical infections [20]. 
In addition, disruption in the composition of gut microbiome in animal models has shown 
to cause non-communicable diseases (NCDs) such as colon cancer, autism, obesity, and auto-
immune diseases [55, 56]. Salyers et al. [57] proposed the concept of ARGs in human gut 
microbiome. Since then, the technological advancement in high-throughput robotic screening 
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and next-generation-sequencing (NGS) technologies in the last decade has pushed the gut 
microbiota research into full swing [20].

1.4.1. The infants’ gut resistome

The infant microbiota is highly dynamic and susceptible to antibiotics [58]. The disruption of 
microbiota at such stage could have significant ill effects throughout life by interfering with 
the metabolic and immune system [59]. The infant microbiota development is linked to vari-
ous factors such as the host genetic makeup, nutrition, and environment [60–62]. The micro-
biota of a new born baby, even without antibiotic treatment, harbors a diverse resistance gene 
in their resistome [63, 64]. However, antibiotic treatments increase the abundance of patho-
genic Enterobacteriaceae and lower healthy microbiota such as Bifidobacteriaceae, Bacilli, and 
Lactobacillales spp. [59, 65–67]. It is believed that the Lactobacillus and Bifidobacterium spp. are 
originated from maternal microbiome which is an essential component for the development of 
infant gut microbiome [62, 68]. The treatment of L. acidophilus and Bifidobacterium as probiotics 
in low birthweight infants increases the daily weight gain and recedes morbidity [69, 70], pos-
sibly by promoting the healthy gut microbiome and intestinal epithelial layer [58, 71]. The two 
modes of delivery, vaginally and C-section, can also distinctly affect an infant’s microbiota in 
the first year after delivery. Vaginally delivered infants harbor comparatively higher resem-
blance to mother’s microbiota [72]. Microbes such as Bacteroides and Bifidobacterium are less 
frequent in C-section-delivered infants; however, an increased frequency of bacteria is asso-
ciated to oral and skin [73]. Studies have also found that the microbiota of a 2-month infant 
and their mother shares distinction in resistome which includes broad-spectrum beta-lactam 
antibiotics to be found only in the infants [74]. In fact, comparison between infant and their 
mother to an unrelated infant showed no significant difference [74]. It is proposed that the host 
genetic makeup and the environmental factors could play a role in the shaping resistome [74]. 
Infant microbiota shapes into an adult-like by increasing the alpha diversity while reducing 
the beta diversity which continues until the age of 3 [60]. Maturation of the infant microbiota 
is also driven by the feeding habit. The addition of solid food does not induce the maturation 
of microbiota significantly. However, cessation of breastfeeding enriches the gut microbiota to 
adult-like [72]. Infants with breastfeeding are enriched by Bifidobacterium and Lactobacillus even 
at the age of 1 while infants who no longer breastfeed are enriched with Roseburia, Clostridium, 
and Anaerostipes, which are prevalent in adults. Functionally, polysaccharide-degrading genes 
are enriched only after the cessation of breastfeeding [72]. The microbiota also acquires sig-
nificant essential amino acids, irons, and vitamins genes after 4 months, which are essential 
for normal brain development [9, 75]. Functional metagenomics from healthy infants and 
children isolated three novel ARGs and also demonstrated that the ARG in gut resistome is 
significantly higher than previously estimated [64, 76].

1.4.2. The adult gut resistome

Large-scale metagenomic study of 252 fecal metagenomes samples identified 50 antibiotic 
classes [42]. Tetracycline resistance gene, tetQ, is the most abundant resistance gene in fecal 
samples of Chinese, Danish, and Spanish individuals. In fact, tetracycline resistance genes 
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were the most abundant genes in multiple studies [41, 42]. Although sufficient evidence for 
the diversity and abundance of ARGs have already been shown to light, the numbers could 
still be underestimated since during the annotation of metagenomic data, only those ARGs 
which have been identified and added into the database would yield a positive hit. This 
would exclude all the ARGs which have not yet been identified. For instance, 290 ARGs hav-
ing an average similarity of only 69.5% against the GenBank were isolated using functional 
metagenomics of fecal samples from two healthy individuals [77].

2. Conclusion

Gut microbiome is an essential “organ” without which the host would be deprived of various 
benefits derived from the numerous gut microbes. The benefits range from food metabolism 
to the mental health of the host. Hence, it requires attention as much as any other organ in 
our body. Various studies have, however, noticed the dynamic nature in the compositing and 
diversity of the gut microbiome making it one of the most dynamic “organs” in us. In addi-
tion, the wide application of antibiotic treatment for human as well as animals has enriched 
the gut ARGs. Hence, strict polices has to be implemented in order to maintain a moderate 
antibiotics usage. In addition, the surge in ARGs is a clear indication that the research on anti-
biotic alternative is a necessity for the coming future.
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Abstract

Complex association of human host and pathogenic viruses makes a necessity to under-
stand the overall host and virus interaction network. Identification of virus popula-
tion and its systematic classification will help in understanding the viral association 
with the disease outcome. Metagenomics is a recently developing approach for the 
detection of pathogens in the samples with precise interpretation in a short period of 
time. Metagenomic approaches have been employed for studying the predominance 
or spread of the virus within a particular locality and nature of virus during infection. 
Metagenomics is basically a collective approach of lab-based techniques and in-silico 
methods for identification of pathogenic viruses without culturing them in specific asep-
tic conditions. Lack of unique conserved genes in viruses has made metagenomics study 
difficult in this juncture. Other challenges in the field of metagenomics are like cellular 
DNA contamination, free environmental DNA contamination and continuous evolution 
of viruses. Recent studies have shed light on the advancement of this field in virus iden-
tification and characterization however still needs further investigations to overcome the 
challenges. Current chapter focuses on the application and challenges faced in metage-
nomic analysis of human viral infections.

Keywords: metagenomics, viral metagenomics, gastrointestinal infections, applications 
of metagenomics

1. Viruses

In Latin, the term virus means toxin, virus are obligate intracellular parasites with RNA or DNA 
as a genetic material. They vary in size from ~20 nm to ~1.5 μm and simple machinery. Viruses 
cant able to replicate themselves as they are intracellular parasites and require  susceptible host 
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Abstract

Complex association of human host and pathogenic viruses makes a necessity to under-
stand the overall host and virus interaction network. Identification of virus popula-
tion and its systematic classification will help in understanding the viral association 
with the disease outcome. Metagenomics is a recently developing approach for the 
detection of pathogens in the samples with precise interpretation in a short period of 
time. Metagenomic approaches have been employed for studying the predominance 
or spread of the virus within a particular locality and nature of virus during infection. 
Metagenomics is basically a collective approach of lab-based techniques and in-silico 
methods for identification of pathogenic viruses without culturing them in specific asep-
tic conditions. Lack of unique conserved genes in viruses has made metagenomics study 
difficult in this juncture. Other challenges in the field of metagenomics are like cellular 
DNA contamination, free environmental DNA contamination and continuous evolution 
of viruses. Recent studies have shed light on the advancement of this field in virus iden-
tification and characterization however still needs further investigations to overcome the 
challenges. Current chapter focuses on the application and challenges faced in metage-
nomic analysis of human viral infections.

Keywords: metagenomics, viral metagenomics, gastrointestinal infections, applications 
of metagenomics

1. Viruses

In Latin, the term virus means toxin, virus are obligate intracellular parasites with RNA or DNA 
as a genetic material. They vary in size from ~20 nm to ~1.5 μm and simple machinery. Viruses 
cant able to replicate themselves as they are intracellular parasites and require  susceptible host 
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for their propagation. Extracellular viral particles are noninfectious in nature. They can infect a 
wide range of hosts including plants, bacteria, fungi, algae, protozoa, vertebrate or non-verte-
brate animals. In nature, around 1 × 1031 number of different viruses are present. The number 
itself suggests the diversity of viruses in nature. They play a very important role such as an 
increase in diversity via horizontal gene transfer in hosts, and nutrient recycling [1]. Report 
from Hooda et al. showed the abundance of viruses in nature is around 1000 times more than 
observed via cell culture dependent technique [1, 2]. This suggests the large pool of viruses is 
still unknown, only around 219 pathogenic viruses have been yet identified [2, 3].

2. Role in pathogenesis

Human viruses: More than 200 viruses are known to infect humans and number is increasing 
with time, but the diversity of viruses suggests a huge number of viruses still unknown. In 
humans, yellow fever virus was the first pathogenic virus discovered in 1901. 1900 was the 
era of human virus discovery and most of the common pathogenic viruses studied during 
this time. In current scenario, two out of three infection causing organisms are viruses [4] and 
known to cause a variety of disease ranging from normal acute infections such as common 
cold, flu, and gastroenteritis to deadly diseases such as Hantavirus pulmonary syndrome 
(Huntavirus), AIDS (HIV) ebolavirus disease (ebolavirus). Recent outbreaks of viruses show 
the emergence of previously known viruses with modified virulence properties.

3. Human gut and viral infection

For decades human gut-associated pathogenic viruses are known for many gastrointestinal dis-
eases as gastroenteritis. Following are the main group of viruses has been identified. Rotavirus, 
adenovirus (serotype 40 and 41), astrovirus, calicivirus, norovirus, torovirus, herpesviruses, cox-
sackieviruses, human papillomaviruses [3], Norwalk-like viruses, coronaviruses, picornaviruses, 
Sapporo-like viruses [4, 5]. They infect epithelial cell linings, mucosal linings of the stomach 
and small intestine, a specific portion of epithelium in the intestine. Depending upon the infec-
tion type observed, different samples are used for detection of the infectious agent. In general, 
feces sample used for general microbiological examination during gut-associated infection [6, 7]. 
Apart from feces, gastric biopsy, gastric juice, saliva [8, 9] duodenal fluid, cotton swabs [5] are 
collected. These samples are very essential for diagnosis as they directly contain the pathogen.

4. Methods for diagnosis and virus identification

4.1. Traditional methods

Since viruses are extracellular inert particles they need to be propagated into on susceptible 
host or host cells for their growth. Initially, viruses were cultured in vitro with the help 
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of embryonated eggs or laboratory animals. Discovery of tissue culture technique in the 
1900s provides an indispensable tool for in vitro virus culture. Tissue culture technique 
has been then recognized as a “gold standards” for virus discovery. Major advantages of 
using tissue culture technique for virus identification are an amplification of viruses, char-
acterization of the virus, functional studies, drug targeting, and genome extraction. Due to 
authentic results and sensitivity of the technique, tissue culture-based techniques are still 
in use for virus discovery, as well as immune responses study, altered gene expression and 
characterization of viruses. Successful use of tissue culture technique in virus identification 
depends on crucial steps involved such as collection of a sample from high titer area of 
the body, immediate transport of sample, sample processing and selection of appropriate 
cell line [10]. The major defects of traditional method for virus identification are difficul-
ties in identification of susceptible cell line, time-consuming and laborious in nature [10]. 
Moreover, culture-based virus identification is further succeeded with the evolution of new 
scientific techniques and modification in existing techniques. Shell vials with centrifugation, 
PRE-CFE stain technique, immune-based techniques, e.g., ELISA, agglutination, precipita-
tion, flocculation, microscopy-based techniques, reduced the time of virus identification but 
compromising sensitivity.

4.2. Molecular methods

Gradually field of virology shifted their particles toward molecular biology methods. 
Together, traditional culture-based methods and molecular biology techniques are used hand 
in hand for studying virus associated samples [11]. Broadly molecular biology methods are of 
two types: sequence dependent and sequence independent. Both the methods have proven its 
usefulness; many viruses have been identified using these techniques.

1. Sequence-dependent method: These techniques are most sensitive molecular biology tech-
niques; it can amplify selective DNA from mixed samples [12]. Since the time of discovery 
of PCR, it has opened the door for many other variations of PCR for multiple gene modu-
lations. The basic backbone of molecular biology PCR is, it has been used in several ap-
proaches such as for sequencing of known viruses depending on similarly in sequence in 
DNA or consensus sequence of previously known viruses, RFLP and diagnostic purposes 
[13–16]. Another technique, microarray introduced in 1995, it is used mainly for gene ex-
pression studies, used in gene profiling, usually in infected samples. Two methods have 
been used for discovery of new viruses, taxa, gammaretroviruses and xenotropic murine 
leukemia virus, SARS-CoV are few best examples [17]. The subsequent studies were unable 
to reproduce the earlier results [6, 7].

2. Sequence-independent method: This approach is independent of prior knowledge of vi-
rus genome sequence. Sequence subtractive hybridization and representational difference 
analysis were methods used for detection of gene expression studies and comparison of 
genome sequence repetitively [18]. Use of these methods was helpful for detection of hu-
man herpes simplex virus type 8 (HHV-8) [9, 19], GBV-A, GBV-B virus [20, 21], Tonovirus 
and norovirus [22].
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Another independent approach is (SISPA) sequence-independent single-primer amplifica-
tion circumvents used for detection of the unknown viral sequence by ligation of linker oli-
gonucleotide sequence [23]. Further, it can be used for molecular cloning of viral genome 
for subsequent characterization. This method has been used successfully for the discovery 
of well-known Hepatitis E virus [10, 24] Parvovirus 2 and 3 [24] and Norwalk virus [11]. As 
viruses are devoid of consensus sequences, generally culture-based traditional and molec-
ular biology-sequence-dependent and sequence independent technique are useful for the 
study of limited samples with limited output. Most of the viruses remain unidentified due 
to this reason.

Compared to above techniques metagenomics is the less biased approach. Any type of virus 
with either RNA or DNA as a genome, cultivable or uncultivable or novel viruses can be 
quickly detected. The word metagenomics denotes “transcendent” and “ome” is the all or 
every in Greek collectively means all genomic content. Metagenomics is the study of genetic 
material with the help of advanced genomic research technique’s and computational tools, 
directly from the environmental sample. Metagenomics approach bypasses the need for clas-
sical biochemical laboratory techniques for microbial analysis. With the help of metagenom-
ics, one can investigate all types of genomic contents of a variety of organisms. This technique 
provided an indispensable tool for identification of nonculturable species of microbes. It is 
also used for investigation of known and culturable organisms with great accuracy. Another 
advantage to use this tool is it bypasses the need to isolate and culture individual species 
manually and the thereby it reduces the time required to study while providing more infor-
mation. Initial metagenomics analysis of samples directly from raw environmental samples 
subsequently provides a necessary foundation for further lab-based analysis (Table 1). 
Metagenomics has been used for a variety of purposes, in diverse areas from the time of its 
discovery in 2002 when for the first time this approach was used in the virology field [12, 52].

4.3. Process of metagenomics

Metagenomics tool is a successful tool for surveillance in different environmental condi-
tions such as freshwater, soil, marine water and gut of different organisms (Table 1) Recent 
advances in sequencing technology improved the speed of novel virus discovery and sur-
veillance of environment [13, 53]. In 2000s, increase in literature related to metagenomics 
use in virome study and increase in a number of virus database show the ease of process. 
Recently government organization takes active participation in conducting surveillance pro-
grams [14, 15, 54, 55].

Basically, there are three main steps involved in metagenomics analysis of sample as follows:

1. Sample preparation

2. Sequencing

3. Bioinformatics analysis
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Year of 
study

Sample type Method of sequencing Virus detected Reference

2002 Sea water Sanger’s [12]

2003 Feces Sanger’s [16]

2004 Marine sediments Sanger’s [17]

2005 Blood Sanger’s Novel anellovirus [25]

2005 Plasma SISPA Novel parvoviruses [18]

2005 Nasopharyngeal aspirates Sanger’s Novel bocavirus [26]

2006 Seawater Sanger’s Novel RNA viruses [27]

2006 Feces Sanger’s Plant RNA viruses [28]

2007 Honey bees 454 NGS Israeli acute paralysis virus [29]

2007 Faces, urine, blood rolling circle 
amplification (RCA) 
technique

Novel polyomavirus [30]

2007 Soil Sanger’s Soil metagenomics overview [31]

2007 Virioplankton Sanger’s Virioplankton metagenome [32]

2008 Feces Sanger’s Study of diversity viruses in 
growing infants

[33]

2008 Feces Sanger’s Novel picobirnavirus, 
picornavirus, norovirus and 
anellovirus, picornavirus, 
norovirus, picobirnavirus

[34]

2008 Turkey feces 454NGS Novel bornavirus [35]

2008 Hotspring water Sanger’s Novel viruses in hot springs [36]

2008 Bush kuru rat 454NGS Novel arenavirus [37]

2008 Insect pool, skunk brain, 
human feces, sewer effluent

454NGS Orthoreovirus and orbirus [38]

2008 SISPA Novel paralysis virus [39]

2009 plasma, liver biopsy 454NGS Novel LUJO virus [40]

2009 grapevine 454NGS Novel marafivirus [41]

2009 plant 454NGS Novel cucumovirus [41]

2009 potable, reclaimed water 454NGS Several animal and plant viruses [42]

2009 Sea lion lungs Sanger’s Novel California sea lion 
anellovirus

[43]

2009 Sea turtle swabs/tissues 454NGS Novel sea turtle fibropapilloma 
virus

[43]

2009 Ant Sanger’s Solenopsis invicta virus [44]

2009 Feces 454NGS Klassevirus [45]

2009 Plant Sanger’s Sweet potatoes badnavirus and 
mastrevirus

[46]

2010 Brain 454NGS Astrovirus [45]

2010 Feces 454NGS Novel chimpanzee associated 
circular virus

[47]

2010 Mosquitoes 454NGS Novel mycovirus [48]
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1. Sample preparation and processing: Since in metagenomics any type of sample can be 
analyzed with some pretreatment (or enrichment methods). However, for analysis of gut-
associated virome collection of the different sample is done from different parts of the 
human gastrointestinal region. For accurate results, sample collection, proper handling, 
transportation, stage of the sample is very crucial. There are many standard protocols 
available for collection of different samples to laboratory and its storage techniques [37]. 
Different protocols are used for fluid sample and for tissue samples. The tissue sample is 
generally homogenized in autoclaved saline and collected supernatant filtered through 
0.8, 0.45 and 0.2 μm filters, this serial filtration procedure is used to separate larger parti-
cles and bacteria from viruses. See Figure 1.

There are different types of sample processing methods used earlier for extraction of viral 
genomic material [16, 56–58]. Based on studies done by many groups [56, 58–60], a frame-
work designed by Shah et al. in 2014. A comparative analysis of three widely used sam-
ple processing methods for gut-associated RNA virome was done. The second processing 
method used in the separation of virus partials and DNA preparation gave good results. In 
that method, PEG treatment and ultracentrifugation steps are spatially separated by sonica-
tion step in PBS buffer to remove remnants of PEG. In this method based on bioinformatics 

Sample prepara�on

High through put
sequencing 

Data
analysis

Homogenize the sample

Centrifuge to remove debris

Filter sequentially through 0.8,0.45, 
0.22μm filter

PEG / Ultracentrifugation treatment

Extraction of nucleic acids from 
viral particles 

Amplification of nucleic acids if 
needed

Figure 1. Overview of general procedure of metagenomics.

Year of 
study

Sample type Method of sequencing Virus detected Reference

2011 Plasma 454NGS Novel simian hemorrhagic fever 
virus

[49]

2011 Feces 454NGS Many novel species in pig: 
astrovirus, bocavirus

[50]

2011 Liver, pancreas, intestine 
biopsy

454NGS Novel turkey hepatitis virus [51]

Table 1. Viruses discovered with metagenomics approach.
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tools, like riboPicker tool version and blast of viral RNA sequence showed more number of 
virus domains present in the sample which were processed via the second method, while 
other methods showed more cellular noise [19].

2. Sequencing: The rate of metagenomics study was slow during Sanger sequencing when 
around 2005 other methods are yet to be evolved, Sangers sequencing was in use. Many stud-
ies in this period showed abundant diversity in viruses, analysis of human clinical samples 
also showed plenty of diversity, while speed of viral genome sequencing is increased several 
times during pyrosequencing. New viral communities of human and animals have been iden-
tified during this period. Some important discoveries are as follows: Astrovirus [21], Rhab-
dovirus [22], Coronavirus [23], Picornavirus [24], gammapaillomavirus [61]. This technology 
becomes popular in short time because of low cost, a high number of reads. This technology 
is also used for sequencing of the clinical sample from tissue fluids and tissue samples [11].

Ion Torrent: This is pH-based sequencing method with few steps are similar to pyrose-
quencing technology. Ion Torrent technology gives very rapid runs so it was very useful 
for targeted deletion of viral sequences from clinical samples such as HIV, HCV, polyoma-
virus, influenza virus, etc. This method was not a good choice for virologists for identifica-
tion of new viruses because of low output.

Illumina: This technology is a high-throughput platform with low-cost rate of virus iden-
tification; many viruses from clinical samples have been identified using this technique.

Pacific bioscience sequencing and nanopore sequencing: These sequencing methods 
were not popular for metagenomics study because of high error rate [52].

3. Bioinformatics analysis: Bioinformatics analysis of raw sequence data generated from high-
throughput sequencer is a critical step in novel virus discovery and even in diagnostics. 
There many ready to use pipelines available for analysis of raw data. VIP, VirFinder, Vipie, 
METAVIR, PHACCS, VIROME, HP Viewer, Fast virome Explorer, EzMAP, Vanator, viruspy 
and Viral_genome_annotator are few commonly used pipelines for viral metagenomics anal-
ysis. Typical workflow of viral metagenomics includes the following steps. Next-generation 
sequencing (NGS) data obtained is first subjected to trimming for removal of low-quality 
sequences and adaptor sequences, (Refer Figure 2). Second the trimmed data is subjected 
for removal of host (humans or bacteria) related sequences and third, these sequences are 
aligned to reference viral genomes for advance functional characteristics such as novel virus 
identification, viral taxonomy, identification of viral proteins and phylogenic analysis.

