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The interaction between the human microbiome and immune sysem has an effect
on several human metabolic functions and impacts our well-ing. Additionally, the
interaction between humans and microbes can also play a keyote in determining the
wellness or disease status of the human body. Dysbiosis is lated to a plethora of
diseases, including skin, in ammatory, metabolic, and nerological disorders. A better
understanding of the host-microbe interaction is essentigfor determining the diagnosis
and appropriate treatment of these ailments. The signi caoe of the microbiome on
host health has led to the emergence of new therapeutic appraches focused on the
prescribed manipulation of the host microbiome, either by amoving harmful taxa or
reinstating missing bene cial taxa and the functional roke they perform. Culturing large
numbers of microbial taxa in the laboratory is problematic tabest, if not impossible.
Consequently, this makes it very dif cult to comprehensivly catalog the individual
members comprising a speci ¢ microbiome, as well as undersanding how microbial
communities function and in uence host-pathogen interactons. Recent advances in
sequencing technologies and computational tools have allwed an increasing number of
metagenomic studies to be performed. These studies have pnded key insights into the
human microbiome and a host of other microbial communitiesni other environments. In
the present review, the role of the microbiome as a therapeig agent and its signi cance
in human health and disease is discussed. Advances in highitoughput sequencing
technologies for surveying host-microbe interactions arelso discussed. Additionally,
the correlation between the composition of the microbiome ad infectious diseases as
described in previously reported studies is covered as wellLastly, recent advances
in state-of-the-art bioinformatics software, work ows, and applications for analysing
metagenomic data are summarized.

Keywords: microbes, human microbiome, host-microbe interactio
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INTRODUCTION perception of the human microbiome and have paved the way
for the establishment of metagenomics. Metagenomic studies
Microbes are ubiquitous in nature, inhabiting almost everyare increasing our knowledge of host-pathogenic interaxstio
conceivable enVironment, and play an important role in humarby revea"ng the genes that potentia”y allow microbes to
life. Microbes, though generally invisible, play an essemi@  jn uence their hosts in unexpected ways. Metagenomic
in ecosystem functioning1( 2), modulating key ecosystem studies of host-microbe interactions can provide useful
processes such as plant growth, soil nutrient cycling, anghformation applicable to a wide array of disciplines; inciogli
marine biogeochemical cycling<6). An innumerable number pathogen surveillance, biotechnology, host-microbe intéoas,
of symbiotic, pathogenic, and commensal microbes colonizeflinctional dysbiosis, and evolutionary biology3. Recent
the human body; collectively constituting the human miciaa.  studies of host microbiomes using metagenomic approaches
Interactions between the human body and gut-microbiota argyave o ered key insights into host-microbe interactions.
widely recognized as in uencing several aspects of humaftthea  |n addition to allowing researchers to characterize the
(7). A functioning microbiome is obligatory for host organism composition of microbial communities, metagenomic studies
as it contributes to the smooth functioning of important have also provided novel information on other aspects of the
physiological processes. In fact, host organisms have dwesl/o piological sciences. For example, metagenomic studies on the
with their microbiota; with some commensals having evolvethuyman microbiome have revealed possible links between the
as pathobionts while others as symbion& ¢). The presence gut microbiome and human diseases such as depressidn (
of certain commensals in the human gut induces signals thaheumatoid arthritis ((5) and diabetesi(). Several studies have
drive proper functioning and maturation of the immune system. ytilized materials from ancient communities to trace chasg
Microbial communities take on a specic structure within in the microbiome. These studies have conducted metagemomi
di erent hosts and physical environments(). Consequently, studies of coprolitesi(?), teeth (L8), and other tissues1().
identi cation and characterization of the microbes inh#ihg  provided that nucleic acids can be extracted from the sample,
a host, their distinct host phenotypes, and the biochemicaiimost any material from an environment can be used in
pathways by which microbes impact their hosts are the majometagenomic analyses. One of the largest metagenomic studie
focus of host-microbiome research. to date is the Global Ocean Sampling. Metagenomics is also
Analyses of host-microbe interactions can reveal th@eing applied to the eld of medicineFigure 1 illustrates the
core characteristics of the interaction, including theirtime"ne of Sequence_based metagenomic studies and shmmws t
identi cation, classi cation, pro le prediction, and mechisms  range of environments that have been sampled and analyzed
of interaction. Although the structure, function, dynarsic between 2003 and 2017. Several articles have been published
and interactions of these microorganisms play an essentighat have focused on metagenomic methodology and analysis
role in human metabolism; their identi cation, quanti cain software R0-27). The present review attempts to provide
and characterization can be problematic. The majority ofan overview of the high-throughput sequencing technologies
microbial communities are extremely diverse and most ofnd analytical software currently available for studyingstho
the individual organisms have not yet been cultureti)( microbe interactions. Moreover, there is an attempt to also
Secondly, their interaction with each other and tendency tmijghlight the advancement of sequencing techniques ovee ti
form intricate networks makes it dicult to predict their and pro\/ide information regarding the appropriateness for
behavior 6) Establishing mechanistic connections between gutappﬁcations in exp|0ring the human microbiome and the
microbiota and its functioning adds an extra challenge esfigc  metagenomes of other diverse environments. Lastly, a digmus
in understanding the biology of intricate microbial consier s provided of the various bioinformatic options that are aahie

(12). Classic approaches to microbial ecology have reliegh successfully meet botde novosequencing and sequence
on cultivation-dependent techniques to study host-microbeglignment challenges.

interactions. Although these culture-dependent technijbave

generated interesting data sets, they have also resultea in

spurious view of microbiota. Recently, however, a number cJNSEEN MICROBIAL DIVERSITY AND ITS

culture-independent techniques, mainly PCR-based methodg;] OBAL IMPLICATIONS

have evolved for the qualitative and quantitative idendition

of microbes. These techniques have entirely changed thgicrobes conduct signicant functions that greatly bene't
the health of planet, as well as its inhabitants. Microbes help

— ) ) ~ to regulate, modulate, and maintain earth's atmospheig), (
Abbreviations: PCR, Polymerase chain reaction; NGS, Next generatlorgupport the grovvth of plants and heIp to suppress plant diseases
sequencing; GIT, Gastrointestinal tract; IBD, Inammatory bdwdisease; -

IBS, Irritable bowel syndrome; SCFA, Short-chain fatty acids;, FP¢ptide YY; (29), contribute to human health 30), breakdown harmful

HIV, Human immunode ciency virus; KEGG, Kyoto Encyclopaedia of geaad ~ chemicals present in contaminated environment3l, (32),
genomes; GOLD, Genomes Online Database; SBS, SequencingiesisyniNTP,  support sustainable farming3@), modulate greenhouse gases
Deoxyribonucleotide triphosphate; PGM, Personal genome macH®EET, (34), are primary components of various biogeochemical cycles

lon-sensitive, eld-e ect transistor; SMRT, Single-molecule J4tdae sequencing; 35 and areatly contribute to ecological processes. includin
ZMW, Zero mode wave; ONT, Oxford Nanopore Technologies; MG-RAST,( 5) g Yy g p ! g

Metagenomics Rapid Annotation using Subsystem Technology; EiBopean climate change3g). In addition to remediating contaminated
Bioinformatics Institute; QIIME, Quantitative Insights latVicrobial Ecology. environments and modulating the atmosphere, the combined
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FIGURE 1 | Timeline of the sequence-based metagenomic projects showig the variety of the environmental samples.

activity of these invisible microbial communities shape thee of immense interest over the past few years due to intimate
of the biosphere and represent untapped reservoirs of novéihkage of the microbiome with human health. The human
biomolecules; including pharmacological drugs and indiastr microbiome “our second genome” has intimately co-evolvét w
enzymes §7). Microbes coexisting in the human body o er humans for millions of years and plays a critical role in human
a variety of benets by modulating fundamental metabolichealth. Deciphering the composition and function of the human
processes, immunity, and signal transduction. Increasingiicrobiome can provide a deeper understanding of its' struadtu
evidence suggests that there is a signi cant associatiomds® and functional properties. In the future, our understanding o
the human gut microbiome and the development of humanthe human microbiome and the application of metagenomic
diseases3g). analyses will greatly enhance our understanding of human
Previously, it was di cult to study microbes in their natura health and disease in speci c individuals. The exploration of
environment and thus microbiologists were limited to stinty human microbiome and metagenome is considered to represent
individual species in the laboratory. This approach, howevear frontier in human genetics.
has limited the data that can be obtained on microbial The majority of research on the human microbiome has
communities inhabiting diverse ecosystems. Metagenoméss hfocused on the microbes colonizing the human digestiveesyst
helped to resolve this limitation and has greatly increaseds these microorganisms are believed to in uence humantheal
our understanding of entire microbial communities, thusin a number of ways. The digestive system microbiome is
signi cantly advancing our knowledge of microbial ecologyextremely diverse, with signi cant variations in its coriggnts
and microbiology in general. Metagenomics, supported bwcross individuals 44). Modulation of the microbiome by
next-generation-sequencing (NGS) has literally removed thextraneous factors, such as fecal transplantation and rglieta
limitations and boundaries associated with classic cekur intervention, has been shown to be a potential therapeutic
based approachess§-41). NGS technology has enabled theapproach to addressing a number of health-related problems
comprehensive study of diverse microbiomes in their nativgs3). The gastrointestinal tract (GIT) harbors a vast diversit
environments, including the ocean microbiom&, human skin  microbes, comprising the intrinsic networks of both micrebe
microbiome ¢3), human microbiome 44) and the Saragossa mjcrobe and host-microbe interaction$4). Microbial guilds
Sea microbiome 45). Some of the novel ndings enabled (species that exploit the same resources) have been found to
by metagenomics involve the identi cation of endosymbwti provide an interesting feature that can be used to help undecst
bacterial phyla 46), nitri cation processes 47, 48, human  processes taking place at both a single cell and community
disease pathogens associated with epiderigs bacteria §0),  |evel. Microbes under normal physiological conditions are
and viruses %1) associated with in ammatory bowel diseasescommensal and mediate digestion, strengthen the immune

and the identi cation of commensal gut bacteriad). system and inhibit or prevent pathogens from invading the

body. The linkage between the human microbiome and human
MICROBIOME IN HUMAN HEALTH AND health remains largely unknown and unexplored, however, a
DISEASE: A MECHANISTIC LINK number of epidemiological studies have found that the overal

reduction in the diversity of digestive system microbio& i
The human body serves as a host to a networked community dinked to diseases such as eczeffj,@sthma and in ammatory
microorganisms (microbiome) that outnumber the body's owndiseases5), diabetes and obesity (), allergies §8), digestive
cells. Research on the human microbiome has been the ar#fact disorders such as IBD (in ammatory bowel diseas&)) (
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and IBS (irritable bowel syndrome)(). Dysbiosis (microbial (79 and Whelan et al.§0) con rmed that fermentation of non-
imbalance) has also been linked with the genesis and ewaluti digestible carbohydrates by the gut microbiome controlgdfo

of a plethora of other diseases, including chronic fatiguéntake activity and reduces energy intake. According tone#r
syndrome 61), cancer §2), colitis (63) bacterial vaginosiss{), et al. 81), prebiotic-induced changes in the gut microbiome
and anxiety and depressior6¥). Several recent studies haveof obese patients decreases the circulation of lenomorelin o
highlighted the critical role that the gut microbiome plays ghrelin (a hunger hormone) and increases the peptide, tyrosine
in modulating di erent immune responses, including immune or PYY. In contrast, however, studies carried out by Petead.e
tolerance,via Treg (T regulatory) cell modulation. Studies (82 and Hess et al.g3 indicated that prebiotic treatments
carried out by Geuking et al.6¢), indicated that short-chain do not in uence the appetite. A recent study by Tarini et al.
fatty acids (SCFA) can promote the development of Treg cell84) demonstrated that a single dose of insulin signi cantly
in the gut. Gut-inhabiting microbes facilitate the breakdow decreases levels of lenomorelin blood plasma and augments
of complex carbohydrate6() and help in the utilization of post-prandial plasma levels of Glucagon-like peptide-1. Intshor
polysaccharides5@). Other examples of the health-supporting there is a growing body of evidence on the contribution of the
functions of the gut-microbiome are protection against dises microbiome on human health and increased understanding tha
via immune modulation ¢9), fecal microbiome transplantation the microbiome can serve as a potential therapeutic agent.

(70), metabolism, xenobiotic toxicity and pharmacokinetics

(7). DISSECTING THE HOST-PATHOGEN
MICROBIOME

THE MICROBIOME AS A THERAPEUTIC Host-pathogen interactions have profound consequences in

AGENT human biology and can be viewed as a battle between two

systems. Pathogens, which are the invaders, can seizediigst c

As mentioned, the human body is teeming with trillions and use them for their own advantag®,(and they can evolve so

of microbes, collectively called the “human microbiome_,,quicklythatthey overpower the human immune system, as with
Microbiome studies have now become a prominent eld of 11V infection (85). The con ict between the interacting partners
research by o ering potential and novel methods of diseaskeSults in phenotypic changes and is believed to be the main

diagnosis, prognosis, and treatment. Microbial ecology with d”\émﬁ force; fc_)r a rf]umber 0|; ph(_elngmena; chh as slpe0|at|(;n
an ecosystem involves a cross-talk among its inhabitarts. T and the evolution o sexs). Detailed mechanistic analyses o

growth and survival of microbes in any ecosystem are I‘,j,lrgegost-pathogen interactions. are varied with most still in need
governed by their chemical environments, and microbes havI f fulrtdher stgdy. ]Ic\lr(])tably, I;;[tle IS !<nown gbout tr(‘je rr]noleaucli ‘
evolved the ability to adapt and utilize di erent chemicals evel dynamics of host-pathogen Interactions and the need fo

through speci ¢ genes’¢, 73). Alterations (good and bad) in the more studies on this topic are critical, especially thgse dgali
microbial equilibrium of the gut microbiome do occur. Sc@&n with the molecular events that regulate phenotypic changes

has developed medications that have a signi cant impact on th%] the host. Adv_ancemen'Fs_ n Nex_t Generation Sequencing
microbial equilibrium. Bene cial microbes colonizing thgut NGS) technologies gnd bioinformatic tools have o ered new
produce a variety of chemicals, including analgesics, vitami approaches for studying host-pathogen systems. Researchers are
antioxidants and anti-in ammatory factors that protect and now able to.construct the genomes of both model and non-
support the normal functioning of the human body. DysbiosismOdeI organisms. The use of these nevx_/ly-devel_oped toolssallow
(disruptions in microbiota) has been associated with di eren "€S€archers to notonly study the behavior of a single geneun
diseases. Therefore, maintaining a bene cial gut microtggin di erent conditions but also study the extensive impact ofhe
terms of both composition and function, is important for human host-pathogeq interactions on molecular environments Kglo
health (74, 75). The gut microbiome has an active relationshipgene expression). Several open-source, standalone R packages

with its human host and exhibits a regulatory role in cogoitj and web-based software programs have been developed to help

mood, pain, and anxiety, exerted through a gut-brain axis‘.and acquire key insights in understanding the host-pathogen