Challenges involved in metagenomics: For analysis of sequencing data of viral genome 
through high throughput, sequencing machine needs standard computational tools, soft-
ware with a high accuracy of data analysis. This needs high-cost involvement with techni-
cal expertise. Few high-quality tools available for sequence data analysis such as Diamond 
[53], UBLAST [52] and Kaiju [54] have increased the speed of metagenomics study. Still, 
there is a need for technical improvement for rapid and accurate data analysis. The second 
challenge involved in data analysis of metagenomics sequencing is an assembly of the 
genome from thousands of small fragments. Assemblers used for the assembly of sin-
gle genome sets during early times of sequencing study are outdated or non-useful for 
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Table 1. Viruses discovered with metagenomics approach.
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tools, like riboPicker tool version and blast of viral RNA sequence showed more number of 
virus domains present in the sample which were processed via the second method, while 
other methods showed more cellular noise [19].

2. Sequencing: The rate of metagenomics study was slow during Sanger sequencing when 
around 2005 other methods are yet to be evolved, Sangers sequencing was in use. Many stud-
ies in this period showed abundant diversity in viruses, analysis of human clinical samples 
also showed plenty of diversity, while speed of viral genome sequencing is increased several 
times during pyrosequencing. New viral communities of human and animals have been iden-
tified during this period. Some important discoveries are as follows: Astrovirus [21], Rhab-
dovirus [22], Coronavirus [23], Picornavirus [24], gammapaillomavirus [61]. This technology 
becomes popular in short time because of low cost, a high number of reads. This technology 
is also used for sequencing of the clinical sample from tissue fluids and tissue samples [11].

Ion Torrent: This is pH-based sequencing method with few steps are similar to pyrose-
quencing technology. Ion Torrent technology gives very rapid runs so it was very useful 
for targeted deletion of viral sequences from clinical samples such as HIV, HCV, polyoma-
virus, influenza virus, etc. This method was not a good choice for virologists for identifica-
tion of new viruses because of low output.

Illumina: This technology is a high-throughput platform with low-cost rate of virus iden-
tification; many viruses from clinical samples have been identified using this technique.

Pacific bioscience sequencing and nanopore sequencing: These sequencing methods 
were not popular for metagenomics study because of high error rate [52].

3. Bioinformatics analysis: Bioinformatics analysis of raw sequence data generated from high-
throughput sequencer is a critical step in novel virus discovery and even in diagnostics. 
There many ready to use pipelines available for analysis of raw data. VIP, VirFinder, Vipie, 
METAVIR, PHACCS, VIROME, HP Viewer, Fast virome Explorer, EzMAP, Vanator, viruspy 
and Viral_genome_annotator are few commonly used pipelines for viral metagenomics anal-
ysis. Typical workflow of viral metagenomics includes the following steps. Next-generation 
sequencing (NGS) data obtained is first subjected to trimming for removal of low-quality 
sequences and adaptor sequences, (Refer Figure 2). Second the trimmed data is subjected 
for removal of host (humans or bacteria) related sequences and third, these sequences are 
aligned to reference viral genomes for advance functional characteristics such as novel virus 
identification, viral taxonomy, identification of viral proteins and phylogenic analysis.

Challenges involved in metagenomics: For analysis of sequencing data of viral genome 
through high throughput, sequencing machine needs standard computational tools, soft-
ware with a high accuracy of data analysis. This needs high-cost involvement with techni-
cal expertise. Few high-quality tools available for sequence data analysis such as Diamond 
[53], UBLAST [52] and Kaiju [54] have increased the speed of metagenomics study. Still, 
there is a need for technical improvement for rapid and accurate data analysis. The second 
challenge involved in data analysis of metagenomics sequencing is an assembly of the 
genome from thousands of small fragments. Assemblers used for the assembly of sin-
gle genome sets during early times of sequencing study are outdated or non-useful for 
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metagenomics; they create chimeric genomes which misinterpret the genome sequence. 
Now a days for such studies MetAMOS [55], Meta Velvet [62], MetaSPADes [57] assem-
blers are available. Still assembly process requires manual editing to sort out genomic chi-
mera generation [15]. Another challenge of virologists for data analysis is reference data-
base deposited which sometimes may cause confusion or problems. If reference database 
is misinterpreted it will give a wrong interpretation of results. If reference database is high, 
it decreases the speed as a large number of sequence alignments are required to test data. 
Sequence data interpretation is a last and very decisive step for metagenomics. Still, we 
lack clear knowledge about the link between the diversity of virus in the environment and 
during outbreaks, our surveillance is merely based on a biased collection of only clinical 
samples and their study. This limits our knowledge about disease spread [63]. Prediction 
of future outbreaks and limiting the spread of disease needs proper study, development of 
strong tools [15] Therefore further extensive studies should be encouraged for obtaining 
maximum and precise knowledge of environmental and gut-associated virome.

4.4. Applications in gut-associated virome analysis

1. Epidemic and endemic surveillance: Several reports of unknown pathogenic virus outbreaks 
in history suggest the need for comprehensive study of virus-host interaction during disease 
and disease-causing viruses is a big threat to the human population. Well, known examples of 
zoonotic virus transmission are Nipah virus from fruit bats [58] and Ebola virus from bushmeat 
[60]. This creates a need for continuous surveillance of diseases in the community. David et al. 
in 2017 [15] gave a comprehensive explanation about disease outbreak and its diagnosis with 

Raw NGS DATA generated 

Quality control 
(Trimming )

Subtraction of host related genes  from 
Trimmed raw data 

Alignment of nucleotides with reference 
Example – Ref Seq virus (ViPR/IRD)
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Figure 2. Workflow of metagenomics data analysis.
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the help of surveillance pyramid. The surveillance pyramid explains during disease spread in 
the community only a few diagnosed cases are reported, the individuals carrying symptoms 
of the disease and the carriers of the disease are not reported. This phenomenon creates biased-
ness in sampling. Therefore metagenomics study has been proved a useful tool for constant 
surveillance of gastrointestinal tract pathogenic virome community. As well as some endemic 
viral diseases, which causes common gastrointestinal health concerns in community, e.g., as-
trovirus, calicivirus, norovirus, and torovirus [64], herpesviruses, hepatitis E virus, epstein bar 
virus, coxsackieviruses, and surveillance with the metagenomics study is useful.

2. Discovery of new viruses and classification: Metagenomics is a powerful tool for identifica-
tion of novel organism(s). Screening of different gut samples can be useful to study novel 
gut-associated viruses. Initially with the sequence-based studies of Markel cell carcinoma 
new human papillomavirus has been identified. Markel cell carcinoma is human skin tissue 
carcinoma, where virus DNA found to be integrated into tumor tissue [65]. Subsequent stud-
ies have revealed the diversity of gut-associated viruses in different animals which help in 
the study of past zoonotic occurred in history. Human-rodent’s interaction is well known 
due to civilization in forest areas or due to the domestication of animals this is leading cause 
of zoonotic outbreaks. Knowledge of outbreaks in past and monitoring of the present status 
of the spread of known pathogenic viruses and closely associated pathogenic human viruses 
provides a base to predict future outbreaks. This approach is also useful to limit the epidemi-
ology of recurrent outbreaks with the study of disease-prone viruses and characterization of 
unknown viruses. Phan et al. in 2011 extensively studied fecal sample from wild rodents in 
Virginia and they characterized viruses belonging to mammalian virus families, many new 
viral families, two new genera were identified. Two viruses closely related to Aichivirus, an 
associated with acute gastroenteritis worldwide, were characterized through the study [66].

Turkey meat is very popular in the USA and its production is an important part of US 
economy. One study conducted in California in March 2011on turkey which was suffer-
ing from turkey viral hepatitis. Pyrosequencing of RNA, extracted from liver revealed the 
presence of novel picornaviruses named as turkey hepatitis virus [51]. Another study on cat-
tle’s suffering from the unknown disease in Germany and Netherlands affected milk pro-
duction. Metagenomics study discovered the new virus, Schmallenberg virus, from infected 
cow sample [67]. Identification and characterization of such viruses will help in facing 
problems which have a negative impact on countries economic status. Similar to domestic 
animals, wild-type animals can also act as a reservoir of novel pathogens. Two novel sim-
ian hemorrhagic fever viruses diverse from original simian hemorrhagic fever virus were 
identified from African green monkeys. Simian hemorrhagic fever virus has not yet found to 
infect human but clinical indices comparable with human Ebola and Marburg viruses. This 
analogy makes it in the suspect list of emerging viruses [49].

3. Diagnostic Metagenomics is a potent method that allows broad analysis of relative ge-
netic variation among viruses and can be used for the study of host-pathogen interactions. 
This is also more popular because it can be used for uncultivable organisms as well. The 
recently rising approach is to use metagenomics during epidemics and outbreaks, with a 
given large number of samples in a lesser time. In hepatitis C virus (HCV) infection, iden-
tification of infection is a challenging task due to lack of apparent symptoms and lack of 
easy laboratory tests for differentiation of acute and chronic phase of the disease. Available 
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metagenomics; they create chimeric genomes which misinterpret the genome sequence. 
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blers are available. Still assembly process requires manual editing to sort out genomic chi-
mera generation [15]. Another challenge of virologists for data analysis is reference data-
base deposited which sometimes may cause confusion or problems. If reference database 
is misinterpreted it will give a wrong interpretation of results. If reference database is high, 
it decreases the speed as a large number of sequence alignments are required to test data. 
Sequence data interpretation is a last and very decisive step for metagenomics. Still, we 
lack clear knowledge about the link between the diversity of virus in the environment and 
during outbreaks, our surveillance is merely based on a biased collection of only clinical 
samples and their study. This limits our knowledge about disease spread [63]. Prediction 
of future outbreaks and limiting the spread of disease needs proper study, development of 
strong tools [15] Therefore further extensive studies should be encouraged for obtaining 
maximum and precise knowledge of environmental and gut-associated virome.

4.4. Applications in gut-associated virome analysis

1. Epidemic and endemic surveillance: Several reports of unknown pathogenic virus outbreaks 
in history suggest the need for comprehensive study of virus-host interaction during disease 
and disease-causing viruses is a big threat to the human population. Well, known examples of 
zoonotic virus transmission are Nipah virus from fruit bats [58] and Ebola virus from bushmeat 
[60]. This creates a need for continuous surveillance of diseases in the community. David et al. 
in 2017 [15] gave a comprehensive explanation about disease outbreak and its diagnosis with 
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the help of surveillance pyramid. The surveillance pyramid explains during disease spread in 
the community only a few diagnosed cases are reported, the individuals carrying symptoms 
of the disease and the carriers of the disease are not reported. This phenomenon creates biased-
ness in sampling. Therefore metagenomics study has been proved a useful tool for constant 
surveillance of gastrointestinal tract pathogenic virome community. As well as some endemic 
viral diseases, which causes common gastrointestinal health concerns in community, e.g., as-
trovirus, calicivirus, norovirus, and torovirus [64], herpesviruses, hepatitis E virus, epstein bar 
virus, coxsackieviruses, and surveillance with the metagenomics study is useful.

2. Discovery of new viruses and classification: Metagenomics is a powerful tool for identifica-
tion of novel organism(s). Screening of different gut samples can be useful to study novel 
gut-associated viruses. Initially with the sequence-based studies of Markel cell carcinoma 
new human papillomavirus has been identified. Markel cell carcinoma is human skin tissue 
carcinoma, where virus DNA found to be integrated into tumor tissue [65]. Subsequent stud-
ies have revealed the diversity of gut-associated viruses in different animals which help in 
the study of past zoonotic occurred in history. Human-rodent’s interaction is well known 
due to civilization in forest areas or due to the domestication of animals this is leading cause 
of zoonotic outbreaks. Knowledge of outbreaks in past and monitoring of the present status 
of the spread of known pathogenic viruses and closely associated pathogenic human viruses 
provides a base to predict future outbreaks. This approach is also useful to limit the epidemi-
ology of recurrent outbreaks with the study of disease-prone viruses and characterization of 
unknown viruses. Phan et al. in 2011 extensively studied fecal sample from wild rodents in 
Virginia and they characterized viruses belonging to mammalian virus families, many new 
viral families, two new genera were identified. Two viruses closely related to Aichivirus, an 
associated with acute gastroenteritis worldwide, were characterized through the study [66].

Turkey meat is very popular in the USA and its production is an important part of US 
economy. One study conducted in California in March 2011on turkey which was suffer-
ing from turkey viral hepatitis. Pyrosequencing of RNA, extracted from liver revealed the 
presence of novel picornaviruses named as turkey hepatitis virus [51]. Another study on cat-
tle’s suffering from the unknown disease in Germany and Netherlands affected milk pro-
duction. Metagenomics study discovered the new virus, Schmallenberg virus, from infected 
cow sample [67]. Identification and characterization of such viruses will help in facing 
problems which have a negative impact on countries economic status. Similar to domestic 
animals, wild-type animals can also act as a reservoir of novel pathogens. Two novel sim-
ian hemorrhagic fever viruses diverse from original simian hemorrhagic fever virus were 
identified from African green monkeys. Simian hemorrhagic fever virus has not yet found to 
infect human but clinical indices comparable with human Ebola and Marburg viruses. This 
analogy makes it in the suspect list of emerging viruses [49].

3. Diagnostic Metagenomics is a potent method that allows broad analysis of relative ge-
netic variation among viruses and can be used for the study of host-pathogen interactions. 
This is also more popular because it can be used for uncultivable organisms as well. The 
recently rising approach is to use metagenomics during epidemics and outbreaks, with a 
given large number of samples in a lesser time. In hepatitis C virus (HCV) infection, iden-
tification of infection is a challenging task due to lack of apparent symptoms and lack of 
easy laboratory tests for differentiation of acute and chronic phase of the disease. Available 
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molecular methods for virus diagnostic purpose are tedious, time-consuming and costly. 
A recent report from Escobar-Gutierrez et al. described the use of next-generation sequenc-
ing (NGS) method in the diagnosis of HCV infection. NGS allows cost-effective analysis of 
a large number of samples in detail. The study showed low-frequency mutations, genetic 
variation [68]. Genetic shift and re-assortment viruses are a leading cause of the emergence 
of a new strain of viruses, especially in RNA viruses. Well a known example is influenza 
virus, many pandemics and deaths in history. The recent H1N1 virus is a combination of 
swine, human and avian genomic segments of RNA [69]. The best approach of metagen-
omics study in 2009 H1N1 pandemic is the use of metagenomics for characterization and 
detail study of the virus, followed by manufacture of microarray-based virochip for rapid 
detection and differential screening from seasonal virus [70].

4. Evolution of host-virus interaction: Evolution of RNA viruses is comparatively fast pro-
cess than DNA viruses. Study of evolution is necessary to understand the source of new 
variance, spread and keep a check on epidemic initiating variant. In emerging RNA virus, 
norovirus causative agent of gastroenteritis inter-host, intra-host, and transmission of the 
new variant has been studied. Usually, it is a self-limiting acute disease but in immune-
compromised individuals and in newborns it may cause morbidity and mortality. No vac-
cine or drugs are available for treatment. A report from Bull et al. hypothesized based on 
metagenomics study that, norovirus has multiple mechanisms of evolution. Chronic hosts 
are a major reservoir of new variants while acute patients generally possess a single variant. 
NGS approach for use assists in comprehensive study of viral population dynamics [71]. 
Characterization of cardiovirus genus originally believed to possess two genera, metagen-
omics study has revealed five new genera with full characterization. Cardioviruses are the 
causative agent of enteric diseases in mice with multiple symptoms. In humans, it causes 
encephalitis-like condition and diarrhea in children’s [72]. Metagenomics based studies 
help in designing future approach with these new genotypes and associated diseases.

5. Conclusion

The metagenomics studies have a huge potential to describe about diversity of microbiome in gut 
microflora and most importantly directly in infectious samples. Among all pathogens viruses are 
the ones, who cause severe illness to mankind. With rapid improvement in the genomic sequenc-
ing techniques, the overall metagenomics approach is very valuable for discovery of new viruses, 
novel genes, surveillance of pathogens, discover new pathway, host virus interaction, functional 
studies. The leads obtained through this exercise may have great impact on early diagnosis and 
treatment. While metagenomic studies also experience limitations and challenges, which need to 
overcome in near future to obtain a precise results. Unified genomic extraction techniques and 
development of improved analysis modules may suffice the needs of metagenomics in future.
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ing (NGS) method in the diagnosis of HCV infection. NGS allows cost-effective analysis of 
a large number of samples in detail. The study showed low-frequency mutations, genetic 
variation [68]. Genetic shift and re-assortment viruses are a leading cause of the emergence 
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Abstract

Understanding the transboundary movement of microorganisms is a significant public
health issue. It is possible that large amounts of various bacteria existing on the earth’s
surface are spreading across borders through migratory birds, but their identities and
rates of migration have yet to be elucidated. Although modern bacteriology has
advanced based on culture technology, many environmental bacteria may be in a “via-
ble but nonculturable” state. To date, various novel culture-independent detection
methods have been developed, including next-generation sequencing (NGS) technology
that enables high-throughput sequencing and in-depth gene analysis independent of
culture. By using NGS to comprehensively analyze the intestinal microbiota of migra-
tory birds, research on bacterial and viral communities traveling over long distances has
entered a new era, providing a new insight for the analysis of the livestock industry,
agriculture, and human health risks. Here, we describe the current state and future
outcomes of studying intestinal microbiota associated with migratory birds.

Keywords: migratory bird, avian, wild bird, gut microbiota, intestinal microbiota

1. Introduction

Understanding the transboundary movement of microorganisms is a significant issue regard-
ing health, sanitation, and ecological conservation. Birds are susceptible to many microbial
diseases that are common to humans and domestic animals [1]. The unprecedented spread of
West Nile virus in North America in 1999 has raised concerns over the transport of pathogenic
viruses by migratory birds [2]. Recent sporadic outbreaks of avian influenza have caused
masses of avian deaths, and it is strongly suspected that the source of infection in East Asia is
the feces of migratory birds. In 2014, studies revealed that the influenza virus of the Antarctic
penguin had spread to migratory birds via the fecal-oral route and was highly likely to have
infected horses on continents more than a few thousand kilometers away [3].
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Waterfowls such as ducks, geese, coots, and cormorants can play a role in the environmental
dissemination of Giardia cysts and Cryptosporidium oocysts [4]. Migratory birds are also thought
to be one of the mechanisms responsible for the wide geographic distribution of various human
pathogenic protozoans.

Organized and periodic surveillance methods of bacterial pathogens are not as efficient as
those for the highly pathogenic avian influenza. Avian cholera, caused by Pasteurella multocida,
occurs sporadically in various parts of the world, including North America and Europe, where
migratory birds are also implicated as a vector [5]. Many human enteric pathogenic bacteria
have been isolated from wild birds [6]. Additionally, studies reported that antibiotic-resistant
bacteria travel long distances through migratory birds [7]. Therefore, migratory birds carry a
wide range of viruses, bacteria, protozoa, fungi, and other microorganisms that may be
transmitted to humans [8].

Attempts have been made to clarify the microbiota contained within migratory birds’ feces
using new culture-independent genetic-based methods such as next-generation sequencing
(NGS). Research on the spreading of bacterial populations over the vast distances has led to
the elucidation of the roles of migratory birds regarding human health risks. Further studies of
the spatial and temporal distribution of pathogenic bacteria in wild birds will enhance the
assessment of their roles, thereby enabling the prediction of potential outbreaks based on
migratory patterns. NGS is useful for the understanding of bacterial diversity and the discov-
ery of novel bacteria [9]. This review considers the potential role of wild birds in the transmis-
sion of intestinal microbiota and our current knowledge of microbiota associated with
migratory birds using NGS technologies.

2. Intestinal microbiota in wild birds

The majority of information regarding enteropathogens in wild birds has been ascertained by
applying traditional microbiological techniques [10–12]. Research on the fecal flora of wild birds
in a few well-studied species has focused on the prevalence of enteropathogenic bacteria that are
most likely zoonotic. Representative species that are often found in diseased wild birds include
Salmonella enterica serotypes Typhimurium and Enteritidis, Escherichia coli, Campylobacter jejuni,
Pseudomonas aeruginosa, Pasteurella multocida, Clostridium botulinum, and Listeria monocytogenes.
The carrier birds are often diverse species, including house sparrows, brown-headed cowbirds,
white-throated sparrows, tufted ducks, crows, pheasants, pigeons, hook-bills, finches, free-living
flamingos, quails, pheasants, red grouse, and waterfowl [1, 6, 8].

Many classical methods such as microscopy, culture, or serology have been used to detect and
isolate pathogenic protozoa or fungi from excreta of migratory birds. Candida albicans and
Candida tropicalis, which can become pathogenic in immunocompromised individuals, have
been isolated from excreta of migratory gulls and geese [13]. Toxoplasma gondii has been
isolated from many migratory species including ducks and raptors. Eimeria spp., which cause
severe intestinal coccidiosis, are distributed by geese and diving ducks. These infections are
mainly caused by oral ingestion of oocysts excreted from feces. The oocysts of Cryptosporidium
baileyi, an intracellular enteric coccidian parasite that can cause gastrointestinal and respiratory
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tract disorders in birds, have been found in excreta of migratory gulls and Canada geese. Thus,
waterfowls can disseminate intestinal protozoan parasites in the environment [4].

Representative virus species that often cause fecal-oral disease transmission in wild birds
include Influenza A virus (found in species of ducks, geese, gulls, terns, shearwaters, guillemots,
shorebirds, and passerines), Newcastle disease virus (found in many species of free-living
birds), anatid herpesvirus 1 (found in many species of anseriform such as ducks, geese, and
swans), and aviadenovirus (found in migratory anseriform species) [6, 8].

As vectors of enteropathogens, wild birds have been associated with global outbreaks of
water-borne and food-borne diseases. For example, outbreaks of infectious diseases have been
attributed to fecal water supply contamination by wild birds [14]. Birds were strongly
suspected as a source of enteropathogens for livestock when infected birds were found forag-
ing on the livestock feed, and domestic cats have been known to contract enteropathogens by
feeding on infected dead birds [15]. The incidence of infectious diseases in humans has also
been linked to the handling of dead wild birds [16].

3. Methodology

Traditionally, studies on microbial community composition have been based on culture-
dependent methods [17]. When classifying and identifying bacteria, a combination of simple
methods has helped to distinguish bacteria based on morphology, dyeability, and biochemical
properties. Since automated devices have been developed, it is possible to assure the quality of
microbial-based data in pharmaceutical fields and diagnostics fields as standards. When in
need of more specific classification, sequence decoding for a specific gene or DNA fingerprint-
ing is carried out. When determining bacterial species, it is a standard practice to analyze the
16S rRNA gene.

However, traditional culture methods underestimate bacterial populations because many
environmental bacteria cannot yet to be cultivated by conventional laboratory techniques
[18, 19]. Traditional microbiological methods of detection, enumeration, and identification
using culture methods are often time-consuming and labor-intensive. These practical consider-
ations often limit the extent to which microbiological tests are routinely applied to community
analysis.

Various approaches have been developed to identify microorganisms in natural samples
without the requirement for laboratory cultivation [20–23]. Since the latter half of the 1990s,
direct sequencing approaches for 16S ribosomal RNA gene amplicon have been popularized.
In these methodologies, DNA is extracted directly from the sample without culturing the
bacteria. Target DNA is amplified by polymerase chain reaction (PCR) using a universal
primer set targeting a conserved region of the 16S rRNA gene or a genus-specific primer, and
then sequencing follows to identify the bacterial community members. Because the amplicons
are mixed molecules derived from numerous complex bacterial species, PCR products should
be separated using denaturing gradient gel electrophoresis or a clone library method in
combination [24, 25]. With these methods, the number of bacterial clones that can be screened
at one time is limited from several tens to thousands and proves to be labor-intensive.
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isolate pathogenic protozoa or fungi from excreta of migratory birds. Candida albicans and
Candida tropicalis, which can become pathogenic in immunocompromised individuals, have
been isolated from excreta of migratory gulls and geese [13]. Toxoplasma gondii has been
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tract disorders in birds, have been found in excreta of migratory gulls and Canada geese. Thus,
waterfowls can disseminate intestinal protozoan parasites in the environment [4].

Representative virus species that often cause fecal-oral disease transmission in wild birds
include Influenza A virus (found in species of ducks, geese, gulls, terns, shearwaters, guillemots,
shorebirds, and passerines), Newcastle disease virus (found in many species of free-living
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water-borne and food-borne diseases. For example, outbreaks of infectious diseases have been
attributed to fecal water supply contamination by wild birds [14]. Birds were strongly
suspected as a source of enteropathogens for livestock when infected birds were found forag-
ing on the livestock feed, and domestic cats have been known to contract enteropathogens by
feeding on infected dead birds [15]. The incidence of infectious diseases in humans has also
been linked to the handling of dead wild birds [16].

3. Methodology

Traditionally, studies on microbial community composition have been based on culture-
dependent methods [17]. When classifying and identifying bacteria, a combination of simple
methods has helped to distinguish bacteria based on morphology, dyeability, and biochemical
properties. Since automated devices have been developed, it is possible to assure the quality of
microbial-based data in pharmaceutical fields and diagnostics fields as standards. When in
need of more specific classification, sequence decoding for a specific gene or DNA fingerprint-
ing is carried out. When determining bacterial species, it is a standard practice to analyze the
16S rRNA gene.

However, traditional culture methods underestimate bacterial populations because many
environmental bacteria cannot yet to be cultivated by conventional laboratory techniques
[18, 19]. Traditional microbiological methods of detection, enumeration, and identification
using culture methods are often time-consuming and labor-intensive. These practical consider-
ations often limit the extent to which microbiological tests are routinely applied to community
analysis.

Various approaches have been developed to identify microorganisms in natural samples
without the requirement for laboratory cultivation [20–23]. Since the latter half of the 1990s,
direct sequencing approaches for 16S ribosomal RNA gene amplicon have been popularized.
In these methodologies, DNA is extracted directly from the sample without culturing the
bacteria. Target DNA is amplified by polymerase chain reaction (PCR) using a universal
primer set targeting a conserved region of the 16S rRNA gene or a genus-specific primer, and
then sequencing follows to identify the bacterial community members. Because the amplicons
are mixed molecules derived from numerous complex bacterial species, PCR products should
be separated using denaturing gradient gel electrophoresis or a clone library method in
combination [24, 25]. With these methods, the number of bacterial clones that can be screened
at one time is limited from several tens to thousands and proves to be labor-intensive.
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In this decade, a comprehensive analysis of gene sequences using next-generation sequencing
(NGS) has spread rapidly [26, 27]. The NGS is a powerful technology capable of concurrently
determining nucleotide sequences for tens of millions to hundreds of millions of fragmented
DNA strands. Originally, NGS was used for high-throughput sequencing of a single biological
genome, but now it is possible to perform high-speed processing, allowing multiple samples to
be sequenced simultaneously. Therefore, a wide variety of applications have been proposed for
NGS. The price of NGS contract analysis service also has declined greatly in the past few years,
making it easier to use so that it is now more useful for research on genetic diseases, clinical
diagnoses, relationships between human intestinal flora and diseases, analyses of environmental
bacterial community composition and succession in both time and space, and searches for useful
microorganisms in various environments. Metagenomic methods provided by NGS technology
have facilitated a remarkable expansion of our knowledge regarding uncultured bacteria [28].

A more recent detection method, quantitative real-time PCR, is known for its excellent accu-
racy and sensitivity when detecting known zoonotic pathogens [29]. On the other hand, it is
difficult to identify target pathogens that are not previously known with this method, and
often too many samples must be handled simultaneously for it to be convenient. A compre-
hensive analysis by NGS enables us to comprehend a whole picture of the bacterial community
contained in a sample, so it is possible to carry out further analysis with specific pathogenic
bacteria based on the taxonomic information obtained by NGS.

4. Variable region of the 16S rRNA gene

The 16S rRNA gene sequence was first used in 1985 for phylogenetic analysis [30]. Because it
contains both highly conserved regions for primer design and hypervariable regions to iden-
tify phylogenetic characteristics of microorganisms, the 16S rRNA gene sequence became the
most widely used marker gene for profiling bacterial communities [31]. Full-length 16S rRNA
gene sequences consist of nine hypervariable regions that are separated by nine highly con-
served regions [32]. Limited by sequencing technology, the 16S rRNA gene sequences used in
most studies are partial sequences. Therefore, the selection of proper primers is critical for
studying bacterial phylogeny in various environments [32].

Recent studies utilizing high-throughput technology also have demonstrated that the use of
suboptimal primer pairs results in the uneven amplification of certain species, causing either
an under- or overestimation of some species in a microbial community [32, 33]. Integrated
bioinformatics tools were used to evaluate the phylogenetic sensitivity of the hypervariable
regions compared with the corresponding full-length sequences. Results showed that using a
combination of V4–V6 regions represented the optimal subregions for bacterial phylogenetic
studies of new phyla [34].

5. Flyway

Bird migration is the regular seasonal journey undertaken by many species of birds. Bird move-
ments occur as a response to changes in food availability, habitat, or weather. Approximately 1800
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of the world’s 10,000 bird species are long-distance migrants [35]. The bar-tailed godwit, Limosa
lapponica, undertakes one of the avian world’s most extraordinary migratory journeys. Recent
research revealed that some individuals had made nonstop flights over 11,000 km, the longest
continuous journey that has ever been recorded for a bird [36].

Many species migrate along broadly similar, well-established routes, known as flyways.
Recent research has identified nine such pathways: the East Atlantic, the Mediterranean/Black
Sea, the West Asia/East Africa, the Central Asia, the East Asia/Australasia, and four flyways in
the Americas [37]. The most common pattern involves flying north in the spring to breed in the
temperate or Arctic summer and then returning south in the fall to warmer wintering grounds.
Migration is often annual and is linked closely with the cyclic pattern of the seasons. Migration
is most evident among birds, which have a highly efficient means for traveling swiftly over
long distances.

The East Asia/Australasia flyway extends from Siberia and North America to the southern
limits of Australia and New Zealand. It encompasses large parts of East Asia, all of Southeast
Asia, and includes eastern India and the Andaman and Nicobar Islands. The scale of avian
movements along the flyway is awesome, with over 50 million migratory birds using the route
annually [38]. Bacterial community compositions in migratory birds from the East Asia/Aus-
tralasia flyway are described in the section below.

6. Bacterial community composition in migratory birds

A comprehensive analysis of the bacterial community structure in migratory birds using
culture-independent methods is introduced below.

6.1. Confirmation of avian host

For field samples, it is important to confirm that the specimens are derived from the desired
avian host. Mitochondrial DNA (mtDNA) sequences from avian hosts are ideal for this pur-
pose because they provide phylogenetic information and a high copy number in host cells.
Kenzaka et al. [39] amplified avian host DNAs by PCR with primers L5216 (5´-ACTCTTRTT-
TAAGGCTTTGAAGGC-30) and H6313 (5´-GGCCCATACCCCGRAAATG-30) targeting the
NADH dehydrogenase subunit 2 (ND2) gene and determined the sequences to confirm the
avian host feces [40]. The mtDNA sequences from a variety of avian species are available in
DNA database (e.g., GenBank).

6.2. Eurasian wigeon

The Eurasian wigeon (Mareca penelope or Anas penelope) breeds in the northernmost areas of
Europe and Asia. The size of the wigeon is approximately 50 cm in length (Figure 1a). The
global population is estimated approximately 2.8–3.3 million individuals [41]. The species is
strongly migratory, undertaking significant cold weather movements of varying magnitudes.
It leaves its breeding grounds in late summer to arrive in its wintering grounds across Europe
and Asia in October and November. It lives primarily in lakes, rivers, and along coastlines and
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Bird migration is the regular seasonal journey undertaken by many species of birds. Bird move-
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research revealed that some individuals had made nonstop flights over 11,000 km, the longest
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For field samples, it is important to confirm that the specimens are derived from the desired
avian host. Mitochondrial DNA (mtDNA) sequences from avian hosts are ideal for this pur-
pose because they provide phylogenetic information and a high copy number in host cells.
Kenzaka et al. [39] amplified avian host DNAs by PCR with primers L5216 (5´-ACTCTTRTT-
TAAGGCTTTGAAGGC-30) and H6313 (5´-GGCCCATACCCCGRAAATG-30) targeting the
NADH dehydrogenase subunit 2 (ND2) gene and determined the sequences to confirm the
avian host feces [40]. The mtDNA sequences from a variety of avian species are available in
DNA database (e.g., GenBank).

6.2. Eurasian wigeon

The Eurasian wigeon (Mareca penelope or Anas penelope) breeds in the northernmost areas of
Europe and Asia. The size of the wigeon is approximately 50 cm in length (Figure 1a). The
global population is estimated approximately 2.8–3.3 million individuals [41]. The species is
strongly migratory, undertaking significant cold weather movements of varying magnitudes.
It leaves its breeding grounds in late summer to arrive in its wintering grounds across Europe
and Asia in October and November. It lives primarily in lakes, rivers, and along coastlines and
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prefers a location near water plants and land plants that it can eat. The number of observed
individuals in Japan has been about 180,000 per year.

Kenzaka et al. collected fresh feces from the Eurasian wigeon that had fallen on plant surfaces
along the southern coast of Lake Biwa (Japan) [39]. From this research, most fecal sample
bacterial communities were dominated by the phyla Firmicutes (51.7%) and Proteobacteria
(45.1%), composing an average of about 97% (Figure 2a). At the family level, on average,
Enterobacteriaceae composition was 37.6%, Bacillaceae was 21.5%, Paenibacillaceae was 16.5%,
Clostridiaceae was 7.5%, and Pseudomonadaceae was 6.3% (Figure 2b). Although there were
individual differences, these families were the dominant groups in all samples collected.

Detected genera that have been reported in association with human pathogenicity are shown
in Table 1. The genera Pantoea, Bacillus, Paenibacillus, Pseudomonas, Clostridium, Escherichia/
Shigella, Helicobacter, and Serratia were found at a rate of more than 0.1% of total sequences.
On the other hand, the genus Campylobacter, which is present in various birds and known as
causative bacteria of food poisoning [42], was detected but composed less than 0.1% of the
bacterial community in 60% of the samples. Compositions for both the genus Listeria, a
zoonotic infectious pathogen-causing listeriosis [43], and the genus Pasteurella, a pathogen of
poultry cholera [5], were less than 0.1% in all of the samples.

6.3. Barn swallow

The barn swallow (Hirundo rustica) has a total length of about 17 cm, and its weight is about
18 g (Figure 1b). The global population is estimated more than 190 million individuals approx-
imately. This species breeds in a wide range of climates and over a wide range of altitudes,
preferring open country like farmland and near water and buildings that provide nesting sites.
The barn swallow is primarily a rural species in Europe and North America, while in North
Africa and Asia, it often breeds in towns and cities [44]. Many swallows migrate to Japan from
Southeast Asia (i.e., Philippines, Malaysia, Indonesia, etc.) and breed near human-living envi-
ronments, such as private houses and the eaves. Swallows mainly feed on insects. After
breeding, they gather at river beds and reed borders, forming group roosts of 1000–10,000 of
individuals, and then return to Southeast Asia in autumn. The number of observed individuals
in Japan is estimated at several hundred thousand birds per year.

Figure 1. Photographs of (a) Eurasian wigeon and (b) barn swallow.
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In Osaka Prefecture (Japan), Kenzaka et al. collected specimens of fresh swallow feces from
under a mating pair’s nest, made at the edge of a private house or artificial building [45].
Figure 2c shows the results of the bacterial community composition analysis (at the phylum
level) found in swallow feces. Most fecal samples were dominated by Proteobacteria (72.1%),
Firmicutes (15.9%), and Tenericutes (5.7%), composing on average about 94% of the bacterial
community. Moreover, the proportion of Bacteroidetes, which is a human gut-dominant bacte-
rial phylum, was about 0.4%. On the family level, Enterobacteriaceae composition was about
53.3% on average, Pseudomonadaceae was 13.6%, Mycoplasmataceae was 5.5%, Enterococcaceae
was 4.8%, Streptococcaceae was 4.6%, Alcaligenaceae was 4.3%, Lactobacillaceae was 1.7%, and
Coxiellaceae was ~1.3% (Figure 2d). Although there were individual differences, any of these
bacterial groups dominated more than 10% in all samples.

Table 1 shows the major genera with high abundance, namely, Pseudomonas spp., Escherichia/
Shigella spp., Enterobacter spp., Yersinia spp., Mycoplasma spp., Enterococcus spp., Achromobacter
spp., Fusobacterium spp., and Serratia spp. All of these genera include species that are reported as

Figure 2. Relative proportions of bacterial phylotypes in individual fecal samples of barn swallow shown at the
(a) phylum level and (b) family level and of Eurasian wigeon at the (c) phylum level and (d) family level.

Public Health Implications of Intestinal Microbiota in Migratory Birds
http://dx.doi.org/10.5772/intechopen.72456

41
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Firmicutes (15.9%), and Tenericutes (5.7%), composing on average about 94% of the bacterial
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Coxiellaceae was ~1.3% (Figure 2d). Although there were individual differences, any of these
bacterial groups dominated more than 10% in all samples.
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pathogenic to humans. The genus Campylobacter was detected in some samples but at a rate of
<0.1% in only 40% of the samples. The genera Pasteurella and Listeria composed of <0.1% in all
samples. Also, Bacteroides spp., Bifidobacterium spp., and Prevotella spp., which are all commonly
dominant in the human intestine [46, 47], comprised <0.1% in more than 90% of samples.

6.4. Bar-headed goose

Wang et al. examined metagenomic profiling of gut microbial communities in both wild and
artificially reared bar-headed geese in China [48]. The bar-headed goose (Anser indicus) breeds
in the high plateaus of Central Asia in colonies of thousands near mountain lakes and winters
in South Central Tibet and India. This species has been reported as migrating south from Tibet,
Kazakhstan, Mongolia, and Russia, crossing the Himalayas [49].

The authors found that Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes were the four
most abundant phyla in the gut of bar-headed geese. In wild bar-headed geese, the predominant
phylum was the Firmicutes, with an average relative abundance of 83.2%. The second most
predominant bacterial lineage, constituting 11.8%, was identified as phylum Proteobacteria,
followed by Actinobacteria and Bacteroidetes, accounting for 2.5 and 0.9%, respectively, of the
relative abundance.

At the genus level, the sequences from the wild samples represented 106 genera. Four major
genera (Streptococcus, Lactococcus, Bacillus, and Enterococcus) belonged to phylum Firmicutes,

Genus Relative proportion (%)a

Eurasian wigeon Barn swallow

Pseudomonas spp. 33.2 <0.1

Escherichia/Shigella spp. 21.1 <0.1

Enterobacter spp. 16.5 <0.1

Yersinia spp. 6.1 17.7

Mycoplasma spp. 5.7 <0.1

Enterococcus spp. 3.1 13.4

Achromobacter spp. 0.4 <0.1

Fusobacterium spp. 0.1 0.2

Serratia spp. <0.1 11.2

Pantoea spp. <0.1 9.9

Bacillus spp. <0.1 9.2

Paenibacillus spp. <0.1 7.2

Clostridium spp. <0.1 4.8

Helicobacter spp. <0.1 0.8

a>0.1% of total OTUs.

Table 1. Relative proportion of OTUs belonged to representative genus in feces samples determined by 16S
metagenomics sequencing.
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the genus Pseudomonas belonged to phylum Proteobacteria, and Arthrobacter belonged to
Actinobacteria. Wang et al. compared the bacterial compositions between wild and artificially
reared populations of bar-headed geese [48]. They found that Bacteroidetes was significantly
more abundant in the artificially reared population compared to the wild population.

They also reported on functional profiling and found that artificially reared bar-headed geese
had more genes related to carbohydrate transport and metabolism, energy metabolism and
coenzyme transport, and metabolism, in general.

6.5. Shorebirds

Ryu et al. examined intestinal microbiota of migrating shorebirds in Delaware Bay (Delaware,
United States) on Atlantic flyway using a 16S rRNA clone library [50]. The authors collected
the pellets from ruddy turnstones, red knots, and semipalmated sandpipers, which use the
Atlantic flyway. The flyway route generally follows the Atlantic Coast of North America and
the Appalachian Mountains.

The ruddy turnstone (Arenaria interpres) is a small wading bird. The global population is
estimated approximately 460,000–730,000 individuals [51]. The ruddy turnstone breeds in
northern latitudes around the sea. A subspecies occurs in Northern Alaska and in Arctic
Canada, Greenland, Northern Europe, and Northern Russia. In the America, the species
winters on coastlines from Washington and Massachusetts southward to the southern tip of
South America. The red knot (Calidris canutus) is a medium-sized shorebird. The global popu-
lation is estimated approximately 891,000–979,000 individuals [52]. The species has an
extremely large range, breeding from Alaska across the Arctic to Greenland and Northern
Russia. It winters on the Atlantic and Pacific coasts of North and South America, as well as
Northwestern Europe. The semipalmated sandpiper (Calidris pusilla) is a very small shorebird.
The global population was estimated at about 2 million individuals in 2006 [52]. It is a common
breeder in the Arctic and subarctic, from Far Eastern Siberia east across Alaska and Northern
Canada to Baffin Island and Labrador. In the non-breeding season, the species uses coastal
estuarine habitats, wintering on the Pacific coast fromMexico to Peru and on the Atlantic coast
from the Yucatan and the West Indies south to central Argentina. At one particular staging site
in Delaware Bay, thousands of these shorebirds aggregate every spring to refuel for their
migration to the Canadian Arctic.

Of about 4000 16S rRNA clone sequences analyzed from these shorebirds, the bacterial com-
munity was mostly composed of Bacilli (63.5%), Fusobacterium (12.7%), Epsilonproteobacteria
(6.5%), and Clostridia (5.8%). The high abundance of Firmicutes in shorebird excreta was
consistent with other avian studies. At the genus level, three main genera, Bacillus spp.,
Catellicoccus spp., and Lysinibacillus spp., constituted about 60% of the total sequences. The
relatively low abundance of phylum Bacteroidetes and genus Bacteroides in shorebird excreta
also was consistent with other avian studies. Analysis of epsilonproteobacterium-specific 23S
rRNA gene clone libraries showed that sequences were dominated by Campylobacter (82.3%) or
Helicobacter (17.7%) spp. In particular, Campylobacter jejuni, C. coli, and C. lari are known to be
pathogenic species causing human gastroenteritis worldwide. C. lari constituted about 30% of
the total Epsilonproteobacteria clones, but the pathogenic species of C. jejuni and C. coli were not
detected in the feces of the three shorebird species.
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the genus Pseudomonas belonged to phylum Proteobacteria, and Arthrobacter belonged to
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reared populations of bar-headed geese [48]. They found that Bacteroidetes was significantly
more abundant in the artificially reared population compared to the wild population.