Drastic changes in the maternal microbiome that occur dgrin microbiome igure 2). Amore dgtaﬂgd account ofmetaggnomu: .
pregnancy in uence the maturation and immunity of neona‘tes.s'oﬁWare and resources are given in a separate section of this
Studies carried out by Ng et al.§) indicated that increased levels review wherelr_l we mentioned some of the_ sta_ndard _softV\_/are
of salicylic acid in the intestines contribute to the prolé&on useq for quallty. control, taxon.om|c f:la53| ca}non, diveysit

of pathogenic bacteria in the GIT when patients are treatet wit metngs, .annotatlon .and functional mformatlon, sequence
antibiotics. Roberfroid et al.7(/) reported that the consumption classi cation, metabolic pathway reconstruction, and statal

of prebiotics (indigestible plant ber) induces speci ¢ chasgn analyses.

the gut microbiome, elevating levels of SCFA (short chaity fa

acid). Studies reported by Cani et al8) stated that fermentation MICROBIAL CENSUS

activity carried out by the gut microbiome results in reddce

hunger and increased satiety levels, which as a resultedses Culture-independent methods are the most appropriate for
total energy inputs. Similarly, studies carried out by Anceeal. ascertaining the abundance of microbes that are presentwith
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. QIIME :http:/giime.sourceforge.ne
. Mothur: http:/www.mothur.org/
. RAMMCAP: http://weizhonglab.ucsd.edu/rammecap/cgibin/rami

. MetaPhlAn: http:/huttenhower.sph.harvard.edu/metaphlan

. MetaVelvet :http:/metavelvet.dna.bio.keio.ac.jp/

. SOAPdenovo2: http://soap.genomics.org.cn/soapdenovo.html
. MOCAT: http://vmlux.embl.de/~kultima/MOCAT/

—
1
2
3
4. MEGAN :http://www-ab.informatik.unituebingen.de/software/m
5
__Stand alone| |6
Softwares — 7
8.
9. SmashCommunity : http://www.bork.embl.de/software/smash/
10. HUMANN : http://huttenhower.sph.harvard.edw/humann
11. FANTOM: http://www.sysbio.se/Fantom/

12. MetaCV : http://metacv.sourceforge.net/
Tools =< 13. Phymm : http://www.cbeb.umd.edu/software/phymm/

—
1. PhyloPythiaS: http:/binning. bioinf.mpiinf.mpg.de/
2. TETRA: http://www.megx.net/

3. METAREP: http://www.jcvi.org/metarep/

4

5

. CD-HIT: http://weizhonglab.ucsd.edu/cd-hit/

. METAGENassist: http:/www.metagenassist.ca/
Web server 6. CoMet : http://comet.gobics.de/

7. WebCARMA: http://webcarma.cebitec.unibielefeld.de/

8. MG-RAST: https://metagenomics.anl.gov/

9. CAMERA: https://portal.camera.calit2 .net/gridsphere/gridspherc
10.WebMGA: http://weizhonglilab.org/metagenomic-analysis/

~—

FIGURE 2 | Tools and web servers related to gut microbiome studies.

a community. DNA re-association kinetics provide inforn@ti  genes or common sequences. Shotgun metagenomics is often
on both community structure and diversity(). 16S rRNA gene used for gene cataloging and functional inferend€)( Deep
sequencing is one of the main methods used for identifyingequencing of metagenomic samples, as was used in the Human
the microbial taxa present in a community3). The utility  Microbiome Project and Metagenomics of the Human Intestinal
of this approach is based on the fact that the DNA sequenc@ract, provides extensive sequence information even of mino
of regions between conserved areas of 16S rRNA vary amongmponents (taxa) present in the metagenome. This allows for
dierent bacterial species and can be species specic. Twihe identi cation and characterization of the genes preseithin

di erent sequencing approaches used for studying microbiah given microbial community. The obtained sequences reads ¢
communities are (i) the targeted sequencing (16Sr RNAgither be used directly or rst assembled into contigs, vhhice

and (i) shotgun sequencing of the metagenome. Each ghen compared to an available database for the identi cation
these methods can prOVide Strlklng'y di erent results Whenof Specic geneS.De novo gene prediction is also possib|e
used in metagenomic analyses. Shotgun sequencing methqds), which may identify motifs with functional inference. Gen

are generally considered superior for the identi cation andcatalogs can also be compared with databases such as KEGG (the
characterization of microbial communities, as they tydical Kyoto Encyclopedia of Genes and Genomés),(which arranges

provide a greater level of diversity compared to ampliconhe gene products into biological processes and pathways
sequencingg9). Amplicon-based sequencing matches the DNA(Figure 3).

sequence ampli ed using a set of universal primers based on

the highly-conserved 16S rRNA to sequences of known batteria

taxa. In contrast to amplicon sequencing, shotgun sequenciflMETAGENOMICS AND MICROBIAL

engages a genome-wide approach, utilizing random strings §TUDIES

genomic DNA sequences obtained by breaking total genomic

DNA and matching the obtained sequences to an annotatefletagenomics is expected to play a major role in advancing
database of known DNA sequences using clade-speci ¢ markeur understanding of microbes and microbial communities.
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It is tempting to suggest that metagenomics can serve ascammunities; as well as engineered and clinical environsment
“universal test” for pathogens, eliminating the need to perfo (94, 95).