They also reported on functional profiling and found that artificially reared bar-headed geese
had more genes related to carbohydrate transport and metabolism, energy metabolism and
coenzyme transport, and metabolism, in general.
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Ryu et al. examined intestinal microbiota of migrating shorebirds in Delaware Bay (Delaware,
United States) on Atlantic flyway using a 16S rRNA clone library [50]. The authors collected
the pellets from ruddy turnstones, red knots, and semipalmated sandpipers, which use the
Atlantic flyway. The flyway route generally follows the Atlantic Coast of North America and
the Appalachian Mountains.

The ruddy turnstone (Arenaria interpres) is a small wading bird. The global population is
estimated approximately 460,000–730,000 individuals [51]. The ruddy turnstone breeds in
northern latitudes around the sea. A subspecies occurs in Northern Alaska and in Arctic
Canada, Greenland, Northern Europe, and Northern Russia. In the America, the species
winters on coastlines from Washington and Massachusetts southward to the southern tip of
South America. The red knot (Calidris canutus) is a medium-sized shorebird. The global popu-
lation is estimated approximately 891,000–979,000 individuals [52]. The species has an
extremely large range, breeding from Alaska across the Arctic to Greenland and Northern
Russia. It winters on the Atlantic and Pacific coasts of North and South America, as well as
Northwestern Europe. The semipalmated sandpiper (Calidris pusilla) is a very small shorebird.
The global population was estimated at about 2 million individuals in 2006 [52]. It is a common
breeder in the Arctic and subarctic, from Far Eastern Siberia east across Alaska and Northern
Canada to Baffin Island and Labrador. In the non-breeding season, the species uses coastal
estuarine habitats, wintering on the Pacific coast fromMexico to Peru and on the Atlantic coast
from the Yucatan and the West Indies south to central Argentina. At one particular staging site
in Delaware Bay, thousands of these shorebirds aggregate every spring to refuel for their
migration to the Canadian Arctic.

Of about 4000 16S rRNA clone sequences analyzed from these shorebirds, the bacterial com-
munity was mostly composed of Bacilli (63.5%), Fusobacterium (12.7%), Epsilonproteobacteria
(6.5%), and Clostridia (5.8%). The high abundance of Firmicutes in shorebird excreta was
consistent with other avian studies. At the genus level, three main genera, Bacillus spp.,
Catellicoccus spp., and Lysinibacillus spp., constituted about 60% of the total sequences. The
relatively low abundance of phylum Bacteroidetes and genus Bacteroides in shorebird excreta
also was consistent with other avian studies. Analysis of epsilonproteobacterium-specific 23S
rRNA gene clone libraries showed that sequences were dominated by Campylobacter (82.3%) or
Helicobacter (17.7%) spp. In particular, Campylobacter jejuni, C. coli, and C. lari are known to be
pathogenic species causing human gastroenteritis worldwide. C. lari constituted about 30% of
the total Epsilonproteobacteria clones, but the pathogenic species of C. jejuni and C. coli were not
detected in the feces of the three shorebird species.
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6.6. Bacterial community composition in migratory and nonmigratory birds

Application of NGS for analyzing the intestinal flora of various animals, including humans, is
rapidly increasing. In studies on nonmigratory birds, such as chickens, turkeys, ducks, and
penguins, Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria are reported to be high at
the phylum level in all birds [53–55]. In particular, Firmicutes was present in almost all bird
samples, while Proteobacteria and Bacteroidetes were present in about 90% of samples. It has
been reported that Tenericutes was present in about 60% of samples. In the swallow samples, it
was characteristic that Proteobacteria occupied a high percentage of the community, 50% or
more, but the proportions of phylum Bacteroidetes, represented by genera Bacteroides,
Bifidobacterium, and Prevotella, which are widely present in human intestines, were low.

In the case of the Eurasian wigeon, it was characteristic that the proportions of Bacteroidetes,
Actinobacteria, and Tenericutes were lower, which is different from other birds. Also, genera
Bacteroides and Bifidobacterium, which were widely present in human intestine, were low
although the genera which belonged to Firmicutes and Proteobacteria were high.

Figure 3 shows the relative proportions of bacterial phylotypes in intestinal microbial communities
of the Eurasian wigeon, the barn swallow, other birds, and mammals registered in DNA database
GenBank. Figure 4 shows the results of principal component analysis comparing the similarities
between the intestinal microbial communities of the migratory birds with other birds and

Figure 3. Relative proportions of bacterial phylotypes shown at the class level in gut samples of migratory birds and
others.
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mammals registered. It is highly likely that migratory birds may eat different foods from individual
to individual, so differences across individuals are large compared to poultry; however, compared
with other organisms (□, ■ in Figure 4), individual intestinal microbiota from the Eurasian wigeon
(▼) and the swallow (○) were relatively similar. In particular, intestinal bacterial composition was
found to be greatly different frommammals, such as swine, beef cattle, and dairy cattle (■). It seems
that each intestinal bacterial community is formed by the food consumed, whether it is an insect
meal, an herbivorous meal, an omnivorous meal, a carnivorous meal, and so on.

7. Protozoa and fungi in migratory birds

For comprehensive analysis by NGS of eukaryotic parasite, 18S rRNA gene, 28S rRNA gene, or
cytochrome c oxidase I (COX1) gene on mitochondrial DNA has been used. The universal
primers can amplify species across a broad variety of taxa, making them a time- and cost-
effective alternative to group-specific primers. Using multiple markers may provide a broader
taxonomic resolution of biological communities including diet. The diversity of sequences that
can be detected by universal primers is often compromised by high concentrations of DNA
templates of some groups. Moreover, up to 90% of the sequences obtained from NGS can be

Figure 4. Principal component analysis of class abundance data from migratory birds and others.
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less-degraded host DNA [56]. If the DNA within the sample contains a small number of inter-
esting sequences in relatively high concentrations of non-interesting sequences, less sequences
are often not amplified. In this case, the use of annealing inhibiting primers which overlap with
the 30 end of one of the universal primers is effective [57]. The inclusion of primers to block host
DNA amplification can increase the number of nonhost sequences significantly.

As fungi contained in the intestinal tract of seabirds, Blastocladiomycota, Chytridiomycota, Entomo-
phthoromycotina, Ascomycota,Mucoromycotina, and Basidiomycota have been detected [58, 59]. Nebela
spp., Alveolata, Stramenopila, Rhizaria, Amoebozoa, Excavata, Choanoflagellatea, Glaucophyta,
Cryptophyceae, Chlorophyceae, Trebouxiophyceae, Ulvophyceae, Prasinophyceae, and Mamiello-
phyceae have been detected as protozoa contained in the intestinal tract of seabirds.

8. Conclusion and future perspectives

The use of culture-independent methods for studying bird-associated microbial communities
could prove invaluable in the expansion of our current knowledge. NGS targeting the 16S
rRNA gene allows comprehensive clarification of the sampled bacterial communities and their
associated movement with migratory birds. This methodology also is clarifying the details of
bacterial communities, which are moving long distances with migratory birds. Since the 16S
rRNA gene differs from 1 to 16 in the number of copies per cell depending on genus [60], the
relative proportion obtained by NGS does not necessarily agree with the ratio of actual
community composition, but the dominant populations can be ascertained. Applications of
NGS will lead to a better understanding of the whole picture of the bacterial communities in
migratory birds. Narrowing down the target bacteria using NGS will enable us to identify
unknown pathogens or reveal the potential migration status of known pathogens that have not
been noticed thus far due to methodological constraints.

The dynamics of individual pathogenic bacteria and drug-resistant bacteria need to be exam-
ined in detail in the future. By conducting community composition investigations in parallel
with functional investigations (e.g., drug resistance), these methods will lead to an under-
standing of the mechanisms by which multidrug-resistant bacteria spread around the world.

Addressing the current implications of birds as potential vectors of pathogenic bacteria is of
great interest. Analysis of the indigenous bacterial flora of migratory birds may highlight the
importance of human hygiene and the environmental significance of microbial transfer associ-
ated with natural avian migratory patterns. When wild birds are vectors of disease, it is
important to identify the true source of the infectious organisms. NGS, being a culture-
independent method, will facilitate further understanding of the complexities and interactions
of the genera inherently present in the avian gut and of those acquired from the environment.
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The human gut microbiota makes fundamental contributions to host metabolism and immune 
system. Therefore, perturbations in its composition, a process known as dysbiosis, have an 
important role in the development of several chronicle diseases, mainly intestinal inflamma-
tory disorders. Culture-independent molecular methods are allowing scientific community 
to uncover substantive findings, thus giving a more detailed description of the human intesti-
nal microbiota. This chapter presents a review on current metagenomic approaches, based on 
next-generation sequencing technologies, for investigating bacterial taxonomic classification 
and predictive function associated with the human gut in health and disease. In this context, 
we describe recent studies that have been trying to elucidate important alterations in micro-
biome composition across individuals according to delivery mode, aging, diet and medica-
tion that might be linked to susceptibility to immune-mediated diseases. A description of the 
main bacterial taxa and genes acting in dysbiosis during inflammation, focusing on chronic 
inflammatory bowel diseases and colorectal cancer, is also explored in this chapter.
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in the human gut, where they occupy niches that make contributions to nutrient processing, 
pathogen colonization resistance and mucosal immune system development [1]. The intestinal 
microbiome is formed by hundreds of different bacterial species colonizing mucosal surfaces. 
Its compositional structure differs across human populations according to geographic regions 
in the world method of delivery at childbirth, breast or bottle feeding, age, diet and medications 
[2]. Actually, the role of one individual microbiota is composed by the repertoire of expressed 
genes, known as metagenome. Impressively, it is estimated that humans possess 10 million extra 
genes from intestinal bacteria [3]. Significant perturbation of the gut microbiota can lead to a 
dysbiosis state, which compromise important functions in host immunity and raise susceptibil-
ity to immune-mediated diseases [4]. Therefore, there has been great interest in identifying the 
metagenomic content of the gut microbiota which can be used to treat or prevent diseases. In this 
context, extensive endeavor are being carried out to elucidate the gut ecosystem and molecular 
mechanisms underlying the pathogenesis of several intestinal disorders [5]. Culture-independent 
methods, in particular next-generation sequencing technologies, have prompted a huge break-
through in our knowledge regarding the microbial communities colonizing the human body and 
their functional beneficence to host health [6].

2. Metagenomic sequencing approaches for investigating intestinal 
microbiomes

2.1. Bacterial identification  by 16S rRNA gene sequencing

New generation sequencing technologies are capable of processing high amount of DNA in a 
relative short time using 16S ribosomal (16S rRNA) genetic information. Several high through-
put platforms such as 454 Roche GS FLX, Applied Biosystems SOLiD System, Illumina HiSeq 
and MiSeq System and Ion Torrent Personal Genome Machine (PGM) have been used for 
this kind of metagenomic approach [7, 8]. The molecular-based taxonomic investigation for 
bacteria employs direct sequencing of PCR-amplified small sequences of 16S rRNA gene 
from extracted DNA, generally using universal primers annealing conserved nucleotides 
to amplify one or more fragments of variable regions. As a few numbers of base pairs can 
change in a very short period of evolutionary time, amplicons around 300 bp are frequently 
enough for taxonomic assignment [9]. The sequences at a pre-defined level of identity stand 
for grouped clusters of similar sequencing reads, known as Operational Taxonomic Unit 
(OTU), which corresponds to a group of very similar 16S sequences. Reference databases 
(GreenGenes, myRDP, NCBI) are used to classify OTUs providing identification of taxonomy, 
relative frequencies and diversity of community composition in samples obtained from the 
certain ecosystem [10, 11]. This approach allows identification of new species and investi-
gation of low-abundance bacteria and even uncultivated gut microbial communities from a 
single analysis. In addition, these technologies are faster and more accurate compared to clas-
sical identification methods (cloning and culture) [12]. However, this approach has some limi-
tations regarding information about the microbiome function, mainly because several species 
of bacteria have not been characterized yet and secondly due to a great variability found 
among individuals, it is expected that the microbiota function present high redundancy, in 
which different species may occupy the same niche in the gut [13].
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2.2. Shotgun sequencing for predictive functional analyses

The whole metagenome sequencing can be performed using a shotgun approach. In such 
genomic survey strategy, multiple continuous overlapping sequences (contigs), which are 
assembled from fragmented sequences and obtained from total purified genomic DNA, are 
used for identifying genes through alignment with bacterial reference genomes and databases 
(KEGG, SEED and NCBI) [6]. Shotgun approach is quite versatile, in which the samples can 
be submitted to various methods, including nebulization, endonucleases, or sonication for 
random fragmentation of DNA, sequencing a subsequent contig assembly and annotation. 
Furthermore, advanced computational methods applying different algorithms are frequently 
being developed for more accurate assembly and annotation of genes, thus allowing func-
tional characterization in complex environments like the human gut [14, 15]. This method 
also provides identification of variants and polymorphisms and gives a more comprehensive 
understanding on the functional information of microorganism communities, for example, 
by reconstructing metabolic pathways in silico [12]. A major limitation of this strategy is that 
metagenomic sequencing of multiple individuals is extremely expensive in comparison with 
16S rRNA sequencing and generation of a large amount of data demands intense computa-
tional analysis, most of time to be performed by bioinformatics specialists [16].

2.3. Metagenomic consortium

Massive increase in the amount of data from human gut microbiota and identification of 
genes or families of genes submitted in the databases has prompted the creation of consortia 
such as the Human Microbiome Project in healthy individuals, which led to establishment 
of a reference microbial genome database according to results of 16S profiling of 242 healthy 
adults from the United States [17]. The European milestone Metagenomics of the Human 
Intestinal Tract (MetaHIT) intended to identify potential links between the association of gut 
microbiome with obesity and inflammatory bowel disease (IBD) from 540 Gb of DNA from 
stool samples of 124 healthy or sick individuals [18]. Moreover, about 1000 bacterial species 
were found and each individual in this study is estimated to contain at least 160 species, and 
in addition, 18 species of bacteria were common to 124 individuals [19]. Nevertheless, com-
plementary approaches to metagenomic studies as well as integrative analysis are required to 
understand the complex and intrinsic interactions with gut microbiota and hosts, like meta-
transcriptomics, metaproteomics for studying the functional aspects of the microbiota and 
metabolomics [20, 21].

3. The gut microbiome in health

3.1. Nutritional and metabolic functions

Gut microbiota is essential for the host digestion and nutrition, as they can produce unique 
nutrients from indigestible substrates [22]. For instance, many polysaccharides, which are found 
in vegetables from our diet, such as cellulose, xylans, resistant starch and inulin, are digested by 
certain species that colonize the intestines. Metagenomic studies revealed that the capacity to 
digest xyloglucans found in onion and lettuce is a specific trait of Bacteroides sp. [23]. Through 
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a mutualistic relationship, the digestion of non-digestible compounds by microbiota may yield 
energy for microbial growth and end products such as short-chain fatty acids (SCFAs). SCFAs, 
mainly acetate, propionate and butyrate, are an important energy source for the colonic epithe-
lium and as a key factor for regulating pro-inflammatory immune responses in the gut. Acetate 
and propionate are important for the liver and peripheral tissues as well, because they act as 
substrates for metabolic functions such as gluconeogenesis and lipogenesis [5]. The capacity of 
gut microbiomes metabolic activity, when regarding SCFAs production, may depend on how 
much complex carbohydrates are ingested through our diet and on the composition of the gut 
microbiota as well [24].

A study using a model of gnotobiotic mice demonstrated that fermentation of dietary fruc-
tans increases when animals colonized with Bacteroides thetaiotaomicron are co-colonized with 
Methanobrevibacter smithii. The first species produces more acetate and formate, whereas the 
second uses formate for methanogenesis, illustrating the importance of interaction between 
the microbiota organisms to promote nutrient fermentation and absorption and consequently 
metabolic functions [25, 26].

The ingestion of prebiotics such as inulin can promote expansion of Faecalibacterium 
prausnitzii and Bifidobacterium sp. in humans. Both species are important for metabolic func-
tions and immune response regulation in the intestinal mucosa as they produce butyrate 
and folate, respectively. Folate can be synthesized by the large bowel microbiota and is 
essential for the synthesis of precursors of nucleic acids, contribute to epigenetic effects, 
and amino acid metabolism. For example, B.bifidum and B. longum produce folate in high 
concentrations [27, 28].

Vitamin B12 is synthesized by different bacteria, for example, Propionibacterium freudenreichii 
and Lactobacillus reuteri [29]. Vitamin B12 and its corrinoid precursors play an important role in 
the gut microbiota as 80% of human intestinal microbes express transporters to capture corri-
noids and use vitamin B12 as a cofactor for metabolic pathways. For example, B. thetaiotaomicron 
encodes three vitamin B12 acquisition systems. Folate and vitamin B12 also serve as regulators 
of gene expression in human gut bacteria and might control genomic interactions between the 
microbiota and host [30].

3.2. Immune system regulation and resistance against opportunistic pathogens 
colonization

The mucosal immune system is responsible for maintaining gut homeostasis as it must remain 
vigilant against pathogen infections while limiting over inflammatory responses against the 
majority of commensal organisms that comprise the microbiota. Symbiotic bacteria play an 
important role in preventing inflammatory diseases, however in dysbiosis, opportunistic 
pathogens may stimulate a local immune response resulting a tissue damage. Therefore, the 
microbiota has the potential to exert both pro-inflammatory and anti-inflammatory responses, 
meaning that the balance in the composition of gut microbiome may be intrinsically involved 
in the proper function of the immune system [31, 32]. Many bacterial species from the gut 
microbiota such as Lactobacillus sp. and Bifidobacterium sp. have the ability to activate molecular 
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mechanism on several cell types constituting the epithelial barrier function, such as special-
ized epithelial cells like goblet cells and paneth cells [33, 34]. Goblet cells are the main cells 
involved in mucus production, which is considered the first line of host defense against patho-
gens. Current studies reveal that several commensal microbes can stimulate Muc2 expression, 
a major component of the intestinal mucus [35].

Enterocytes, such as paneth cells, which reside at the base of the intestinal crypts, are spe-
cialized in producing antimicrobial peptides preventing overstimulation of the immune 
system by keeping commensal bacteria 50 μm apart from the small intestinal epithelial sur-
face [35]. Studies suggest that expression of these antimicrobial peptides, including RegIIIγ 
and defensins, is driven by the microbiota. Certain components of the microbiota, includ-
ing B.  thetaiotaomicron, confer resistance to Candida albicans by promoting the expression of 
H1F-1α, a transcriptional regulator that induces the expression of the antimicrobial peptide 
LL-37, with anti-Candida activity [36].

Microbiota induction of the adaptive responses of the immune system, including B cells 
and T cells, plays a central role in the defense against intestinal pathogens and regulation 
of inflammation in the gut. Certain intestinal bacterial species play a major role in the dif-
ferentiation of T cells into different subsets, including T helper cells Th1s, Th2s, Th17s and  
T regulatory cells (Tregs) [35]. The development and functionality of Tregs in the gut depend 
on the presence of specific commensal microbes. Administration of a pool containing bacte-
rial strains from the Clostridia clusters IV, XIVa and XVIII has been shown to restore the 
population of Tregs to those observed in conventional mice. One mechanism by which 
Clostridia species, including F.prausnitzii, may enhance Treg differentiation is through pro-
duction of SCFA [37]. Similarly, vitamin A metabolite retinoic acid, whose production has 
been shown to be partly controlled by the microbiota, also supports anti-inflammatory func-
tion [38].

Production of IgA by B cells is a key factor for the host to control infections on muco-
sal surfaces, including the gastrointestinal tract. Several studies have demonstrated that 
the intestinal microbiota influences B-cell development and antibody production. The gut 
microbiota affects IgA class-switch recombination in either T-cell–independent or depen-
dent pathways. T-cell–independent produces IgA with low affinity but directed towards 
the microbiota. Bacteria that colonize the epithelial surface of the intestinal mucosa, such 
as Mucispirillum, Clostridium scindens and Akkermansia muciniphila which are segmented 
filamentous bacteria, can activate t-cell-dependent pathway and regulation of mucosal IgA 
responses [39, 40].

The microbiota can also confer resistance to pathogens by directly inhibiting them, without 
the involvement of the gut immune system. Certain commensal strains can produce and 
secrete small molecules with bacteriostatic or bactericidal activity, such as bacteriocins or 
microcins produced by Gram-positive and Gram-negative species, respectively. SCFA can 
also influence the expression of virulence factors. For example, butyrate and propionate can 
downregulate the expression of pathogenicity island 1 (SP1) genes in Salmonella typhimurium, 
which is crucial for this bacterium to invade intestinal epithelial cells. A major mechanism by 
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which the microbiota inhibits intestinal colonization by bacterial pathogens is through nutri-
ent competition [35].

3.3. Microbiome composition in human ontogeny

The gut microbiome assumes different characteristics regarding diversity, structure and func-
tional gene repertoires over human lifetime (Figure 1). From the compositional perspective, 
microbiota becomes more and more complex with time, along with periods of ecological sta-
bility and fluctuation due to new environmental expositions, until it reaches a dynamic equi-
librium in adulthood [13].

3.3.1. Birth

It is commonly accepted by scientific community that our first exposition to microbes may occur 
at birth delivery. However, recent metagenomics studies reveal that non-harmful bacteria may 
colonize the placenta, amniotic fluid and other fetal components from healthy term pregnan-
cies [41]. The bacterial taxa identified in the fetal environment present low abundance but are 
diverse, including many species associated with the oral and intestinal microbiomes, such as 
Fusobacterium spp. and Bacteroides spp. Moreover, similar bacterial communities can be found 
in meconium, suggesting that the colonization of the gut may start with intrauterine resident 
bacteria [42]. Nevertheless, the elucidation of the probable mechanism in which those bacteria 
translocate to the gut of the fetus is required to sustain the hypothesis of prenatal colonization. 
Regarding the gut microbiome just after birth, it has significantly lower diversity and higher vari-
ability among individuals compared to the microbiome in adulthood [24]. The dominant bac-
teria at phylum level in the neonatal gut include Firmicutes, Proteobacteria and Actinobacteria 
with lower levels of Bacteroidetes, a dominant phylum in the adult gut microbiome [43].

Figure 1. Intestinal microbiota in birth, childhood and adulthood. Birth delivery starts the colonization of the gut, 
thought the caesarian mode can alter the microbiome composition in newborns. In childhood, gut microbiota shows 
increased diversity due to introduction of solid foods. In adulthood, the gut microbiota achieves stability but several 
lifestyle factors may influence the microbiome composition, such as diet, physical activities, alcohol, smoking, drugs 
and hygiene.
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3.3.1.1. Mode of delivery

The modes of delivery significantly influence the neonatal microbiome [44]. In vaginally 
delivered infants, the gut is primarily colonized by bifidobacteria as well as lactobacilli and 
enterobacteria. When compared to children delivered in natural terms, the microbiomes of 
caesarian-delivered individuals show lower diversity and lower abundance of these bacterial 
taxa [45]. Moreover, infants delivered by cesarean section have more Escherichia coli as well 
as Clostridiumdifficile [46]. A recent study has been trying to evaluate whether cesarean-deliv-
ered infants exposure to maternal vaginal fluids are able to colonize them with the natural 
microbiota that is supposed to be acquired during passage through the birth canal. However, 
these findings revealed that such inoculation provides minimal effect on the bacterial com-
munity of the infants, which presented fewer species and lower levels of Lactobacillus spp. and 
Bacteroides spp. comparing with samples originally obtained from vaginally delivered infants 
[47]. It is important to reiterate that despite of discrepancies between studies in the literature, 
most of them show that mode of delivery may select certain bacterial groups over other types.

3.3.2. Childhood

Previously, based on classical microbiological studies, it was thought that the human gut 
microbiome would achieve a stable status during the first 4 years of life. However, contem-
porary studies using metagenomic approaches have shown a different composition in child-
hood regarding the human gut microbiota when compared to adulthood [48, 49]. In American 
children cohorts, a study demonstrated that they present higher frequencies of Firmicutes, 
Proteobacteria and Actinobacteria and less Bacteroidetes [50]. Moreover, teenager’s microbi-
omes seem to be enriched in butyrate-producing  bacteria  such as Alistipes spp., B. vulgatus 
and B. xylanisolvens and Roseburia spp., Faecalibacterium spp., Ruminococcus spp., that seems to 
play anti-inflammatory roles [51]. Also, on a nutritional function perspective, microbiomes of 
children contain more vitamin B12-producing bacterial species than adults [52].

Although many functional features of the microbiome of children remain to be profoundly 
investigated, in general, it is known that childhood microbiome represents a dynamic eco-
system, which probably has an impact on health later in life. In this context, several environ-
mental exposures are supposed to be associated with differences found among individuals. 
These factors include drugs exposure, contact with domestic animals, hygiene, geography 
and diet [52]. Metagenomic studies suggest that diet has a determinant role for driving the 
development of childhood microbiome as it needs to adapt to different conditions of nutrients 
availability [53].

3.3.2.1.Breastfeedingversusbottlefeeding

In the first years of life, the human gut microbiome is richer in genes involved in digestion of 
oligosaccharides found in breast milk, while in later childhood, due to the ingestion of solid 
foods, the gut metagenome is richer in genes involved in the digestion of polysaccharides 
and vitamin biosynthesis. Therefore, different microbe exposure in modes of feeding might 
significantly influence microbiome composition and function [52, 53]. Breast-fed children 
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which the microbiota inhibits intestinal colonization by bacterial pathogens is through nutri-
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bility and fluctuation due to new environmental expositions, until it reaches a dynamic equi-
librium in adulthood [13].

3.3.1. Birth

It is commonly accepted by scientific community that our first exposition to microbes may occur 
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colonize the placenta, amniotic fluid and other fetal components from healthy term pregnan-
cies [41]. The bacterial taxa identified in the fetal environment present low abundance but are 
diverse, including many species associated with the oral and intestinal microbiomes, such as 
Fusobacterium spp. and Bacteroides spp. Moreover, similar bacterial communities can be found 
in meconium, suggesting that the colonization of the gut may start with intrauterine resident 
bacteria [42]. Nevertheless, the elucidation of the probable mechanism in which those bacteria 
translocate to the gut of the fetus is required to sustain the hypothesis of prenatal colonization. 
Regarding the gut microbiome just after birth, it has significantly lower diversity and higher vari-
ability among individuals compared to the microbiome in adulthood [24]. The dominant bac-
teria at phylum level in the neonatal gut include Firmicutes, Proteobacteria and Actinobacteria 
with lower levels of Bacteroidetes, a dominant phylum in the adult gut microbiome [43].

Figure 1. Intestinal microbiota in birth, childhood and adulthood. Birth delivery starts the colonization of the gut, 
thought the caesarian mode can alter the microbiome composition in newborns. In childhood, gut microbiota shows 
increased diversity due to introduction of solid foods. In adulthood, the gut microbiota achieves stability but several 
lifestyle factors may influence the microbiome composition, such as diet, physical activities, alcohol, smoking, drugs 
and hygiene.
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show an increase in Actinobacteria and a decrease in Firmicutes and Proteobacteria, whereas 
bottle-fed ones exhibit more abundance of potential pathogens such as E. coli and C.difficile 
[42, 54]. Interestingly, breast milk contains many compounds that might affect the micro-
biome composition of the infant gut in a positive way, such as immunoglobulin, prebiotic 
oligosaccharides and diverse maternal milk microbiota species that continually colonize the 
infant gut [55]. The majority of the studies show that the composition of the gut micro-
biota in breast-fed infants is enriched in aerobic organisms compared to formula-fed ones, 
which present higher prevalence of anaerobic and facultative anaerobic organisms such as 
Bacteroides sp. Certain Bacteroides sp. strains are able to digest milk oligosaccharides, sug-
gesting a potential competitive relationship between Bifidobacterium sp. and Bacteroides sp. in 
breast-fed infants. Metagenomic findings have been important for providing new advances 
regarding translational researches such as the development of infant formulas that are more 
similar in composition and function to breast milk. In this context, Oligosaccharide-enriched 
formulas have been developed, favoring the colonization of infants gut by greater numbers 
of bifidobacteria [43].

3.3.3. Adulthood

Healthy adult humans may harbor more than 1000 species of bacteria belonging to different 
bacterial phyla with Bacteroidetes and Firmicutes being the dominant ones [56]. The microbi-
ota of adults can achieve the highest diversity regarding human ontogeny development. There 
is also considerable variation in the intestinal environment, compared to other sites of the gut, 
and among healthy individuals. The proportion of each phylum apparently varies according 
to geographical distribution [2, 57]. For instance, some studies have shown that Firmicutes 
are more prevalent in adults in rural communities, whereas adults in industrialized societies 
seem to present higher levels of Bacteroidetes [58]. A higher Firmicutes to Bacteroidetes ratio 
has been mostly associated with metabolism function and body weight gain, although further 
investigation is required to shed light on the species-associated role in healthy individuals 
cohort across different geographical location to understand their influence in leanness/obesity 
[24]. In general, the gut microbiome in adulthood remains relatively stable through adult-
hood, except following perturbations such as pathogen infections, antibiotic drugs or drastic 
dietary shifts [13]. However, as we age, the gut microbiome is enriched in more traits associ-
ated with inflammation and metabolic dysfunction. A reduction in Bacteroides spp., Prevotella 
spp. and F.prausnitzii and an increase in Enterobacteriaceae have been associated with an 
overall decrease in the quality of life in old age [51]. In general, the gut microbiome in the 
elder adults exhibits a higher ratio of Firmicutes to Bacteroidetes when compared to young 
adults and reduction in symbiotic microbes such as Bifidobacteria and Bacteroides [59].

4. Dysbiosis in the pathogenesis of inflammatory bowel diseases

As described above in this chapter, substantial changes in microbiota may sometimes lead 
to dysfunction resulting in a dysbiosis state. This process has an important role in diseases 
involving inflammatory responses in the gut, for example, in inflammatory bowel diseases 
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(IBDs) such as Crohn’s disease (CD) and ulcerative colitis (UC). Moreover, excessive oxidative 
long-term activity of IBD is associated with colorectal cancer (CRC) (Figure 2) [60]. IBDs have 
been considered as global health problem [61], affecting around 3.1 million people in the USA 
[62, 63]. CD and UC are chronic diseases characterized by periods of relapse and remission. 
Clinical symptoms of both diseases are similar to each other; however, UC activity is restricted 
to the colon while CD may affect any part of the gut, more frequently in the ileum and proxi-
mal colon [64].

It has been reported that patients with IBD have a reduced diversity of gut microbiota, char-
acterized by the depletion of commensal species belonging to the phylum Firmicutes and 
Bacteroidetes [65, 66]. Metagenomic studies have pointed out a decreasing in short-chain 
fatty acids (SCFAs) metabolism genes such as butyrate, which play an important role in the 
maturation of regulatory T cells, in the gut microbiota of IBD patients [67]. Moreover, it was 
observed that patients have a reduction in a number of many SCFA-producing species from 
Clostridia groups, remarkably F.prausnitzii [68, 69]. Microbiota patterns such as the reduc-
tion in F. prausnitzii have been consistently associated with CD patients, during period of 
active disease or remission, from different geographical regions including Europe and South 
Asia and may thus serve as a reliable clinical marker [70, 71]. The reduction in species from 
Lactobacillus and Bifidobacterium genus has an important role in IBD pathogenesis as well, as 
these bacteria can downregulate the expression of key proinflammatory cytokines and che-
mokines in the gut [70]. In the other hand, opportunistic commensals, such as Mycobacterium 
avium sub. paratuberculosis, C.difficile, Ruminococcus gnavus and enterobacteria, are increased 
[19]. Commensal Sulfate-reducing bacteria are considered as a key factor in the initiation and 
maintenance of IBD as these bacteria reduce disulfide bonds of the mucus barrier, thereby 
allowing exposure of the host cells to pathogenic bacteria and toxins [72]. Therefore, these 

Figure 2. Dysbiosis in pathogenesis of IBD and CRC. Increased levels of metabolites produced by opportunistic 
commensals of the gut microbiome  modulates the effects of inflammation process and cancer tumorigenesis.
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show an increase in Actinobacteria and a decrease in Firmicutes and Proteobacteria, whereas 
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infant gut [55]. The majority of the studies show that the composition of the gut micro-
biota in breast-fed infants is enriched in aerobic organisms compared to formula-fed ones, 
which present higher prevalence of anaerobic and facultative anaerobic organisms such as 
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regarding translational researches such as the development of infant formulas that are more 
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formulas have been developed, favoring the colonization of infants gut by greater numbers 
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bacterial phyla with Bacteroidetes and Firmicutes being the dominant ones [56]. The microbi-
ota of adults can achieve the highest diversity regarding human ontogeny development. There 
is also considerable variation in the intestinal environment, compared to other sites of the gut, 
and among healthy individuals. The proportion of each phylum apparently varies according 
to geographical distribution [2, 57]. For instance, some studies have shown that Firmicutes 
are more prevalent in adults in rural communities, whereas adults in industrialized societies 
seem to present higher levels of Bacteroidetes [58]. A higher Firmicutes to Bacteroidetes ratio 
has been mostly associated with metabolism function and body weight gain, although further 
investigation is required to shed light on the species-associated role in healthy individuals 
cohort across different geographical location to understand their influence in leanness/obesity 
[24]. In general, the gut microbiome in adulthood remains relatively stable through adult-
hood, except following perturbations such as pathogen infections, antibiotic drugs or drastic 
dietary shifts [13]. However, as we age, the gut microbiome is enriched in more traits associ-
ated with inflammation and metabolic dysfunction. A reduction in Bacteroides spp., Prevotella 
spp. and F.prausnitzii and an increase in Enterobacteriaceae have been associated with an 
overall decrease in the quality of life in old age [51]. In general, the gut microbiome in the 
elder adults exhibits a higher ratio of Firmicutes to Bacteroidetes when compared to young 
adults and reduction in symbiotic microbes such as Bifidobacteria and Bacteroides [59].

4. Dysbiosis in the pathogenesis of inflammatory bowel diseases

As described above in this chapter, substantial changes in microbiota may sometimes lead 
to dysfunction resulting in a dysbiosis state. This process has an important role in diseases 
involving inflammatory responses in the gut, for example, in inflammatory bowel diseases 
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[62, 63]. CD and UC are chronic diseases characterized by periods of relapse and remission. 
Clinical symptoms of both diseases are similar to each other; however, UC activity is restricted 
to the colon while CD may affect any part of the gut, more frequently in the ileum and proxi-
mal colon [64].

It has been reported that patients with IBD have a reduced diversity of gut microbiota, char-
acterized by the depletion of commensal species belonging to the phylum Firmicutes and 
Bacteroidetes [65, 66]. Metagenomic studies have pointed out a decreasing in short-chain 
fatty acids (SCFAs) metabolism genes such as butyrate, which play an important role in the 
maturation of regulatory T cells, in the gut microbiota of IBD patients [67]. Moreover, it was 
observed that patients have a reduction in a number of many SCFA-producing species from 
Clostridia groups, remarkably F.prausnitzii [68, 69]. Microbiota patterns such as the reduc-
tion in F. prausnitzii have been consistently associated with CD patients, during period of 
active disease or remission, from different geographical regions including Europe and South 
Asia and may thus serve as a reliable clinical marker [70, 71]. The reduction in species from 
Lactobacillus and Bifidobacterium genus has an important role in IBD pathogenesis as well, as 
these bacteria can downregulate the expression of key proinflammatory cytokines and che-
mokines in the gut [70]. In the other hand, opportunistic commensals, such as Mycobacterium 
avium sub. paratuberculosis, C.difficile, Ruminococcus gnavus and enterobacteria, are increased 
[19]. Commensal Sulfate-reducing bacteria are considered as a key factor in the initiation and 
maintenance of IBD as these bacteria reduce disulfide bonds of the mucus barrier, thereby 
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patients develop a certain predisposition for the colonization of facultative pathogens, such as 
invasive E. coli, that express several virulence factors involved in adhesion and invasion of the epi-
thelial barrier [73, 74]. Moreover, colonization by pathogenic species, such as M. paratuberculosis, 
Listeria monocytogenes or Helicobacter species, can worsen the symptoms of IBD as these bacteria 
can activate proinflammatory signaling cascades into the host [75].

Besides bacteria, gut microbiome fungi and virus may also be involved in IBD. Metagenomic stud-
ies demonstrated that inflamed guts present high frequency of certain bacteriophages [76, 77]. In 
regard of fungi, few studies in mice show some yeast species that can inhibit the over growth of 
certain opportunistic commensals and affect the gut homeostasis. However, in humans, much 
research is required to elucidate the role of fungi and virus microbiome in the gut [78].

Currently, there is much discussion about the use of fecal transplant for transference of 
microbiota from healthy individuals to IBD patients as an alternative therapeutic strategy. 
Promising outcomes have been achieved against C.difficile infection in clinical trials, which is 
often found in the gut of IBD patients [79]. However, in UC clinical trials, the fecal transplant 
efficacy is controversial [80, 81]. Regarding CD clinical trials, children cohorts have shown 
better results with fecal microbiota transplantation than adult cohorts [82, 83].

4.1. Colorectal cancer

CRC is the most common form of gastrointestinal tract cancer, globally the third leading cause 
of cancer, and is associated with significant mortality affecting both men and women with 1.4 
million people diagnosed annually [60, 84].

Different from other kinds of cancer affecting the large bowel which are caused by point 
mutations in several genes that control cell proliferation, survival, differentiation and migra-
tion [60], CRC is mostly attributed to environmental factors and lifestyle such as high fat diet, 
alcohol, red meat, smoking, obesity, or lack of physical activity [56, 85]. There are several 
studies showing a connection between inflammatory processes and carcinogenesis, although 
the contribution of immunological mechanisms and inflammation to malignancy of CRC, it 
is not fully elucidated [86–88]. Immune cells, cytokines and other mediators of the immune 
system that are directly influenced by dysbiosis play an important role in the stages of tumori-
genesis in the colon, including onset, promotion, progression, and metastasis [86].

Several studies have been trying to identify components of the microbiota that play pivotal 
roles in inflammation process and in the progression of colorectal cancer by creating micro-
environments that favor tumorigenesis development (Table 1). Metagenomic analysis of 
microbiome provides insights of interactions and contributes to understand how the bacterial 
species can be related to CRC development, as it has been observed that bacterial popula-
tions present in fecal samples are distinct from not only tissue biopsies but also between 
inter-individual microbial communities, even in samples with the same subtypes of cancer. 
Usually fecal samples and biopsies are collected for 16S RNA gene sequencing generating 
results about diversity and abundance of the species making part of the gut microbial com-
munity [89, 90].
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Main findings Disease Sampling description Ref

Microbiomes of IBD subjects fluctuate more than those of 
healthy individuals

IBD Fecal samples from 109 
patients with IBD (CD, n = 49; 
UC, n = 60)

[100]

UC and CD have distinct microbiomes. F.prausnitzii and 
E. coli were found decreased and increased, respectively, in 
CD. These species among others could be used as microbiome 
markers to discriminate CD and UC

IBD 2045 non-IBD and IBD fecal 
samples from four countries 
(Spain, Belgium, the UK and 
Germany)

[101]

Microbiome colonizing the mucosa is different between 
inflamed subjects with CD and UC. At phylum level, 
Bacteroidetes is more frequent in CD while Proteobacteria 
and Firmicutes were more frequently observed in UC. At 
genus level, Faecalibacterium, Bacteroides and Pseudomonas were 
significantly different between the inflamed CD and UC

IBD Analysis of the microbiota 
composition of ileum, cecum, 
mid-colon and rectum samples 
from 166 individuals

[102]

The role of the metabolites produced by the microbiota in 
dysbiosis was correlated to IBD. Dysbiosis characterized by 
changes in Firmicutes and Proteobacteria phyla.
Decreased levels of Roseburia and Faecalibacterium were found 
in CD and UC

IBD Microbiota of intestinal 
biopsies and stool samples 
from 231 IBD and healthy

[103]

Metabolites and fecal microbiome can be useful to 
discriminate between healthy subjects and patients with 
IBD. At genus level, Escherichia, Faecalibacterium, Streptococcus, 
Sutterella and Veillonella were increased, while level of 
Bacteroides, Flavobacterium and Oscillospira decreased in IBD 
group

IBD Microbiota and the metabolites 
in stool of 183 subjects 
(UC—82, CD—50 and 51 
healthy controls)

[104]

Mucosa-associated dysbiosis was identified in IBD patients. 
CD and UC may be distinguishable from the mucosa-
associated microbial community structure. CD patients have 
increased levels of Escherichia, Ruminococcus, Cetobacterium, 
Actinobacillus and Enterococcus comparing to controls and 
UC subjects, and a significant decrease in Faecalibacterium, 
Coprococcus, Prevotella and Roseburia as well

IBD 174 mucus samples from 43 
UC subjects, 26 CD subjects 
and 14 non-IBD controls

[105]

No consistent overrepresentation of potential pathogenic 
bacteria in CRC tissue
Increased abundance of Coriobacteridae, Roseburia, 
Fusobacterium and Faecalibacterium
Decreased abundance of Enterobacteriaceae (Citrobacter, 
Shigella, Cronobacter, Kluyvera, Serratia and Salmonella spp.)

CRC Resections for primary colon 
adenocarcinoma of 6 patients

[106]

The gut microbiome could be used as a biomarker for CRC
Adenoma: increased abundances of Ruminococcaceae, 
Clostridium, Pseudomonas and Porphyromonadaceae. Lower 
abundances of Bacteroides, Lachnospiraceae, Clostridiales and 
Clostridium
Carcinoma: increased abundances of Fusobacterium, 
Porphyromonas, Lachnospiraceae and Enterobacteriaceae. 
Lower abundances of Bacteroides, Lachnospiraceae and 
Clostridiales

CRC Analysis of fecal samples from 
healthy individuals, adenoma 
and carcinoma patients (30 
subject for each clinical group)

[107]

F. nucleatum is prevalent in cases of proximal colon cancer. 
Amount of F. nucleatum increases linearly along the bowel 
subsites from rectum to cecum

CRC 1102 samples provided 
from database of colorectal 
carcinoma cases

[108]
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patients develop a certain predisposition for the colonization of facultative pathogens, such as 
invasive E. coli, that express several virulence factors involved in adhesion and invasion of the epi-
thelial barrier [73, 74]. Moreover, colonization by pathogenic species, such as M. paratuberculosis, 
Listeria monocytogenes or Helicobacter species, can worsen the symptoms of IBD as these bacteria 
can activate proinflammatory signaling cascades into the host [75].

Besides bacteria, gut microbiome fungi and virus may also be involved in IBD. Metagenomic stud-
ies demonstrated that inflamed guts present high frequency of certain bacteriophages [76, 77]. In 
regard of fungi, few studies in mice show some yeast species that can inhibit the over growth of 
certain opportunistic commensals and affect the gut homeostasis. However, in humans, much 
research is required to elucidate the role of fungi and virus microbiome in the gut [78].