lengthy serial testing involving speci ¢ assays. Recentrazbs

in sequencing techniques allow almost the entire genome

of individual microorganisms to be assembled directly fromSTUDY OF MICROBIOME PRIOR TO NGS
environmental samples. Metagenomic analyses are playing

a decisive role in the characterization of human microbialPrior to the advent of NGS technologies, the accurate prglin
communities, as well as in determining the relationshipof microbial communities was challenging. The same was true
between the resident microbiome and invasive pathogengor characterizing the human gut microbiome, a highly dense
The accumulation of sequencing data has enhanced ownd diverse community containing only a small proportion
recognition and understanding of the changing nature ofof microbes that could be culture®®). Early studies of the
microbial populations and their impact on the environment human gut microbiome involved the culturing of the microbes
(92 and on human health 3. Metagenomics is not only present in samples9() and studying the interactions between
helping to identify and characterize the human gut microb®m co-cultured microbial taxa 98). These techniques, however,
but is also identifying novel genes and microbial pathwaysprovided information on only a limited set of microbial taxa
as well as functional dysbiosis. Clearly, metagenomics hasd microbial interactions. They failed to provide informat
become an indispensable and fast-growing discipline in moderabout the composition of the entire community and the
science. Advances in NGS has led to a substantial increasedypnamics occurring between the taxa comprising the total
the number of metagenomic studies listed in the Genomesommunity. The emergence of NGS technologies has overcome
Online Database (GOLD) (https://gold.jgi.doe.gov). Thesg¢he limitations characteristic of studies based on cuttgri
studies span a broad environmental spectrum, including redtur techniques.
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DECIPHERING HOST-PATHOGEN NGS platforms could provide at that time; and thus was used for
INTERACTIONS IN THE ERA OF NGS genome sequencing. The system generates 20 Mb of sequences
TECHNOLOGIES per run with an average read length of approximately 100 bp

(107. One of the notable applications of the Roche 454 system

The advent of NGS technologies have greatly enhanced tNéS the identi cation of the agents responsible for the epidem
ability to identify and characterize metabolic and regatgt disease of honeybee)g. Additional infqrmation about Roche
mechanisms through which hosts and microbes interact wittft54 Genome Sequencer can be obtained at http://www.roche.
each other to de ne a healthy or diseased state in the ho&Om-

organism. NGS technologies are invaluable for the explomati .

of the composition of the microbiome and exploring the !llumina Genome Sequencer .

genetic, functional, and metabolic properties of the micedbi 1he lllumina sequencing platform rst emerged in 2006, and
community. Sanger sequencingd, the rst generation of Was followed by the acquisition of Solexa by lllumina in 2007.
DNA sequencing technology, was one of the widely usedlumina possesses an array of the most commonly sequencing
sequencing method for more than three decades and is stifyStems and has rapidly been adopted by many researchers
used today for low-throughput DNA sequencing or sequencing{;‘nghout the world. This is due to its' cost-e ectivenessgdan

of single DNA entities. Sanger DNA sequencing is based ofPnger read length (although a limitation in the earlier s&m

the principle of the selective incorporation of chain-termiingg ~ ©f th_e IIIum.ina, which was subseq.uently improveq in th? newer
dideoxynucleotides by DNA polymerase. This technique was thversion, MiSeq 2 300 bp). This led to a major shift by
major approach used in the Human Genome Project in 2001the scienti c community from using the Roche 454 platform
The high cost of Sanger sequencing and volume (number df lllumina technology {09. lllumina follows the principle

sequences) limitations reduced its potential for high-thgaput ~ 0f SBS chemistry, by incorporating reversible chain teruna
sequencing. nucleotides for all four bases, the labeling of each bask wit

a di erent uorescent dye, and the use of a DNA polymerase

Exploring Host-Pathogen Interactions (110. Sequencing involves the ligation of specic adapters to
Advances in NGS technologies now provide a fast, cost-e ectiwoth ends of short DNA fragments, and the immobilization of
approach to delivering large volumes of highly-accurate tra ~ one of the adapters by binding to a solid support. The adapters
has resulted in a major paradigm shift over the past few decad&ybridize with speci ¢ oligonucleotides bound to a proprietar
(109 101). Time and cost were originally the main stumbling substrate within a micro uid ow cell. Fluorophore-bearing
blocks associated with sequencing technology. The adyesitaf nucleotides are then introduced one by one and incorporated
NGS over classic Sanger sequencing are that it is cost-eegcti into the growing complementary strand by a DNA polymerase.
devoid of a cloning step, o ers highthroughput, and requiresSequential images are captured and analyzed to identify the
minimal technical expertise. A major challenge with NGS datanhucleotide that is incorporated in the growing strand and the
however, is the analysis of millions of sequences that allmve ~ cycle is repeated with di erent nucleotide species. The resylt
to achieve statistically and scienti cally meaningful chrsions  reads have a nal length of 35 nucleotidés. ().
(Table 2). lllumina, however, introduced an upgraded version of their
Several dierent NGS platforms have been developetechnology, the Genome Analyser Il, which tripled the output
(Figure4 and are commonly used. These include therelative to earlier versions of the Genome Analyser. Pregeaht
Roche 454 GS FLX, lllumina (MiSeq and HiSeq), lonlluminaMiSeq o ers one of the longest (300 bp) read lengths of
Torrent/lonProton/lon Proton, SOLID 5500 series, and Oxfo  all of the lllumina products; facilitating the sequencingoaiired-
Nanopore. At present, the majority of microbial studies usingend reads104. Another lllumina platform, the Illumina HiSeq,
high-throughput sequencing have focused on either funation however, is able to generate approximately 200 Gbp of segsience

metagenomicsl(03 or amplicon sequencingl(4). with a single read of 2 100 bp (paired-end) per runi(l?).
Additional information about the various lllumina sequesrs
Roche 454 Genome Sequencer can be obtained at http://solexaqga.sourceforge. letB(

This sequencing platform is based on the principle of

pyrophosphate release, which was originally described by Nyrdiagen Gene Reader

etal. (L0 in 1985 and reported by Hymari (6 in 1988. Roche In 2012, Qiagen introduced the Intelligent BioSystems icycl
454 was produced and made commercially available in 200Eversible termination platform, which was commercialized in
and advertised as the rst available high-throughput seaquiegn 2015 under the name Gene Readgt4). In contrast to other
system. The system utilizes sequencing by synthesis (BBS)next-generation platforms, the Qiagen Gene Reader is the rst
which adapters are ligated to DNA fragments that cause thall-in-one platform that can execute all of the steps required
binding of the fragments to microbeads in a Pico Titer Platefor sequencing DNA, from sample preparation to analysis. To
(https://www.roche.com/). Ampli cation of the DNA fragmest achieve this goal, the Gene Reader sequencer was combirted wit
is carried out by Emulsion PCR, in which water dropletsthe QIA cube sample preparation system and the Qiagen Clinical
containing a single bead and PCR reagents are immersed.in dihsight platform for variant analysis. Gene Reader virtually
The long read length (400-500 bases with paired-ends), alongilizes the same approach as lllumina, apart from the fact
with its high e ciency, were more advantageous than whatath that only a small fraction of the added nucleotides incorgera
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TABLE 1 | Advantages and limitations of available Next generation seencing (NGS) platforms.