Currently, there is much discussion about the use of fecal transplant for transference of 
microbiota from healthy individuals to IBD patients as an alternative therapeutic strategy. 
Promising outcomes have been achieved against C.difficile infection in clinical trials, which is 
often found in the gut of IBD patients [79]. However, in UC clinical trials, the fecal transplant 
efficacy is controversial [80, 81]. Regarding CD clinical trials, children cohorts have shown 
better results with fecal microbiota transplantation than adult cohorts [82, 83].

4.1. Colorectal cancer

CRC is the most common form of gastrointestinal tract cancer, globally the third leading cause 
of cancer, and is associated with significant mortality affecting both men and women with 1.4 
million people diagnosed annually [60, 84].

Different from other kinds of cancer affecting the large bowel which are caused by point 
mutations in several genes that control cell proliferation, survival, differentiation and migra-
tion [60], CRC is mostly attributed to environmental factors and lifestyle such as high fat diet, 
alcohol, red meat, smoking, obesity, or lack of physical activity [56, 85]. There are several 
studies showing a connection between inflammatory processes and carcinogenesis, although 
the contribution of immunological mechanisms and inflammation to malignancy of CRC, it 
is not fully elucidated [86–88]. Immune cells, cytokines and other mediators of the immune 
system that are directly influenced by dysbiosis play an important role in the stages of tumori-
genesis in the colon, including onset, promotion, progression, and metastasis [86].

Several studies have been trying to identify components of the microbiota that play pivotal 
roles in inflammation process and in the progression of colorectal cancer by creating micro-
environments that favor tumorigenesis development (Table 1). Metagenomic analysis of 
microbiome provides insights of interactions and contributes to understand how the bacterial 
species can be related to CRC development, as it has been observed that bacterial popula-
tions present in fecal samples are distinct from not only tissue biopsies but also between 
inter-individual microbial communities, even in samples with the same subtypes of cancer. 
Usually fecal samples and biopsies are collected for 16S RNA gene sequencing generating 
results about diversity and abundance of the species making part of the gut microbial com-
munity [89, 90].
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CD and UC may be distinguishable from the mucosa-
associated microbial community structure. CD patients have 
increased levels of Escherichia, Ruminococcus, Cetobacterium, 
Actinobacillus and Enterococcus comparing to controls and 
UC subjects, and a significant decrease in Faecalibacterium, 
Coprococcus, Prevotella and Roseburia as well

IBD 174 mucus samples from 43 
UC subjects, 26 CD subjects 
and 14 non-IBD controls

[105]

No consistent overrepresentation of potential pathogenic 
bacteria in CRC tissue
Increased abundance of Coriobacteridae, Roseburia, 
Fusobacterium and Faecalibacterium
Decreased abundance of Enterobacteriaceae (Citrobacter, 
Shigella, Cronobacter, Kluyvera, Serratia and Salmonella spp.)

CRC Resections for primary colon 
adenocarcinoma of 6 patients

[106]

The gut microbiome could be used as a biomarker for CRC
Adenoma: increased abundances of Ruminococcaceae, 
Clostridium, Pseudomonas and Porphyromonadaceae. Lower 
abundances of Bacteroides, Lachnospiraceae, Clostridiales and 
Clostridium
Carcinoma: increased abundances of Fusobacterium, 
Porphyromonas, Lachnospiraceae and Enterobacteriaceae. 
Lower abundances of Bacteroides, Lachnospiraceae and 
Clostridiales

CRC Analysis of fecal samples from 
healthy individuals, adenoma 
and carcinoma patients (30 
subject for each clinical group)

[107]

F. nucleatum is prevalent in cases of proximal colon cancer. 
Amount of F. nucleatum increases linearly along the bowel 
subsites from rectum to cecum

CRC 1102 samples provided 
from database of colorectal 
carcinoma cases

[108]
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Considering CRC microenvironment and the functionality of intestinal microbiome, it has 
a high importance as a risk factor or can be directly associated to CRC. Chronic inflamma-
tory processes driven by dysbiosis can affect all stages of tumor development by compounds 
that can damage DNA, for example, reactive oxygen species (ROS) promoting CRC devel-
opment [91]. During an inflammatory response, this microenvironment generates ROS and 
reactive nitrogen intermediates (RNIs) that lead to deleterious DNA promoting carcinogen-
esis damage or activating pivotal signaling pathways for adenoma formation and growth 
[86]. In a study investigating CRC in mouse model of tumorigenesis, it was demonstrated 
that long-term inflammation-mediated breakdown of protective intestinal barriers promotes 
the production of some inflammatory cytokines such as IL-17 and IL-23 that lead to tumor 
growth by facilitating bacterial translocation and consequently microbial products that trig-
ger tumorigenesis resulting in adenoma invasion [92]. Blooms of enterobacteria also seem to 
play a role in CRC as indicated by metagenomic studies of luminal microbiota of inflamed 
Il10−/− mice reveal that E. coli can promote cancer activity modulating tumor development 
once host inflammation has been established [87, 93].

In a study with fecal samples from 74 patients with CRC, the microbiome was enriched in 
Fusobacterium nucleatum and Peptostreptococcus stomatis. Moreover, co-occurrence of these 
taxa with the other two, Parvimonas micra and Solobacterium moorei, was found. Interestingly, 
P. micra and the Gram-negative F. nucleatum can induce inflammatory responses by bind-
ing to lipopolysaccharides from Gram-negative bacteria. Furthermore, F. nucleatum was 
shown to increase intestinal tumorigenesis through recruitment of infiltrating immune 
cells and through activation of β-catenin signaling [90]. In another study, in which the role 
of F. nucleatum in CRC was investigated by metagenomic analyses of 511 colorectal carci-
nomas from Japanese patients, it was identified a significant increase in the occurrence of 
the bacteria [89].

Main findings Disease Sampling description Ref

F. nucleatum, B. fragilis and F.prausnitzii could be identified as 
useful prognostic biomarkers for CRC
B. fragilis and F.prausnitzii correlated with patient’s survival 
in CRC
F. nucleatum presented higher abundance in non-survival 
group

CRC Tissues samples from 108 
patients in stages I–IV of CRC 
with different prognosis

[109]

CRC microbiome is stage-specific and appears to evolve with 
disease progression. Enrichment of organisms including 
Bacteroides fragilis, Fusobacterium nucleatum and under-
representation of Bacteroides vulgatus, Bacteroides uniformis and 
Faecalibacteriumprausnitzii
Enrichment of oral pathobionts in poor prognosis tumors 
and cancers: Parvimonas micra, Porphyromonas gingivalis and 
Prevotella spp.

CRC Tissue was sampled from 158 
CRC patients, 24 adenoma 
patients and 14 normal colon 
controls

[110]

Multiple fusobacteria members did not correlate with 
CRC. Enriched F. nucleatum, F. necrophorum, Leptotrichia 
trevisanii, B. fragilis, Parvimonas micra, Peptostreptococcus 
stomatis and Gemella morbillorum
Low levels of F. varium and Cetobacterium somerae in CRC

CRC 16S rRNA amplicon sequence 
raw datasets from 12 studies

[111]

Table 1. Recent metagenomic studies in clinical investigation of intestinal inflammatory diseases.
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An investigation in 34 patients with four CRC subtypes showed enrichment of Fusobacteria and 
Bacteroidetes, and decreased levels of Firmicutes and Proteobacteria, including Porphyromonas 
gingivalis, P. micra, P. stomatis and F. nucleatum, create a particular condition by recruiting  
T cells resembling the immunological aspects in specific colorectal tumors [94]. Prorok-Hamon 
et al. (2014) have shown, by PCR screening, that from 281 E. coli isolates from IBD patients, 
CRC patients presented increased levels of 21 colonic mucosa-associated E. coli strains, with 
pathogenic traits, including M-cell translocation, angiogenesis and genotoxicity properties [95].

Some works using metagenomics and metabolomics integrative analyses found that enriched 
levels of Fusobacteria and Proteobacteria create a specific mucosal metabolic microenviron-
ment that was associated with CRC pathogenesis through a large number of chemical and 
molecular signaling pathways [96–98]. Although fecal microbiome and metabolome may pos-
itively correlate with CRC conditions, the role of such interactions is still poorly understood 
in the pathogenesis of the disease [96].

Helicobacter pylori which well established in the development of stomach cancer since 1994 being 
classified as carcinogenic by the International Agency for Research on Cancer has also been pointed 
out as risk factor for CRC, as the infection leads to initial inflammatory response by stimulating 
IL-1β production, and consequently causing epithelium injury such as metaplasia [85]. In some 
studies, there was an indication of increased risk of colorectal adenomas by the presence of H. pylori 
due to hypergastrinemia; however, there is a controversy in other metagenomic studies that did not 
found correlation or even did not identify the presence of the pathogen in the analyzed samples [99].

5. Concluding remarks

These recent metagenomic studies reiterate that microbiome intrinsic factors from particular 
communities and lifestyle are extremely important and should be considered for future devel-
opment of novel therapies for IBD. Despite of all efforts to accurately unravel the microbiome 
role in the gut and its relationship with gut inflammation through metagenomic sequencing 
approaches, it seems that more complex mechanism might be involved in dysbiosis linked to 
chronic inflammatory diseases, such as IBD and CRC. In this context, further advances in the 
area are required to achieve a more precise definition of gut microbiome role, which could 
allow investments for the search of more effective therapies.
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Considering CRC microenvironment and the functionality of intestinal microbiome, it has 
a high importance as a risk factor or can be directly associated to CRC. Chronic inflamma-
tory processes driven by dysbiosis can affect all stages of tumor development by compounds 
that can damage DNA, for example, reactive oxygen species (ROS) promoting CRC devel-
opment [91]. During an inflammatory response, this microenvironment generates ROS and 
reactive nitrogen intermediates (RNIs) that lead to deleterious DNA promoting carcinogen-
esis damage or activating pivotal signaling pathways for adenoma formation and growth 
[86]. In a study investigating CRC in mouse model of tumorigenesis, it was demonstrated 
that long-term inflammation-mediated breakdown of protective intestinal barriers promotes 
the production of some inflammatory cytokines such as IL-17 and IL-23 that lead to tumor 
growth by facilitating bacterial translocation and consequently microbial products that trig-
ger tumorigenesis resulting in adenoma invasion [92]. Blooms of enterobacteria also seem to 
play a role in CRC as indicated by metagenomic studies of luminal microbiota of inflamed 
Il10−/− mice reveal that E. coli can promote cancer activity modulating tumor development 
once host inflammation has been established [87, 93].

In a study with fecal samples from 74 patients with CRC, the microbiome was enriched in 
Fusobacterium nucleatum and Peptostreptococcus stomatis. Moreover, co-occurrence of these 
taxa with the other two, Parvimonas micra and Solobacterium moorei, was found. Interestingly, 
P. micra and the Gram-negative F. nucleatum can induce inflammatory responses by bind-
ing to lipopolysaccharides from Gram-negative bacteria. Furthermore, F. nucleatum was 
shown to increase intestinal tumorigenesis through recruitment of infiltrating immune 
cells and through activation of β-catenin signaling [90]. In another study, in which the role 
of F. nucleatum in CRC was investigated by metagenomic analyses of 511 colorectal carci-
nomas from Japanese patients, it was identified a significant increase in the occurrence of 
the bacteria [89].

Main findings Disease Sampling description Ref

F. nucleatum, B. fragilis and F.prausnitzii could be identified as 
useful prognostic biomarkers for CRC
B. fragilis and F.prausnitzii correlated with patient’s survival 
in CRC
F. nucleatum presented higher abundance in non-survival 
group

CRC Tissues samples from 108 
patients in stages I–IV of CRC 
with different prognosis

[109]

CRC microbiome is stage-specific and appears to evolve with 
disease progression. Enrichment of organisms including 
Bacteroides fragilis, Fusobacterium nucleatum and under-
representation of Bacteroides vulgatus, Bacteroides uniformis and 
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Enrichment of oral pathobionts in poor prognosis tumors 
and cancers: Parvimonas micra, Porphyromonas gingivalis and 
Prevotella spp.

CRC Tissue was sampled from 158 
CRC patients, 24 adenoma 
patients and 14 normal colon 
controls

[110]

Multiple fusobacteria members did not correlate with 
CRC. Enriched F. nucleatum, F. necrophorum, Leptotrichia 
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An investigation in 34 patients with four CRC subtypes showed enrichment of Fusobacteria and 
Bacteroidetes, and decreased levels of Firmicutes and Proteobacteria, including Porphyromonas 
gingivalis, P. micra, P. stomatis and F. nucleatum, create a particular condition by recruiting  
T cells resembling the immunological aspects in specific colorectal tumors [94]. Prorok-Hamon 
et al. (2014) have shown, by PCR screening, that from 281 E. coli isolates from IBD patients, 
CRC patients presented increased levels of 21 colonic mucosa-associated E. coli strains, with 
pathogenic traits, including M-cell translocation, angiogenesis and genotoxicity properties [95].

Some works using metagenomics and metabolomics integrative analyses found that enriched 
levels of Fusobacteria and Proteobacteria create a specific mucosal metabolic microenviron-
ment that was associated with CRC pathogenesis through a large number of chemical and 
molecular signaling pathways [96–98]. Although fecal microbiome and metabolome may pos-
itively correlate with CRC conditions, the role of such interactions is still poorly understood 
in the pathogenesis of the disease [96].

Helicobacter pylori which well established in the development of stomach cancer since 1994 being 
classified as carcinogenic by the International Agency for Research on Cancer has also been pointed 
out as risk factor for CRC, as the infection leads to initial inflammatory response by stimulating 
IL-1β production, and consequently causing epithelium injury such as metaplasia [85]. In some 
studies, there was an indication of increased risk of colorectal adenomas by the presence of H. pylori 
due to hypergastrinemia; however, there is a controversy in other metagenomic studies that did not 
found correlation or even did not identify the presence of the pathogen in the analyzed samples [99].

5. Concluding remarks

These recent metagenomic studies reiterate that microbiome intrinsic factors from particular 
communities and lifestyle are extremely important and should be considered for future devel-
opment of novel therapies for IBD. Despite of all efforts to accurately unravel the microbiome 
role in the gut and its relationship with gut inflammation through metagenomic sequencing 
approaches, it seems that more complex mechanism might be involved in dysbiosis linked to 
chronic inflammatory diseases, such as IBD and CRC. In this context, further advances in the 
area are required to achieve a more precise definition of gut microbiome role, which could 
allow investments for the search of more effective therapies.
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Abstract

The symbiotic microbial consortium in the gut of Spodoptera littoralis shows dramatic, 
but reproducible changes in line with the development of the insect from the egg via 
six larval instars to the pupa. Since the food is kept constant during development, fac-
tors from the insect host and certain microbial symbionts are assumed to control the 
composition of the microbiome. A GFP-tagged Enterococcus mundtii, one of the major 
players of the consortium, easily integrates into the microbiome and can be moni-
tored in all gut segments at all developmental stages. The reporter organism can be 
recovered from the gut using a preparative flow cytometry allowing subsequent RNA 
extraction for transcriptomic analyses. The transcriptomic profile from the fluorescent 
Enterococcus cells provides information on the adaptation of the reporter organism 
to the local gut conditions. The concept of using a fluorescent reporter organism that 
can be recovered at any time from any area of the intestinal tract will allow a holistic 
analysis of adaptation strategies used by the microbes to adapt to the insect gut. In 
combination with the analysis of transcript patterns from the gut membranes, a first 
insight into the molecular interaction between the insect host and the microbiome can 
be expected.

Keywords: Enterococcus mundtii, Spodoptera littoralis, gut microbiome, transcriptomics, 
flow cytometry

1. Introduction

The development of a gut in multicellular organisms is an evolutionary achievement of the 
highest order. The gut allows the host to exploit the metabolic and catabolic abilities of a mul-
titude of microbial inhabitants to degrade and digest recalcitrant and complex organic matter. 
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The symbionts may also be involved in the detoxification of poisonous metabolites in food 
[1, 2]. The membranes of the intestinum carefully separate the bacterial symbionts from the 
host organism and prevent infection by invasive and deleterious members of the microbiome. 
Accordingly, the gut membrane is a complex structure that allows the exchange of nutri-
ents with both high- and low-molecular weight (signaling) compounds and, on the other, 
blocks the entry of microbes and many of their macromolecular components [3]. The flux of 
nutrients and even more complex metabolites across the membrane is controlled by transport 
proteins expressed in the gut membrane [4, 5]. The microbiome also defends against parasites 
or pathogens [6–8]. The diverse functions provided by the microbial partners are vital for the 
insect’s survival, especially in adverse ecological niches.

Although almost all organisms rely on core microbiomes [9], in many cases the gut com-
munity changes according to the insect’s developmental stage. In early instars of Spodoptera 
littoralis, several Enterococcus spp. dominate, whereas in late instars, Clostridia contribute 
significantly (ca. 50%) to the microbial population [10]. A core community, consisting of 
Enterococci, Lactobacilli and Clostridia was revealed in the insect larvae. These bacteria were 
always present in the digestive tract at a relatively high frequency; although developmen-
tal stage and diet have a great impact on shaping bacterial communities, clearly the insect 
gut selects for particular bacterial phylotypes. Enterococci are also prominent in the gut of 
insects such as Drosophila, ground beetles and desert locusts [11, 12]. The strong dependence 
of the gut community on the developmental stage of the insect host suggests that unknown 
low- and high-molecular weight factors control symbiotic interactions among the partners. 
For example, in Drosophila melanogaster, the immune system not only plays a central role in 
preventing pathogen infection, but also controls the resident bacterial population. The intesti-
nal homeobox gene Caudal regulates the resident gut microbial community by repressing the 
antimicrobial peptide genes that are dependent on the nuclear factor kappa B. Silencing the 
Caudal gene by RNAi resulted in the overexpression of antimicrobial peptides, which in turn 
reduced the microbial population in the gut [13].

To monitor such developmentally controlled changes in the microbiome of S. littoralis, a flu-
orescent member of the gut symbionts—in particular, the dominant Enterococcus mundtii—
appeared to be an ideal reporting organism. A GFP-labeled E. mundtii [14] would easily 
integrate into the gut community and survive adverse conditions embedded in the commu-
nity of enterococci, bacteria which are largely resistant to environmental stresses, such as 
antibiotic exposure, disinfection, desiccation and starvation [15]. As the transgenic E. mundtii 
are fluorescent, their presence can be monitored in all gut areas of the larvae and at develop-
mental stages such as the pupa and the adult. Moreover, the reporter organisms can be easily 
recovered from the gut and used for transcriptomic analyses. By comparing transcriptomes 
from adjacent gut tissue and from the microbes, a “dialog” between the insect host and the 
symbiotic bacteria could be unraveled. This concept is generally applicable and can be used to 
holistically analyze host microbial interactions. The protocol of the approach based on the use 
of a fluorescent reporter organism—for example, using GFP-tagged E. mundtii—is described 
in this chapter.
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2. Fluorescent reporters and their applications for in vivo imaging in 
microbiomes

The green fluorescent protein (GFP) isolated from the jellyfish, Aequorea victoria, is widely 
used as a reporter for studying gene expression [16], and the localization and structure of 
living cells [17]. The GFP has a major excitation peak at about 395 nm and an emission peak 
at about 508 nm. The GFP contains 238 amino acids with a molecular weight of 26.9 kDa. It 
emits green fluorescence when exposed to light in the blue to ultraviolet range [18]. The GFP 
requires only oxygen as a cofactor for chromophore formation, which gives it an advantage 
over other reporter proteins [19]. It is sensitive and non-toxic, and does not affect cell growth 
[20, 21]. In addition, the GFP is stable at temperatures below 65°C and pH 6–11 [22]. Since the 
GFP was discovered, many mutants have been developed with modification in spectral and 
folding properties, or enhanced fluorescence intensity [23–26]. The choice of a GFP variant 
depends on several factors, such as pH, environmental temperature, toxicity, multimerization 
and photostability [26]. The first gfp gene was cloned in 1992 [27], and 2 years later, the gene 
was successfully expressed in both eukaryotes and prokaryotes [20]. Apart from GFP, many 
variants of red fluorescent proteins, such as mCherry and tdTomato have been developed 
based on DsRed originally isolated from Discosoma sp. [28]. Since then, over 40 coral fluores-
cent proteins with different colors, from cyan to chromo-red, have been described [29].

The reporter proteins provide important tools with which to monitor gene expression from 
within the cells in real time and in the in vivo environment, such as the gastrointestinal tract. 
For a gene to be selected as a reporter, it must be able to easily detect signals secreted by the 
expressed reporter gene in the cells [30]. The lux gene derived from bacteria, and luciferase 
from the firefly and click beetle (luc), are two other common reporter genes used in biolumi-
nescence imaging. Fluorescence imaging is commonly associated with the use of green and 
red fluorescence proteins [31, 32]. Rats and mice are popular model organisms which study 
the proliferation and colonization of lactic acid bacteria (LAB) [33, 34]. LAB has been tagged 
with green fluorescent protein (GFP) and mCherry to study their colonization of the intestinal 
tract of chickens, mice and zebrafish [35–39].

2.1. Construction of a GFP fluorescent system for E. mundtii

LAB is widely used as probiotics due to the benefits they bring to human and animal health 
by balancing the gut microbiome and by eliminating pathogenic microorganisms through the 
production of antimicrobial peptides [40, 41]. Due to the importance of LAB in many appli-
cations, it is essential to study how they survive and colonize by monitoring their metabolic 
activities in vivo through the development of fluorescent reporter microorganisms. It is impor-
tant that the reporter gene in the fluorescent bacteria is stably expressed [42].