Sequencing reaction Limitation Advantages Instruments Read length in Throughput  Total number Runtime
base pairs (bp) of reads
Sequencing by ligation or SOLiDThis sequencing method Relatively cheap  SOLID 5500 50 (SES) 80 Gb 700 MC 6 days
sequencing has been reported to Wild re
have problems in 75 (SES) 120 Gb
Sequencing by Ligation sequencing particularly
‘ W palindromic sequences 50 (SES? 160 Gb
: 5/ and relatively slower than SOLID 5500x 50 (SES) 160 Gb 1.4 bnC 10 days®
Tr MEgktisszime  other methods.
LU L L 75 (SES) 240 Gb
L) 3
50 (SES§ 320 Gb
BGISEQ-500 50-100 8-40 Gb© NAT 24 h
FCS155% (SESIPESY
BGISEQ-500 50-100 40-200 Gb*  NAT 24 hC
FCL155 (SESIPESY
Sequencing by synthesis: Equipment are very Potential for high lllumina 150 (SES§ 2.1-2.4 GhC 14-16 MC 17 hC
CRT expensive. Requires highsequencing yield, MiniSeq Mid
concentration of DNA.  depending upon Output
sequencer model |ljumina 75 (SES) 1.6-1.8 Gb 22-25 M(SE$) 7 h
EHE HEHE and desired MiniSeq
application i
PP High output 75 (PES) 33-37Gb  44-50 M(PES)13h
G » @
o, e e 150 (PES§ 6.6-7.5 GhC 24 hC
lllumina 36 (SES) 540-610Mb ~ 12-15M (SES) 4h
MiSeq v2
25 (PES) 750-850Mb  24-30M (PES) 5.5 h
150 (PES) 45-51Gb 24 h
250 (PES)* 7.5-8.5 Gl 39h
lllumina 75 (PES) 3.3-3.8Gb 44-50M (PES) 21-56 hC
MiSeq v3
300 (PESf 13.2-15 Gb©
lllumina 75 (PES) 16-20 Gb Upto260M 15h
NextSeq (PESY
500/550 Mid
output 150 (PES§ 32-40 Gh° 26 hC
lllumina 75 (SES) 25-30 Gb 400 M(SE®) 11h
NextSeq
500/550 High 75 (pEs) 50-60 Gb 800 M(PE®) 18h
output
150 (PES§ 100-120 Gh® 29 hC
lllumina 36 (SES) 9-11 Gb 300 M(SE®) 7h
HiSeq2500v2 50 (PES) 25-30 Gb 600 M(PE®) 16 h
Rapid run
100 (PES) 50-60 Gb 27h
150 (PES) 75-90 Gb 40h
250 (PES§ 125-150 GhC 60 hC
lllumina 36 (SES) 47-52 Gb 1.5 bn (SE) 2 days
HiSeq2500v3 55 (pEs) 135-150Gb  3bn(PES) 5.5 days
100 (PESE 270-300 Gb 11 daysC
(Continued)
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TABLE 1 | Continued

Sequencing reaction Instruments Read length in Throughput  Total number Runtime
base pairs (bp) of reads
lllumina 36 (SES) 64-72 Gb 2 bbn(SES) 29h
HiSeq2500 v4
50 (PES) 180-200Gb 4B (PE$) 2.5 days
100 (PES) 360-400 Gh 5 days
125 (PES§ 450-500 GbC 6 days
lllumina 50 (SES) 105-125Gb ~ 2.5bn (SE®) 1-3.5 daysC
HiSeq 3000/4000 75 (PES) 325-375 Gb
150 (PESY 650-750 Gh®
lllumina 150 (PESY 800-900 Gb per2.6-3 bn (PES§ < 3 days®
HisegX ow cell*
Qiagen Gene NAT 12 genes; 1,250 NAT Several days
Reader mutations
Sequencing by synthesis: SBS Homopolymer errors Less expensive 454 GS Junior Upto 600;400 35MbC 0.1 M€ 10 h€
and relatively fast average (SES,PES)*
Sequencing by Synthesis c c c
3 & 454 GS JunioiC  Upto 1,000;700 70 Mb 0.1M 18 h
AODEOBDCACD B
0.@ (SES,PESY
N ‘\Oe 454GSFLX Upto 600;450 450 MbC 1M 10C
,@ TitaniumXLR70  mode (SES,PESY
454 GS FLX Up to 1,000; 700 700 Mb® 1MC 23 hC
Titanium X1€ mode (SE, PE§
lon PGM 314 200 (SES) 30-50 400,000— 23h
400 (SES) 60-100 M 550,000 3.7hC
lon PGM 316 200 (SES) 300-500Mb  2-3 1% 3h
400 (SESf 600 Mb 1 Gh® 4.9hC
lon PGM 318 200 (SES) 600 Mb 1 Gb  4-5.5 M© 4h
400 (SESF 1-2 Gb© 7.3hC
lon Proton Upto 200 (SES) Upto10GHK  60-80 MC 2-4 hC
lon S5 520 200 (SES) 600 Mb 1 Gb 3-5MC 25h
400 (SESY 1-2 GhC 4nC
lon S5 530 200 (SES) 3-4Gb 15-20 I 25h
400 (SES§ 6-8 GhC 4nC
lon S5 540 200 (SES§ 10-15 GhC 60-80 MC 2.5 hC
Single-molecule Moderate throughput Paci ¢ 20Kb 500 Mb 1 Gb® 55,000 4hC
real-time long reads or (Pacic and equipment are very BioSciences RSII
BioSciences) Pacic 8-12Kb 357 G° 350,000  0.5-6 hC
BioSciences Sequel
Oxford Up to 200 Kb Uptol5Gb  >100,000 Upto48h
Nanopore
MK1MinlON
Oxford NAT Upto 4 ThC NAT NAT
Nanopore
PromethION

CManufacturer's data; "Rounded from Field Guide to next-generation DNA sequencers and 2014 updatéjnformation is not available, as this product has been developed recently.
CRT, Cyclic Reversible Termination; NA, Not Available; PES, Ral End Sequencing; SBS, Sequencing by Synthesis; SES, Single End Sequeng.
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Qiagen Gene
Reader (SBS)

Ion Torrent

Hlumina (SBS) (SBS)

[2007) |2008| [2009] |2010] [2011] (2012 |2013] |2014] |2015| |2016]

454 (Roche) . Pacific
pyrosequencing Al’(lsi([)‘l)"n BioSciences
(SBS) SMRT (SMS)

FIGURE 4 | Timeline of the introduction of the next-generation DNA saggncing technologies and platforms.

uorophore-labeled dNTP {15. Qiagen's Gene Reader usuallyis doubled. lon torrent platform can generate upto 10 Gb of
runs up to four ow cells at a time, with each ow cell running sequence data in a single run, with a maximum of 50 million
up to ten samples. The ow cells can be added in mid-run via aeads having an average read length of 200 bases. The PGM
“turntable” within the instrument. Additional informatia onthe  can also provide 5.5 million reads having an average readheng
Qiagen Gene reader can be obtained at http://www.qgiagen.comof 400 bp, producing a maximum of 2 Gb of sequence data
from 318 V2 chip. A notable aspect of this technology is the
ABI SOLID (Sequencing by Oligonucleotide size-selection step in which sequencing of longer fragsent
Ligation and Detection) System is omitted (https://www.thermo sher.com/in/en/home/bnals/

Applied Biosystems, through the Life Technology Sm:,sidiau,)),on-torrent.html). Add|t'|onal information about lon Torent
introduced the SOLID platform in 2007. The system erm)k)yg_echnology canbe o_btalned from https://www.thermo shendo
a unique chemistry for sequencing by ligating oligonudet n/en/home/brands/ion-torrent.html.