Plasmids are present in most of the members of LAB, including Enterococcus, Lactobacillus, 
Lactococcus, Bifidobacterium, Streptococcus, Pediococcus, Leuconostoc, etc. Plasmids found in LAB 
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The symbionts may also be involved in the detoxification of poisonous metabolites in food 
[1, 2]. The membranes of the intestinum carefully separate the bacterial symbionts from the 
host organism and prevent infection by invasive and deleterious members of the microbiome. 
Accordingly, the gut membrane is a complex structure that allows the exchange of nutri-
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or pathogens [6–8]. The diverse functions provided by the microbial partners are vital for the 
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mental stages such as the pupa and the adult. Moreover, the reporter organisms can be easily 
recovered from the gut and used for transcriptomic analyses. By comparing transcriptomes 
from adjacent gut tissue and from the microbes, a “dialog” between the insect host and the 
symbiotic bacteria could be unraveled. This concept is generally applicable and can be used to 
holistically analyze host microbial interactions. The protocol of the approach based on the use 
of a fluorescent reporter organism—for example, using GFP-tagged E. mundtii—is described 
in this chapter.
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2. Fluorescent reporters and their applications for in vivo imaging in 
microbiomes
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nescence imaging. Fluorescence imaging is commonly associated with the use of green and 
red fluorescence proteins [31, 32]. Rats and mice are popular model organisms which study 
the proliferation and colonization of lactic acid bacteria (LAB) [33, 34]. LAB has been tagged 
with green fluorescent protein (GFP) and mCherry to study their colonization of the intestinal 
tract of chickens, mice and zebrafish [35–39].

2.1. Construction of a GFP fluorescent system for E. mundtii

LAB is widely used as probiotics due to the benefits they bring to human and animal health 
by balancing the gut microbiome and by eliminating pathogenic microorganisms through the 
production of antimicrobial peptides [40, 41]. Due to the importance of LAB in many appli-
cations, it is essential to study how they survive and colonize by monitoring their metabolic 
activities in vivo through the development of fluorescent reporter microorganisms. It is impor-
tant that the reporter gene in the fluorescent bacteria is stably expressed [42].

Plasmids are present in most of the members of LAB, including Enterococcus, Lactobacillus, 
Lactococcus, Bifidobacterium, Streptococcus, Pediococcus, Leuconostoc, etc. Plasmids found in LAB 
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vary in size (0.87 kb to more than 250 kb), copy number (1 or more per cell) and gene content 
[43–46].

Enterococci harbor plasmids that are resistant to a wide range of antibiotics, including eryth-
romycin, tetracycline, gentamicin and vancomycin [47–50]. Some of these plasmids encode 
bacteriocins [51–53], virulence factors [54, 55], toxins [56] and sex pheromones [57]. Plasmids 
replicate via rolling circle replication (RCR) and theta replication [58]. Theta-replicating 
plasmids can carry large DNA fragments and are more stable than RCR plasmids [59]. The 
enterococci plasmid pAMβ1 replicates via theta mode. In the early 1990s, shuttle vectors in 
the pTRK family of high and low copy number carrying the origin of replication of pAMβ1 
for LAB and p15A for E. coli were developed [60]. The plasmids carrying the replicon pAMβ1 
isolated from Enterococcus faecalis [61] have been reported to replicate in Gram-positive  
bacteria [62].

The choice of a reliable expression vector depends on several factors, such as the mode 
of replication, copy number and stability [63]. The expression vector used in this study is 
derived from pTRKH3 plasmid with a broad host range. pTRKH3 is a shuttle vector for 
E. coli, Enterococcus, Lactococcus, Streptococcus and Lactobacillus [60]. The vector has a copy 
number (30–40) in E. coli, and a somewhat higher copy number (45–85) in Lactococcus and 
Streptococcus species [64]. It carries a gene for erythromycin resistance, which is expressed 
in E. coli and LAB. In this chapter, we report the expression of mutated gfp (mgfp5) on a 
pTRKH3 plasmid controlled by a strong constitutive promoter, erythromycin ribosomal 
methylase (ermB) [61], in E. mundtii (Figure 1A). The lactate dehydrogenase (ldh) promoter 
from Lactobacillus acidophilus [65] has also been used to control the expression of GFP. In 
contrast, the use of a surface-layer (slp) promoter from L. acidophilus [66] was not able to 
induce the expression of GFP [14]. Accordingly, the selection of an appropriate promoter 
to achieve a high level of GFP expression is crucial. Nisin-inducible promoters have been 
used for heterologous gene expression in lactobacilli [67, 68]. Nisin that can be degraded 
within the intestinal environment is a drawback of this inducible expression system [69, 70]. 

Figure 1. Construction of GFP-tagged E. mundtii by electroporation. (A) Plasmid map of pTRKH3 harboring the mgfp5 
gene regulated by an erythromycin ribosomal methylase (ermB) promoter. The plasmid is an E. coli-LAB shuttle vector 
with p15A and pAMβ1 as the origins of replication. (B) The ermB promoter was used to increase the expression of GFP 
from E. mundtii grown in Todd-Hewitt Bouillon (THB) broth culture. Scale bar: 10 μm [14].
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Therefore, the use of constitutive or native-based promoters would be favorable, as these 
promoters could ensure the constant production of the target protein, especially in the gut 
environment. Several studies using homologous promoters have been reported to achieve 
efficient gene expression [71, 72], as the transcriptional signal induced by native promoters 
is recognized by the host bacteria. Bacteria with the gfp gene cloned downstream of a native 
constitutive promoter express GFP efficiently in broth culture (Figure 1B).

2.2. Transformation of E. mundtii KD251 using electroporation

Several methods have been used to introduce exogenous DNA into microbial cells; these 
include chemical treatment, electroporation, the use of a biolistic gun, ultrasound, polyethyl-
ene glycol, microwave and hydrogel [73]. Of all the methods, electroporation most efficiently 
transforms a broad array of microorganisms [74] by introducing foreign DNA-like plasmid 
into bacteria. Electroporation is one of the transformation techniques for rapid introduction 
of foreign DNA-like plasmid into bacteria. The method uses an electric pulse that forms pores 
on the bacterial cell walls so that DNA can pass into the cell. In recent years, numerous lactic 
acid bacteria have been transformed using electroporation [75]. The success rate of electro-
transformation depends on the cell wall becoming sufficiently permeable to allow DNA to 
enter. In some cases, to improve a cell’s electro-transformation efficiency, the cell wall is pre-
treated with chemicals such as lysozyme [76, 77], threonine [78, 79], penicillin G [80], ethanol 
[81] and glycine [82, 83]. These weaken the cell walls only for certain bacteria species. It has 
been shown that the efficiency of electro-transformation of Lactococcus lactis was affected by 
several parameters, such as the cell’s growth phase and density, the medium, the plasmid 
concentration and the strength of the electrical field [84].

The choice of method in the preparation of the competent cells is important for a success-
ful transformation. Although competent E. coli cells have reportedly been prepared with 
ice-cold calcium chloride [85], the transformation achieved with this method is less suc-
cessful than that achieved using the electroporation method [86]. The electrocompetent 
cells, the equipment and the washing buffers all have to be prepared at cold temperatures 
[87, 88].

In this chapter, we report the use of a conventional method to transform E. mundtii based on 
the modified protocol of Escherichia coli [89]. The electrocompetent cells and electroporation 
protocol for E. mundtii have been published [14]. Briefly, the bacterial cells were grown to 
the exponential phase and then washed with ice-cold water for two rounds to remove salts 
from the growth medium. Glycerol at a final concentration of 10% was added to the bacterial 
suspension so that the cells could be preserved and stored frozen. A concentration of plas-
mids between 0.15 and 0.2 μg worked fine for us. The competent cells were mixed with the 
plasmid DNA and then transferred to a 0.2 cm plastic cuvette for electroporation at a pulse of 
1.8 kV, 600 Ω parallel resistance and 10 μF capacitance. The pulsed cells were recovered with 
fresh broth medium, and the cell suspension was incubated at 37°C for 2 hours before plating 
on plates containing antibiotic erythromycin. After 2 days, the bacterial transformants were 
screened for the plasmid-containing gfp gene.
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the pTRK family of high and low copy number carrying the origin of replication of pAMβ1 
for LAB and p15A for E. coli were developed [60]. The plasmids carrying the replicon pAMβ1 
isolated from Enterococcus faecalis [61] have been reported to replicate in Gram-positive  
bacteria [62].

The choice of a reliable expression vector depends on several factors, such as the mode 
of replication, copy number and stability [63]. The expression vector used in this study is 
derived from pTRKH3 plasmid with a broad host range. pTRKH3 is a shuttle vector for 
E. coli, Enterococcus, Lactococcus, Streptococcus and Lactobacillus [60]. The vector has a copy 
number (30–40) in E. coli, and a somewhat higher copy number (45–85) in Lactococcus and 
Streptococcus species [64]. It carries a gene for erythromycin resistance, which is expressed 
in E. coli and LAB. In this chapter, we report the expression of mutated gfp (mgfp5) on a 
pTRKH3 plasmid controlled by a strong constitutive promoter, erythromycin ribosomal 
methylase (ermB) [61], in E. mundtii (Figure 1A). The lactate dehydrogenase (ldh) promoter 
from Lactobacillus acidophilus [65] has also been used to control the expression of GFP. In 
contrast, the use of a surface-layer (slp) promoter from L. acidophilus [66] was not able to 
induce the expression of GFP [14]. Accordingly, the selection of an appropriate promoter 
to achieve a high level of GFP expression is crucial. Nisin-inducible promoters have been 
used for heterologous gene expression in lactobacilli [67, 68]. Nisin that can be degraded 
within the intestinal environment is a drawback of this inducible expression system [69, 70]. 

Figure 1. Construction of GFP-tagged E. mundtii by electroporation. (A) Plasmid map of pTRKH3 harboring the mgfp5 
gene regulated by an erythromycin ribosomal methylase (ermB) promoter. The plasmid is an E. coli-LAB shuttle vector 
with p15A and pAMβ1 as the origins of replication. (B) The ermB promoter was used to increase the expression of GFP 
from E. mundtii grown in Todd-Hewitt Bouillon (THB) broth culture. Scale bar: 10 μm [14].
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Therefore, the use of constitutive or native-based promoters would be favorable, as these 
promoters could ensure the constant production of the target protein, especially in the gut 
environment. Several studies using homologous promoters have been reported to achieve 
efficient gene expression [71, 72], as the transcriptional signal induced by native promoters 
is recognized by the host bacteria. Bacteria with the gfp gene cloned downstream of a native 
constitutive promoter express GFP efficiently in broth culture (Figure 1B).

2.2. Transformation of E. mundtii KD251 using electroporation

Several methods have been used to introduce exogenous DNA into microbial cells; these 
include chemical treatment, electroporation, the use of a biolistic gun, ultrasound, polyethyl-
ene glycol, microwave and hydrogel [73]. Of all the methods, electroporation most efficiently 
transforms a broad array of microorganisms [74] by introducing foreign DNA-like plasmid 
into bacteria. Electroporation is one of the transformation techniques for rapid introduction 
of foreign DNA-like plasmid into bacteria. The method uses an electric pulse that forms pores 
on the bacterial cell walls so that DNA can pass into the cell. In recent years, numerous lactic 
acid bacteria have been transformed using electroporation [75]. The success rate of electro-
transformation depends on the cell wall becoming sufficiently permeable to allow DNA to 
enter. In some cases, to improve a cell’s electro-transformation efficiency, the cell wall is pre-
treated with chemicals such as lysozyme [76, 77], threonine [78, 79], penicillin G [80], ethanol 
[81] and glycine [82, 83]. These weaken the cell walls only for certain bacteria species. It has 
been shown that the efficiency of electro-transformation of Lactococcus lactis was affected by 
several parameters, such as the cell’s growth phase and density, the medium, the plasmid 
concentration and the strength of the electrical field [84].

The choice of method in the preparation of the competent cells is important for a success-
ful transformation. Although competent E. coli cells have reportedly been prepared with 
ice-cold calcium chloride [85], the transformation achieved with this method is less suc-
cessful than that achieved using the electroporation method [86]. The electrocompetent 
cells, the equipment and the washing buffers all have to be prepared at cold temperatures 
[87, 88].

In this chapter, we report the use of a conventional method to transform E. mundtii based on 
the modified protocol of Escherichia coli [89]. The electrocompetent cells and electroporation 
protocol for E. mundtii have been published [14]. Briefly, the bacterial cells were grown to 
the exponential phase and then washed with ice-cold water for two rounds to remove salts 
from the growth medium. Glycerol at a final concentration of 10% was added to the bacterial 
suspension so that the cells could be preserved and stored frozen. A concentration of plas-
mids between 0.15 and 0.2 μg worked fine for us. The competent cells were mixed with the 
plasmid DNA and then transferred to a 0.2 cm plastic cuvette for electroporation at a pulse of 
1.8 kV, 600 Ω parallel resistance and 10 μF capacitance. The pulsed cells were recovered with 
fresh broth medium, and the cell suspension was incubated at 37°C for 2 hours before plating 
on plates containing antibiotic erythromycin. After 2 days, the bacterial transformants were 
screened for the plasmid-containing gfp gene.
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2.3. Colonization of GFP-tagged bacterium in the gut of S. littoralis

The fluorescent reporter E. mundtii has been integrated into the gut microbiome across all 
developmental stages of S. littoralis [14], indicating its symbiotic relationship with the insect 
host. Microorganisms have the ability to face environmental stresses, particularly those 
within the gastrointestinal environment. Constructing the fluorescent reporter E. mundtii, 
we explored the mechanisms these bacteria use to adapt to stress; we recovered the reporter 
bacteria from the gut of S. littoralis using the state-of-the-art technology of flow cytometry. 
The dominance and persistence of E. mundtii in the gut motivates us to look deeper into 
their gene expression system. Therefore, it is important to unravel the mechanisms used by 
microorganisms living within the gastrointestinal environment. Construction of the fluo-
rescent reporter E. mundtii is one of the strategies to find out those mechanisms, since it has 
been possible to recover the reporter bacteria from the gut of the very same insects using 
the state-of-the-art technology of flow cytometry. Fluorescence-activated cell sorting (FACS) 
enabled us to pick out the GFP-tagged reporter E. mundtii from a mixture of insect and other 
bacterial cells.

3. Fluorescence-activated cell sorting

Flow cytometry separates cells based on their intrinsic physical and chemical characteristics, 
integrating electronics, fluidics and optics. The sample, from which the cells of interest are to 
be sorted, is passed through a flow cell. The sheath fluid escorts the cells down the channel, 
where they encounter a laser beam. Light beams of specific frequencies and wavelength are 
emitted. Detectors measure the forward scatter (FSC) and the side scatter (SSC) based on cell 
size and granularity. FSC and SSC are unique for every particle. A combination of the two can 
differentiate among cell types within a cohort of cells. This way, the qualitative and quantita-
tive data of a particular kind of cell can be assessed.

Fluorescence-activated cell sorting is an application of flow cytometry. The cells of inter-
est are fluorescently tagged and sorted by the machine. Here the GFP-tagged fluorescent 
E. mundtii is isolated from a mixture containing insect gut homogenate with other bacteria. 
The solution is delivered to the flow channel and carried by the sheath fluid. The pressure 
from the compressor, which is adjustable, forces the solution through a laser beam using 
hydrodynamic focusing. Then monochromatic beams of high intensity interrogate cells one 
at a time. Depending on the excitation wavelength of the fluorophore, the laser wavelength 
is chosen. The scatters are then recorded. The forward scatter (FSC), which refers to light 
that is refracted by the cell and continues in the same direction, tells us about the size of the 
cell. In contrast, the side scatter (SSC), which refers to light that is refracted by the cells and 
travels at right angles to the excitation axis, tells us about the fluorescence and granularity 
of the cells. The more granular a cell, the more scattered light it produces. Furthermore, each 
cell enclosed in a droplet is assigned a charge, depending on the extent of the cell’s deflec-
tion [90]. After passing through an electrical field, the cells are deflected to the collection 
tubes and the uncharged droplets are directed to the waste. The detector system consists of 
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a set of photo multiplier tubes that have specific filters to select for certain wavelengths of 
the beam and are set at the excitation range to view GFP.

Once the larvae are fed with the fluorescent E. mundtii, the number of larvae that survive can 
be determined and eventually recovered for further studies. The E. mundtii cells are sorted 
and their transcriptomes can be studied. This technology has made it possible to focus on a 
single cell or cells of interest, to study their function or their physiological state.

4. RNA extraction

The GFP-tagged E. mundtii are sorted by the flow cytometer and collected in a RNA-protective 
reagent (RNAlater®). The role of such reagents is twofold: first, they preserve the integrity of 
RNA, which has a very short half-life, for a few minutes. We need the RNA to be intact and 
of good quality in order to process it for sequencing. Second, addition of protective reagents 
minimizes subsequent changes from being introduced when the cells are handled. As soon as 
the cells are collected in a Falcon tube filled with the protective reagent (RNA Protect or RNA 
Later), the reagent percolates into the cells and prevents an alteration in the gene expression 
[91]. Additionally, the entire process is maintained at 4°C, as all metabolic activities slow 
down at low temperatures. The Falcon tube is centrifuged at a high speed to pellet down the 
cells, and care is taken not to disturb it while draining the supernatant.

RNA is very sensitive to exogenous and endogenous RNases. The entire extraction procedure 
is done in an area free of RNase. Moreover, RNase inhibitors are used to clean all equipment, 
ranging from gloves to microcentrifuge tubes to get rid of RNase. E. mundtii is a Gram-positive 
bacterium with a cell wall containing a thick layer of peptidoglycan and lipoteichoic acid, 
followed by a single lipid membrane. The cell wall is anchored to the membrane by diacylg-
lycerols. To release the nucleic acid from the cell, it has to be detached from its peptidoglycan-
containing cell wall and membrane. Lysozyme is a glycoside hydrolase that hydrolyzes the 
1,4-beta linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues of the 
peptidoglycan. Additionally, guanidium thiocyanate, beta-mercaptoethanol and a detergent 
called dithiothreitol help in cell lysis and deproteinization. Proteinase K frees the RNA from 
the bound proteins and endogenous RNase.

Following lysis, the RNA is separated by density gradient centrifugation using phenol, chlo-
roform and isoamyl alcohol, and further precipitation with ethanol. The RNeasy® Mini Kit 
(Qiagen) based on silica-matrix RNA extraction was used in our work. Several studies have 
reported on extraction of high quality bacterial RNA using this kit [92–94]. Thus, RNA is 
obtained from the cells of the sorted E. mundtii [95].

The extraction of total RNA from the low number of bacterial cells that remain after sorting by 
the flow cytometer is challenging. The concentration of RNA was as low as a few picograms 
to 50 ng. The minimum threshold quantity for a successful RNA library preparation is 100 ng. 
This is too low an amount to proceed with RNA sequencing. Hence, the total RNA must be 
amplified before we can use it further.
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2.3. Colonization of GFP-tagged bacterium in the gut of S. littoralis
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within the gastrointestinal environment. Constructing the fluorescent reporter E. mundtii, 
we explored the mechanisms these bacteria use to adapt to stress; we recovered the reporter 
bacteria from the gut of S. littoralis using the state-of-the-art technology of flow cytometry. 
The dominance and persistence of E. mundtii in the gut motivates us to look deeper into 
their gene expression system. Therefore, it is important to unravel the mechanisms used by 
microorganisms living within the gastrointestinal environment. Construction of the fluo-
rescent reporter E. mundtii is one of the strategies to find out those mechanisms, since it has 
been possible to recover the reporter bacteria from the gut of the very same insects using 
the state-of-the-art technology of flow cytometry. Fluorescence-activated cell sorting (FACS) 
enabled us to pick out the GFP-tagged reporter E. mundtii from a mixture of insect and other 
bacterial cells.

3. Fluorescence-activated cell sorting

Flow cytometry separates cells based on their intrinsic physical and chemical characteristics, 
integrating electronics, fluidics and optics. The sample, from which the cells of interest are to 
be sorted, is passed through a flow cell. The sheath fluid escorts the cells down the channel, 
where they encounter a laser beam. Light beams of specific frequencies and wavelength are 
emitted. Detectors measure the forward scatter (FSC) and the side scatter (SSC) based on cell 
size and granularity. FSC and SSC are unique for every particle. A combination of the two can 
differentiate among cell types within a cohort of cells. This way, the qualitative and quantita-
tive data of a particular kind of cell can be assessed.

Fluorescence-activated cell sorting is an application of flow cytometry. The cells of inter-
est are fluorescently tagged and sorted by the machine. Here the GFP-tagged fluorescent 
E. mundtii is isolated from a mixture containing insect gut homogenate with other bacteria. 
The solution is delivered to the flow channel and carried by the sheath fluid. The pressure 
from the compressor, which is adjustable, forces the solution through a laser beam using 
hydrodynamic focusing. Then monochromatic beams of high intensity interrogate cells one 
at a time. Depending on the excitation wavelength of the fluorophore, the laser wavelength 
is chosen. The scatters are then recorded. The forward scatter (FSC), which refers to light 
that is refracted by the cell and continues in the same direction, tells us about the size of the 
cell. In contrast, the side scatter (SSC), which refers to light that is refracted by the cells and 
travels at right angles to the excitation axis, tells us about the fluorescence and granularity 
of the cells. The more granular a cell, the more scattered light it produces. Furthermore, each 
cell enclosed in a droplet is assigned a charge, depending on the extent of the cell’s deflec-
tion [90]. After passing through an electrical field, the cells are deflected to the collection 
tubes and the uncharged droplets are directed to the waste. The detector system consists of 
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a set of photo multiplier tubes that have specific filters to select for certain wavelengths of 
the beam and are set at the excitation range to view GFP.