adapters to DNA fragments and immobilizing the ligation

products on beads, which are then placed on a water-ofHE THIRD GENERATION OF

emulsion (16. The beads on which DNA ampli cation occurs SFQUENClNG TECHNOLOGY

are deposited on glass slides and subjected to sequentia

hybridization with a universal PCR primer complementary t0 At present, the described sequencing technologies are tts mo
the adapters The ||gat|0n Step IS then f0||OW6d by uores%nCCommonly used for metagenome projects’ however’ Sequencing

detection. technologies have undergone rapid advances during the past fe
. years to attempt to resolve the biases associated with tmergur

lon Torrent Sequencing Technology (PGM, methods and to obtain a better balance between data yiedd, re

Proton, S5 Series) length, and cost. These e orts have resulted in third generat

lon Torrent introduced the personal genome machine (PGM)sequencing technologies, such as Oxford Nanopafde)( and

in 2010 as a cost e ective platform for DNA sequencind ().  PacBiosequencing platforms40 which are single-molecule and
Unlike other sequencing technology, lon Torrent does not mak real-time technologies that reduce ampli cation bias, adlwe
use of optical signals1(9 but rather utilizes an enzymatic as short read length problems. The reduction in the cost and
cascade to generate a signal. The lon Torrent system gthiggr-  time presented by these sequencing methods are valuabte asse
density micro-machined wells to carry out nucleotide aditis ~ Although the error rate with the newer technologies is much
in a massively parallel approach. Each micro-well contains kigher relative to the other described sequencing techyiek

di erent DNA template. There is an ion-sensitive layer and anthis problem can be addressed by increasing the sequencing
ion-sensor located under each well. The technology works odlepth.

the principle of detecting the proton (H) released during the

incorporation of each dNTP in a growing DNA template. The Paci ¢ Biosciences

release of K ion results in a change in pH that is detected Paci c Biosciences established the rst DNA sequencer that
by an integrated ion-sensitive, eld-e ect transistor (IBF) utilizes a single-molecule, real-time sequencing (SMRT)
(117. In the case of two identical bases, the output voltagepproach. This sequencing platform has become one of the most

Frontiers in Immunology | www.frontiersin.org 10 January 2019 | Volume 9 | Article 2868


http://www.qiagen.com
https://www.thermofisher.com/in/en/home/brands/ion-torrent.html
https://www.thermofisher.com/in/en/home/brands/ion-torrent.html
https://www.thermofisher.com/in/en/home/brands/ion-torrent.html
https://www.thermofisher.com/in/en/home/brands/ion-torrent.html
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Malla et al. Human Microbiome and Disease Diagnhosis

widely used third-generation sequencing technologied), The through the nanopore, revealing characteristics of the ke
platform is based on the sequencing by synthesis principlé dPac such as conformation, length and diameter. The pore consists
Biosciences makes use of the same uorescent dyes as otleéra protein within a conductive electrolytic solution which
NGS technologies, however, instead of carrying out theesyal creates a small potential gradient across the protein pore
nucleotide ampli cation in the same manner as other sequegci (127. MinlON mkl1B is a pocket-sized portable sequencing
technologies, the signals emitted upon the incorporatiordevice, containing 512 nanopore channels, and can be djirectl
of the nucleotides are detected in real time. Sequencing Isked to a computer for data collection. More recently, a
carried out on a chip (SMRT cell) that contains several zeronore advanced device, “PromethlON,” has been commercihlize
mode wave (ZMW) guides. A single DNA polymerase i5(127. PromethlON is a benchtop sequencer possessing 48
immobilized to the bottom of each ZMW guide with a molecule individual ow cells, each consisting of 3,000 pores that are
of single stranded DNA templatel??. Four phospholinked equivalent to 48 MinlONs processing 500 bp/$28. The
nucleotides, each labeled with a dierent uorescent dyecapabilities of this instrument provide sequencing power that
producing a distinct emission spectrum, are also added tis su cient to conduct sequencing of large genomes, such
SMRT cells. Once the nucleotide is incorporated by the DNAas the human genome. Additional information on Oxford
polymerase, a light signal is produced and a base call is matle aNanopore sequencing technologies can be obtained at https://

recorded (22). www.nanoporetech.com.
_ ] _ So far, the present review has provided an overview of the
Helicos Biosciences rst through third generations of sequencing technologyath

Heliscope was released by Helicos Biosciences in 2007.hkve provided signi cant improvements in the ability to corztu

is also a single-molecule sequencing device. Sequencingmgrobiome research. Metagenomic and other omic approaches
carried out in a glass ow cell with 25 channels for are the most e ective methods that can be used to characterize
samples. The samples can either be replicates of the sammécrobial communities, as well as their metabolic activity. |
sample or dierent samples. The Heliscope platform utilizess now feasible to obtain information on the composition
emulsion PCR ampli cation of DNA fragments in order to (taxa), diversity, pathogenesis, evolution, and drug resiga
obtain signi cantly higher signals for reliable base détmt of microbes. The selection of any of the above mentioned
by multiple charge-coupled device cameras. Single-molecufgatforms, however, should be mainly dependent on the aim,
sequencing methods have the potential to deliver consistentliyesign, and purpose of the study. lllumina sequencing teamol
low error rates by eliminating ampli cation-related bias, has made tremendous advances in data output and cost e ciency
intensity averaging, and synchronization problen®§ 124). over the past few years and as a result, presently dominates
In the Heliscope platform, 100-200 oligonucleotide fragmentthe NGS market 129 130. lllumina sequencing technology
are initially immobilized on a proprietary substrate within has been used extensively in numerous microbiome research
a micro uidics ow cell. Fluorescence-labeled nucleosde projects (31:133, including the Human Microbiome Project
are then introduced individually and are incorporated by (44). While both lon Torrent and lllumina sequencers provide
DNA polymerase into the growing complementary strand.a number of advantages in terms of their cost and e ciency,
The uorophore-bearing nucleotide increases detectapilind the short read lengths they provide make them less appropriate
eliminates the need for ampli cation of the DNA template. for addressing a number of scientic questions, including
Images are recorded and analyzed to identify the nucleotiddetection of gene isoforms, methylation detection, and ge&o
that has been incorporated into the growing strand before th@ssembly 118. SMRT (single-molecule real-time) sequencing
cycle begins with a di erent uorescently-labeled nucletgti At  platforms o er approaches that are more suited for these
present, the Heliscope can only provide a read length of 3Besearch objectives. Since PacBiosequencing generaggsr lon
nucleotides {11). Additional information can be obtained at reads that provide longer sca olds.4-136), it is well suited

http://www.helicosbio.com. for denovogenome assembly. The commercial availability of
_ MinlON sequencers by Oxford Nanopore Technologies, which
Oxford Nanopore Sequencing resemble a USB ash drive in appearance, has also enabled

Oxford Nanopore Technologies (ONT) is at the forefrontapplications that require long-read sequencii@ 139. The

of developing nanopore sequencing technology (http://wwwe ciency, long read lengths, and single-base sensitivitykena
nanoporetech.com/). The Nanopore platform does not require amanopore sequencing technology a promising approach for high-
ampli cation step as a part of library preparation. The noveltythroughput sequencing. The MinlON system has been used
of this approach is that the DNA strand to be sequenced cafor sequencing the genomes of infectious agents, including
be directly analyzed. Oxford Nanopore Technologies intrmgtl  the analysis of bacterial antibiotic resistance islands)( the

the MIinION (125 device in 2014. It has the potential to inuenza virus (139 and genome surveillance of the Ebola
provide longer reads with better resolution of repeated seqee virus (140. The advancements in high-throughput sequencing
elements and structural genomic variants2¢). MinlON is a  technologies now provide the opportunity to choose di erent
mobile, single-molecule Nanopore sequencer measuring fowequencing platforms to conduct microbiome research. In a
inches in length and is connected to a laptop with USB 3.0comparative analysis of the lllumina MiSeq, lon Torrent PGM,
Nanopore sequencing technology is based on the principle @nd 454 GS Junior sequencing platforms, Loman et &a1)(
modulation of the ionic current as a DNA molecule traversegeported that Illumina provided the highest output per run
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TABLE 2 | Lists of software's used in metagenomics analysis.

Software Application Link (website) References

FastQC FastQC, a java based application is performed via a ges of analysis modules. http://www.bioinformatics.babraham.ac.uk/ (175)
FastQC can either run in a non-interactive mode or in a standane interactive mode. projects/fastqc/
FastQC is a quality control tool used for high-throughput sguence data via a series
of modular options and giving graphical results of length diribution, quality per base
sequence, N numbers, GC content, over representation and dplication.

Fastx-Toolkit Fastx is a command based tool kit for the quali control of short-reads and allows http://hannonlab.cshl.edu/fastx_toolkit/index. (176)
processing, format conversion, collapsing and cutting onhe basis of sequence html
identity and length.

PRINSEQ A standalone tool allows integration and analysistinthe existing data processing http://prinseq.sourceforge.net/ L77)

pipelines. PRINSEQ as a tool offers a computational resourdéat is able to handle
huge amount of data generated by next-generation sequences: It is used for
sequences trimming based on in the di-nucleotides occurreces and the sequence
duplication (mainly £39.
NGS QC Toolkit NGS QC Toolkit encompasses user-friendly stalalone tools for the quality control of http://www.nipgr.res.in/ngsqctoolkit.html @78)
the sequence data generated by next-generation sequencinglatforms. The analysis
is performed in a parallel environment.
Meta-QC-Chain Meta-QC-Chain is a tool for the quality contl analysis performed in parallel http://www.computationalbioenergy.org/qc- 179)
environment. Performs mapping against 18S rRNA databasesiorder to remove the chain.html
eukaryotic contaminant sequences.

Mothur Mothur is an open-source, expandable software useddr the quality analysis of reads http://www.mothur.org/ (180)
to taxonomic classi cation, ribosomal gene meta-pro ling canparison and calculus
of diversity estimators.

QIIME QIIME pipeline is designed for the task of analyzing micriabcommunities sampled  http://giime.org/ (181)
via a marker gene (16S or 18S rRNA) amplicon sequencing. In itgeart pipeline
QIIME performs quality pre-treatment of raw-reads, calculatestimates diversity
estimates, taxonomic annotation and comparison of metageamic data.

MEGAN MEGAN is a graphical interface tool that allows both f@nomic as well as functional http://ab.inf.uni-tuebingen.de/software/megan/ ©0)
analysis of metagenomic reads. It is based on the BLAST outpudf short reads and
performs comparative metagenomics.

CARMA CARMA provides a clear quantitative and statisticaharacterization of phylogenetic  http://omictools.com/carma-s1021.html (182)
classi cation of the reads based on Pfam conserved domains.

PICRUSt PICRUSt is a tool that serves in the eld of metagenomicrealysis where the http://picrust.github.io/picrust/ (183)
prediction of the metabolic potential is done from the taxoomic information obtained
via16S rRNA meta-pro ling projects. PICRUSt could be thought of a an automated
substitute to manually mining the gene families that are hieived to be present in
organisms whose sequences are found in a 16S ribosomal RNA.

TETRA TERTA is a web-based stand alone program used for the fanomic classi cation http://www.megx.net/tetra (184)
and comparison of tetra nucleotide patterns with in a DNA segence.

PhylophytiaS Composition-based classi er of sequences basd on reference genomes signatures  https://omictools.compps-tool (185)

MOCAT MOCAT is a highly con gurable and modular pipeline thahcludes the quality http://www.bork.embl.de/mocat/ (186)

treatment of metagenomic reads based on single copy marker enes classi cation
and gene-coding prediction. The pipeline makes use of a statof-the-art program to
map quality control and assemble reads from metagenome samps sequenced at a
very high depth (several billion base pairs).

Parallel-meta Parallel-meta is a comprehensive and autontive software package that offers fast  http://www.computationalbioenergy.org/ (187)
data mining and metabolic function across large number of megenomic datasets.  parallel-meta.html
The functional annotation is based on BLAST best hit results

MetaclusterTA  MetaclusterTA is a tool used for the Taxonomiannotation that is based on the http://i.cs.hku.hk/Zalse/MetaCluster/ (188)
binning of reads and contigs. Dependent on reference genone

MaxBin MaxBin software is used for the unsupervised binningf metagenomic sequences http://bowtie-bio.sourceforge.net/index.shtml L89)
based on an Expectation-maximization algorithm. For uses'expediency MaxBin
reports genome-related statistics including GC content, gnome size and

completeness.
Amphoraand  Amphora and Amphora2 is used for the Metagenomic phylotypig via single copy http://pitgroup.org/amphoranet/ (102, 190)
Amphora2 phylogenetic marker genes classi cation.
BWA BWA is an algorithm used for the mapping of short-low-diergent sequences to large http://bio-bwa.sourceforge.net/ (191)

references. It is based on Burrows—Wheeler transform.

(Continued)
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TABLE 2 | Continued