Once the larvae are fed with the fluorescent E. mundtii, the number of larvae that survive can 
be determined and eventually recovered for further studies. The E. mundtii cells are sorted 
and their transcriptomes can be studied. This technology has made it possible to focus on a 
single cell or cells of interest, to study their function or their physiological state.

4. RNA extraction

The GFP-tagged E. mundtii are sorted by the flow cytometer and collected in a RNA-protective 
reagent (RNAlater®). The role of such reagents is twofold: first, they preserve the integrity of 
RNA, which has a very short half-life, for a few minutes. We need the RNA to be intact and 
of good quality in order to process it for sequencing. Second, addition of protective reagents 
minimizes subsequent changes from being introduced when the cells are handled. As soon as 
the cells are collected in a Falcon tube filled with the protective reagent (RNA Protect or RNA 
Later), the reagent percolates into the cells and prevents an alteration in the gene expression 
[91]. Additionally, the entire process is maintained at 4°C, as all metabolic activities slow 
down at low temperatures. The Falcon tube is centrifuged at a high speed to pellet down the 
cells, and care is taken not to disturb it while draining the supernatant.

RNA is very sensitive to exogenous and endogenous RNases. The entire extraction procedure 
is done in an area free of RNase. Moreover, RNase inhibitors are used to clean all equipment, 
ranging from gloves to microcentrifuge tubes to get rid of RNase. E. mundtii is a Gram-positive 
bacterium with a cell wall containing a thick layer of peptidoglycan and lipoteichoic acid, 
followed by a single lipid membrane. The cell wall is anchored to the membrane by diacylg-
lycerols. To release the nucleic acid from the cell, it has to be detached from its peptidoglycan-
containing cell wall and membrane. Lysozyme is a glycoside hydrolase that hydrolyzes the 
1,4-beta linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues of the 
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4.1. Amplification of RNA

Amplification of RNA is required if the aim is to create an effective transcriptomic profile 
from a very low starting quantity of RNA. MessageAmp II aRNA amplification kit (Ambion) 
was used for amplification [96–99]. The principle is based on in vitro transcription. The steps 
are as follows:

4.1.1. Polyadenylation of RNA

Bacterial RNA is devoid of a poly (A) tail. The E. coli poly (A) polymerase enables a poly (A) 
tail to be added at the ends of RNA. This stretch is required for cDNA synthesis.

4.1.2. Synthesis of first-strand cDNA

Primers against the poly (A) stretch are used to synthesize the first strand of cDNA by 
reverse transcription. The primers are anchored with a bacteriophage promoter sequence: T7 
oligo(dT) sequence, T3 or SP6. dNTPs are added to the reaction mix.

4.1.3. Synthesis of second-strand cDNA

RNaseH is used to degrade the RNA from the RNA-cDNA pair; DNA polymerase is required 
to synthesize the second strand of cDNA. The result is a double-stranded cDNA fragment 
with a T7 promoter sequence.

4.1.4. Purification of cDNA

cDNA is cleaned by removing the fragmented RNA, enzymes and salts, all of which could 
hinder in vitro transcription.

4.1.5. In Vitro transcription

Multiple copies of antisense RNA are generated using DNA-dependent RNA polymerase. 
Linear amplification is employed for this. Depending on the bacteriophage promoter sequence 
attached to the cDNA, a polymerase is selected. Promoter-specific dNTPs are added to the 
reaction mix. 37°C is optimum for this reaction. The reaction time depends on the extent to 
which one wants to amplify the RNA.

4.1.6. Purification of amplified RNA

The residual enzymes, salts and unincorporated dNTPs must be removed from the final prod-
uct [100–104].

At this point, the RNA has been amplified several fold: 1–2 ug.

RNA amplification procedures have a drawback. When the concentration of RNA is brought 
to a point at which successful transcriptomic profiling is possible, certain biases are unavoid-
ably introduced.
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Certain amplified transcripts may be misunderstood as duplicates and vice versa, which could 
give a false positive read [105]. In PCR-based amplification procedures, duplicates that can 
arise from sample handling may have features such as fragmentation, sequencing depth 
or library complexity; unfortunately, these cannot be distinguished from PCR duplicates. 
Removing duplicates does not improve the accuracy of quantification or the power; rather, 
makes it worse [106]. The Taq polymerases used for the PCR-based approach are more prone 
to introduce errors than the RNA polymerases for in vitro transcription. Thus, in vitro tran-
scription is favored over PCR-based amplification [105], although premature transcription 
termination can occur in low complexity sequences [107]. Nevertheless, in vitro transcription 
is an efficient method to follow when the starting quantity is limited [107].

5. Transcriptomics

At this point, we have enough RNA to get a transcriptomic profiling of the bacterial cells 
done. The transcriptome is the entire set of genes expressed in a type of cell at a particular 
time point and/or condition. This is in contrast to a genome, which refers to the full comple-
ment of genes in a cell-type. Not all genes are constitutively induced. Information about tran-
scripts, or genes expressed, may shed light on the developmental or physiological state of 
the cell. It also talks about other species of RNA, small RNAs and non-coding RNAs, novel 
transcripts, the transcriptional start sites, splicing regions, post-transcriptional modifications, 
and 3′ and 5′ ends. Another purpose of transcriptomic profiling is to quantify the expressed 
genes. One can judge the extent of regulation of a particular gene in the given conditions. As 
compared to one situation, when cells behave differently in another, one can now say which 
genes are differentially regulated to bring about the same.

In this chapter, our aim has been to investigate the survival and adaptation strategies of E. mundtii 
living inside the gut of S. littoralis as compared to in the laboratory. This unraveling has been 
done by cataloging the genes of E. mundtii which are differently regulated and which make it as 
one of the dominant bacterial species in the gut.

5.1. RNASeq

Transcriptome sequencing has improved dramatically over the past few years, starting with 
EST-based Sanger sequencing. The early method was mainly useful with the most abundant 
transcripts, whereas subsequent next-generation sequencing has been successfully carried 
out on all transcripts with sensitivity and accuracy even allowing the identification of low 
expressed genes. The situation has ameliorated with the advent of deep sequencing, which 
can increase the average number of times a nucleotide is sequenced. The deeper the sequenc-
ing is, the better the probability of detecting the less abundant transcripts. Next-generation 
sequencing has several hierarchies of its own. These days, RNA-seq is more widely used than 
the microarrays. The former gives us a base-pair level of resolution. Whereas microarrays can 
be used only when the reference genome sequence is available, RNA-seq can build the tran-
scriptome de novo. Also, background noise is taken better care of in the case of RNA-seq. These 
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days, sequencing is not confined to a larger number of cells. It is possible to obtain resolution 
up to a single cell. Naturally, the amount of RNA obtained from one single cell is in pico-
grams and must be processed as discussed above. Among all the increased sensitivity of next-
generation technologies, so far, Illumina allows us to start with the smallest amount of RNA.

The fragmented and adapter-ligated cDNA is allowed to flow through a flow cell of the sequencer, 
which has oligonucleotides that complement the adapter sequences embedded in them. After 
hybridization, the oligonucleotides prime the polymerization process with the provided dNTPs 
and DNA polymerase. Each of the dNTPs is tagged with a fluorophore. As the nucleotide is 
incorporated, the resulting fluorescence is detected. With the addition of each nucleotide, the flu-
orophore is released, regenerating the 3′ hydroxyl group for the next nucleotide to join. This way, 
the fluorescent intensity is recorded and converted into nucleotide identity using an algorithm.

The amplified RNA from the fluorescent E. mundtii cells sorted by flow cytometry went 
through deep sequencing (Hiseq) to detect as many genes as possible to tell us the story of 
their adaptation to the gut environment of S. littoralis (Figure 2).

The complications arising from several different forms of RNA, alternate splicing, removal 
of introns, that is, the ones that are profound in eukaryotes are not required to be considered 
in the case bacteria. Although, there are several regulatory and non-coding RNAs in bacteria, 
but this particular case dictates one to follow a rather straightforward approach of unraveling 
the upregulated and downregulated transcripts only.

Figure 2. Overview of the workflow for bacterial RNA-seq. (A) Flow cytometry to sort fluorescent bacteria from 
gut homogenates. (B) Extraction of total bacterial RNA. (C) Amplification of the total RNA by in vitro amplification 
(unpublished).
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5.2. Adaptation and survival strategies of E. mundtii in the gut of the insect

The GFP-tagged E. mundtii was fed to the S. littoralis larvae at early instars. The bacterial 
reporter was able to colonize the gut at various stages of the insect’s life cycle, as seen in the 
fluorescent microscopic images (Figure 4).

The production of antimicrobial substances from insects or their resident symbionts is a sur-
vival strategy to keep pathogens at bay. The dominant gut bacterium E. mundtii has been 
shown to produce an antimicrobial peptide called mundticin KS, which is a stable class IIa 
bacteriocin. It establishes a chemical barrier, which prevents colonization by competitors 
[108]. If allowed to persist, the early colonizers of the S. littoralis gut, Enterococcus faecalis and 
Enterococcus casseliflavus, could be potential pathogens for the insects. Successful antimicro-
bial activities against them have been shown in the presence of E. mundtii [108].

The larvae were allowed to grow until the fifth instar, at which stag the guts were homog-
enized to retrieve the fluorescent E. mundtii by flow cytometry. The RNA of these sorted 
bacteria was used to probe their differential behavior inside the gut. RNA sequencing and 
analysis of differential gene expression were performed later.

Numerous genes are differentially regulated in the E. mundtii obtained from the gut, when 
compared to the E. mundtii grown in bacterial culture under lab conditions (Table 1, Figure 3). 
Reactive oxygen species, such as superoxide radicals, hydrogen peroxide or hydroxyl radi-
cals, from metabolic activities may cause oxidative stress and damage macromolecules. To 
survive the stress, resident bacteria have to come up with means to fight it. Superoxide dis-
mutase and catalase are effective enzymes, over-produced by E. mundtii when inside the gut, 
as compared to the broth culture.

Gene/protein Pathway Function

Superoxide dismutase (SOD) Oxidative stress 
management

Quenching reactive oxidation species by partial 
reduction of O2

−

Catalase Oxidative stress 
management

Quenching reactive oxidation species, 
converting hydrogen peroxide to water and 
oxygen

LPxTG-motif cell wall anchor domain 
protein

Cell surface adhesion Signal peptide cleaved by sortase for cell surface 
adhesion

WxL domain surface cell wall-binding 
protein

Cell surface adhesion Cell surface adhesion and adaptation

Accessory gene regulator (Agr) Two-component system Virulence factor

General stress protein Adaptation Various stress management

Universal stress protein Adaptation Adaptation to diverse stress sources

Ferric (Fe+3) ABC superfamily ATP 
binding cassette transporter (fetC)

Iron transport Iron transporter permease

Phosphotransferase systems Sugar transport Regulates carbohydrate metabolism in diverse 
sources and adaptation

Table 1. Upregulation of genes and pathways in E. mundtii living in the gut of S. littoralis.
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Adhesion to the host gut epithelial surface is another key to successful colonization. 
Endosymbionts employ certain proteins (motifs and domains) for this purpose. These are 
mostly surface proteins associated with the cell wall and employing certain motifs, which 
act as the signal peptide for attaching to the cell wall. For example, the motif called LPXTG 
is a sorting peptide. The endopeptidase sortase cleaves it at the site between threonine and 
glycine residues, and links the peptide covalently to the peptidoglycan of the cell wall [109]. 
There is up-regulation in the genes encoding this motif and also in the sortase enzymes, indi-
cating attachment of E. mundtii to the insect gut wall and biofilm formation. The up-regulation 
of the WxL domain hints at the increased colonization of the bacteria by their adherence to 
the gut epithelium. The WxL domain proteins are also crucial for adapting to varying envi-
ronmental conditions [110].

Figure 3. The gut microbiome of S. littoralis was dominated by E. mundtii and Clostridia sp. (A) Overview of the gut 
structure of fifth-instar larva of S. littoralis. (B) Illustration from within the gut space, which harbors major symbionts 
E. mundtii, Clostridia sp. and other bacteria. Bacteria adhere to the mucus layer of insect gut epithelium. Unknown 
interactions occur between microbe-microbe and host-microbe. (C) Illustration of some major expressed pathways E. 
mundtii used for survival in the gut. (i) Secretion of mundticin, an antimicrobial peptide, keeps pathogens at bay and 
helps the E. mundtii dominate the colonization process. (ii) A two-component system involving the accessory gene 
regulator (agr) system, which directs a histidine kinase to phosphorylate the response regulator, leads to the activation of 
transcription factors required for adaption. (iii) The induction of superoxide dismutase and catalase to manage oxidative 
stress leads to the conversion of superoxide radicals to water and oxygen. (iv) General or universal stress proteins help 
to overcome different kinds of stresses, such as oxygen starvation, heat or oxidative stress (unpublished).
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The ability to adapt to variable living conditions is very much attributed to “two-component 
systems.” These systems form a class of signal-transduction mechanisms that are induced when 
the insect senses stress in the environment. The main players in the system are auto-inducing 
proteins (AIPs), histidine protein kinases (HPKs) and response regulators. AIPs, which interact 
with the HPKs, are produced in response to stress. The signal is relayed to the response regula-
tors. This cascade ultimately produces certain factors or proteins that aid E. mundtii to survive 
in the stressful environment [111]. Accordingly, the agr family of genes was found upregulated 
in E. mundtii living in the insect gut.

Quorum sensing is a phenomenon where the bacterial cells interact and communicate with 
one another for survival. AIPs are also key players for quorum sensing. In addition, also sev-
eral quorum-sensing strategies are two-component systems. AIPs accumulate in response to 
increases in bacterial cell density; these increases are followed by a signaling cascade and lead 
to cooperative gene expression by the bacteria [112].

Stress proteins are adaptive factors that are induced when living conditions become stress-
ful. There exist general and universal stress proteins. General stress proteins help bacteria 
deal with oxidative stress, heat stress, salt stress or oxygen limitation [113]. Universal stress 
proteins are induced in response to temperature fluctuations, heat or oxidative stress and 
hypoxia. Both of these protein classes were upregulated in E. mundtii in response to the insect 
gut’s living conditions [114].

The type of sugar transport system expressed by bacteria depends on the types of carbon 
sources available. Phosphotransferase systems form a class of sugar transporters that sense 
the sugar source available in the environment and allow the respective transporters for fruc-
tose, glucose, mannose or cellobiose to act on it. Using energy from phosphoenolpyruvate, the 
transport system utilizes a cascade of cytoplasmic protein components with an accompanying 
phosphorylation of each component [115]. These transporters are generally sugar specific and 
because they help bacteria to survive in presence of complex carbohydrate conditions, they 
are said to help in their adaptation. Several of these PTS systems are upregulated by E. mundtii 
living in the gut of S. littoralis.

6. Discussion

Lactic acid bacteria are important in the production of fermented foods, such as dairy prod-
ucts. LAB is potential probiotics that provide benefits to human health [116]. Modified LAB 
could also be used as live vaccines or vaccine delivery systems [117]. It has been shown that 
the genetically modified L. lactis can survive and colonize the digestive tract of humans [118] 
and gnotobiotic mice [119]. In this chapter, we report the use of GFP to tag E. mundtii to moni-
tor the bacteria’s survival and activities in the intestinal tract of cotton leafworm, S. littoralis.

It has been shown that spatial and temporal distribution of fluorescent E. mundtii was observed 
across all developmental stages (Figure 4), as well as in the foregut, midgut and hindgut of S. 
littoralis. Data from the colony forming units (CFUs) show that the midgut houses the most 
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abundant bacterial counts, followed by the hindgut and foregut. Interestingly, the fluorescent 
E. mundtii were also detected in the eggs of S. littoralis [14], supporting a direct symbiont trans-
mission from one generation to another. Other studies have shown that fluorescent bacteria 
were transmitted from the gut to the eggs in Tribolium castaneum [120]. The symbiotic E. mundtii 
was transmitted to the second-generation progeny, suggesting that the bacteria co-evolve with 
the insect host (Figure 4D). In addition, the fluorescent bacteria were detected in fecal samples 
of the larvae, indicating they had traveled successfully along the intestinal tract of S. littoralis 
(data not shown). The details of how a bacterial symbiont is transmitted from one generation 
to the next remain to be clarified. The symbiont that co-evolves with a host has a great chance 
to secure vertical transmission, for example, a symbiotic relationship exists between the aphid 
and its endosymbiont Buchnera aphidicola. It has been shown that the GFP-tagged Asaia strain 
is vertically transmitted from the mother to the offspring in Anopheles stephensi [121]. Bacterial 
symbionts can be horizontally transferred via “egg smearing,” a phenomenon that involves a 
female stinkbug covering the surface of its eggs with symbiotic bacteria during oviposition. 
The newly hatched juveniles acquire the symbionts by ingesting the egg case [122].

Several factors, including the pH, redox potential, oxygen availability, and the nutrient and 
immune systems, can shape the microbial composition of the gut of insects [123]. Furthermore, 
constant change in gut contents due to molting and metamorphosis can affect the coloniza-
tion of microorganisms. Many insects have an intestinal pH in the range of 6–8, and some 

Figure 4. Photo showing the localization of fluorescent E. mundtii in the intestinal tract of S. littoralis at different life stages. 
(A) Bacterial cells accumulate on the peritrophic matrix separated between gut lumen and epithelium of fourth-instar 
larvae. (B) Bacteria cluster in the gut of fifth-instar larvae. (C) Fluorescent bacteria are visibly colonizing the tissue of 
pupae, although no gut tissue has been formed. (D) Vertical transmission of symbiont is evident as fluorescent E. mundtii 
survive first-generation and colonize second-generation first-instar progeny. Scale bars: 10–20 μm [14].
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lepidopteran larvae have an even higher pH (11–12) in their midguts [124, 125]. The hindgut 
harbors high bacterial diversity and density in several insects, such as cockroaches, crickets 
and termites [126–128].

Microorganisms that live in the hindgut benefit from the metabolites and ions transported 
from the malpighian tubules into the hindgut. The hindgut, which stores nitrogenous and 
food waste, may contain nutrients for insect gut bacteria [123]. The hindgut is involved in 
water resorption [129]. The microbiota in the ileum of the hindgut of scarab beetles metabo-
lizes plant polysaccharides into components that can be used by the insect [130]. In contrast 
to the hindgut, the midgut is an unfavorable environment for microorganisms. Many antimi-
crobial peptides [131] and digestive enzymes (lysozymes) [132] are secreted by the midgut 
epithelium cells of D. melanogaster. The peritrophic matrix secreted by midgut epithelial cells 
tends to accumulate digestive enzymes and to serve as a barrier to separate food particles, tox-
ins and microorganisms [133]. The high alkaline pH in the gut of lepidopteran insects could 
kill many microorganisms. However, alkaline conditions favor the dominance of Firmicutes-
related bacteria in the midgut of the beetle Pachnoda ephippiata [134]. Both culture-dependent 
and culture-independent methods have detected the presence of Enterococcus in the alkaline 
midgut of the gypsy moth larva [135].

The mechanisms of bacterial colonization in specific regions of the gut are not well understood. 
The gut of S. littoralis does not possess specialized structures called bacteriomes that contain 
endosymbionts, such as are found in aphids, whiteflies and other insects. How S. littoralis 
houses E. mundtii remains unknown, as no compartmentalized structures exist to protect the 
bacterium; for example, the gut of the pupae has been strongly reduced. Several mosquito spe-
cies, especially newly emerged adults, that undergo metamorphosis eliminate their gut bacteria 
[136]. The host organism selects its own microorganisms as it depends on these for growth and 
development. As an example, see the case of the honeybee, whose bacterial symbionts were 
unable to survive in the gut of bumble bees [137].

Only a few of the important survival strategies of E. mundtii have been mentioned. There are 
several other pathways that are meant for their adaptation to the differential living conditions 
inside the gut. We anticipate that further RNA sequencing will help explain some of the other 
mechanisms that help the bacteria to survive in the gut.

E. mundtii is clearly a successful and a major symbiont in the gut of S. littoralis. The method 
that we have developed here can be used to investigate an indigenous bacterial species within 
the whole community. With further improvements and modifications, this kind of reporter 
system may be useful in many other species-specific interaction studies.

7. Future prospects

The survival strategies of E. mundtii in the gut of S. littoralis have been unveiled, yet the 
mechanisms employed by host insect to control the bacterium remain poorly understood. 
Transcriptomic analyses of the reporter organism indicated already a pattern of relevant 
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enzymes allowing the microbes to adapt to the harsh conditions of the insect gut. The studies 
can be extended to the very special conditions in the pupae where fluorescent bacteria could 
be observed. Thus, the concept of using a fluorescent reporter organism that can be recovered 
at any time from any area of the intestinal tract will allow a holistic analysis of adaptation 
strategies used by the microbes to adapt to the different developmental stages of the insect, 
as well as to study the impact of food-ingested plant toxins. In combination with the analysis 
of transcript patterns from the gut membranes, a first insight into the molecular interaction 
between the insect host and the microbiome can be expected. In conjunction with CRISPR/
CAS9-created specific knock downs of defined metabolic capacities of the insect, detailed 
questions concerning the molecular dialog between the insect host and the microbial consor-
tium can be answered.
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