Software Application Link (website) References
Bowtie Bowtie is a fast short read aligner to long referenceeuences based on http://bowtiebio.sourceforge.net/index.shtml 192)
Burrows—Wheeler transform.
Genometa Genometa is a graphical interface applied for taxmmic and functional annotation of http://genomics1.mhhannover.de/genometa/ 93)
short-reads metagenomic data.
SOrt-ITEMS SOrt-ltems is a tool used for taxonomic annotatiomia alignment-based orthology of https://omictools.com/sort-items-tool (194)
metagenomic reads.
DiScRIBInATE ~ Taxonomic assignment by BLASTx best hits claissation of reads. https://www.westgrid.ca/support/softw are/ (195)
discribinate
IDBA-UD IDBA-UD is adenovo assembler of metagenomic sequences with uneven depth. htt#/i.cs.hku.hk/Zalse/hkubrg/projects/ (196)
idba_ud/
MetaVelvet MetaVelvet is alenovo assembler of metagenomic short reads. http://metavelvet.da.bio.keio.ac.jp/ L97)
RayMeta RayMeta, adenovo assembler of metagenomic reads and taxonomy pro ler by Ray http://denovoassembler.sourceforge.net/ L98)
Communities.
MetaGeneMark MetaGeneMark is a gene coding sequences prectior from metagenomic sequences http://exon.gatech.edu/index.html L99)
by heuristic model.
GlimmerMG GlimmerMG is a gene coding sequences predictordm metagenomic sequences by http://www.cbcb.umd.edu/software/glimmer- (200)
unsupervised clustering. mg/
FragGeneScan FragGeneScan is a gene coding sequences predor from short reads. http://sourceforge.net/projects/faggenescan/ @01)
CD-HIT CD-HIT is a tool used for clustering and comparing of sagences of nucleotides or http://weizhongli-lab.org/cd- hit/ (202)
protein.
HMMER3 HMMERS is a free and commonly used software package fesequence analysis. It is http://hmmer.janelia.org/ @03)
a Hidden Markov based model used to perform sequences alignents. Used for the
identi cation of the homologus nucleotide and protein sequeces
BLASTX Basic local alignment of translated sequences http://blast.ncbi.nlm.nih.gov/blast/Blast.cgi @03)
MetaORFA MetaORFA is applied for the assembly of peptides ¢dined from predicted ORFs. Website not available 204)
MinPath MinPath is a tool used for reconstruction of pathwag from protein family predictions.  http://omics.informats.indiana.edu/MinPath/ p05)
MetaPath MetaPath is used for the identi cation of metaboligathways that are differentially http://metapath.cbcb.umd.edu/ (206)
abundant within the metagenomic samples.
GhostKOALA GhostKOALA is KEGG's internal annotator of megnomes by k-number assignment http://www.kegg.jp/ghostkoala/ (207)
by GHOSTX searches against a non-redundant database of KEG@enes.
RAMMCAP RAMMCAP is used for the metagenomic functional anriation and data clustering. http://weizhong-lab.ucsd.eddrammcap/cgi- (208)
bin/frammcap_2d.cgi
ProViDE ProVIDE is a tool for the analysis of viral diversitymetagenomic samples. https://omictools.com/provide-bol (209)
Phyloseq Phyloseq is a tool-kit for raw reads pre-processiy, diversity analysis and graphics  https://joey711.github.io/phyloseq/ 210)
production. Itis an R, Bioconductor package.
Metagenome MetagenomeSeq is designed to determine the analysis of défential abundance of  http://bioconductor.org/packages/release/ (211)
Seq 16S rRNA gene in metapro ling data. It is also designed to addrss the effects of bioc/html/metagenomeSeq.html
both under-sampling and normalization of microbial commuities on the basis of
disease association detection.
Shotgun Shotgun Functionalize is an R-Package for the functional agssment of http://shotgun.math.chalmers.se/ @12)
Functionalize R metagenomic data. The package includes tools designed fomporting, annotating
and visualizing metagenomic data generated via high-thrghput sequencing.
Galaxy portal Galaxy portal is a web repository of computainal tools that can be run without https://usegalaxy.org/ (213)
informatics expertise. It is a graphical interface and freeesvice.
MG-RAST MG-RAST an open source web application is used for thautomatic phylogenetic http://metagenomics.anl.gov/ @14)
and functional analysis of metagenomes. MG-RAST is one of ¢hbiggest repositories
for metagenomic data. It is a Graphical interface, web portadnd free service.
IMG/M IMG (Integrated Microbial Genomes) system serves as a commity resource for the https://img.jgi.doe.gov/ (215)
analysis, functional annotation and phylogenetic distrition of genes and
comparative metagenomics. It is a graphical interface, web grtal and free in service.
Phinch Phinch is an open source, interactive exploratory da visualizing tool intended to http://phinch.org (215)
alleviate the analysis of meta-omic datasets. The main feaes of this software are
streamlined visualization work ow, sleek user interface, ovel exploration of larger
datasets. Accessible via web browser.
(Continued)
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TABLE 2 | Continued

Software Application Link (website) References

CAMERA CAMERA is an important tool that aims to bridge the gapand to develop methods  https://omictools.com/camera-2-tool (216)
S0 as to monitor microbial communities of the oceans. CAMER#databases
incorporate both the genomic and metagenomic datasets, meddata, results from the
pre computed analysis and softwares that endorse commandig cross-analysis of
the environmental metagenomes.

Meta Comp Meta Comp is a graphical inclusive analysis tool #t encompasses a series of http://cqb.pku.edu.cn/ZhuLab/MetaComp/ (216)
statistical analysis approaches along with visualized redts for comparative analysis
of metagenomics as well as other meta-omics data sets. The sitware has the
features to read les generated via different upstream ana$ys programs. It has also
got the features to automatically choose two-group sampleést.

(1.6Gb/run, 60Mb/h) and the lowest error rates. In a studymetabolic disorders 154, gastrointestinal (Gl) malignancy
comparing di erent sequencing platforms (lon Torrent PGM, (157, respiratory diseased %9, autoimmune diseasesl @0,
lllumina MiSeq and HiSeq) for the shotgun sequencing of sixand mental or psychological diseas&8@. Johnson et al.169
human stool samples, Clooney et &l4f concluded that the discussed theBacteroidetgesone of main components of the
best assembly values were obtained using the lllumina HiSemqicrobiome, their genetic variability and contrasting etean
platform, in which 10 million reads per sample were producedmetabolic diseases such as obesity and type Il diab&&3. (
In contrast, the lllumina MiSeq and lon Torrent PGM did not Yiu et al. ((7) proposed that body weight, metabolism, and
produce a su cient number of reads to produce an adequatadiseases such as obesity are a ected by the interplay between
genome assembly43. the immune system, metabolism and microbiom&7(). In
discussing chronic IBD, Frick and Wehkampg 71 outlined
some of the available therapeutic interventions that can be

CORRELATION BETWEEN THE used to alter mucosal immunity and the composition of the
MICROBIOME AND INFECTIOUS microbiome. While studying the molecular aspects of human
DISEASES gut-brain interactions, Lee et al1{2 demonstrated how the

microbiota in uences host physiology and neurodegenerative
Human gut microbiome signatures exhibit individual spediyc ~ and neurological developmental disease&).
There is a high degree of inter individual variation that &sed

on both host genetics and environmental factotd4 145. The

high degree of individual speci city, however, has hamperedBIOINFORMATIC PIPELINES FOR

our understanding of function of the gut microbiome and its METAGENOMIC DATA ANALYSIS

importance in health and disease. The human gut microbiome

exhibits a high degree of plasticity, mainly in response td'he advances in NGS have resulted in the production of
dietary changes that support a healthy gut ecosystem andassive datasets that are increasingly dicult to analyse
minimize disease risk1¢46.The onset of new methodologies, (129. As larger datasets are generated, more sophisticated
including NGS and bioinformatic pipelines, have resulted in acomputational resources and bioinformatic tools are reqdir
paradigm shiftin the elds of clinical microbiology and irféous ~ The interpretation and understanding of metagenomic stsdie
diseases due to the realization of the complex interactioas thdepend on the computational tools that can be used to
occur within the microbiome. The relationship between huma analyse enormous data sets and mine valuable, useful, and
pathogens, infectious diseases, and the gut microbioméaamys valid information regarding the microbial communities bei
being revealed. Several studies have examined the c@relatstudied. Bioinformatic tools used for metagenomic analysis
between the human gut microbiome and health stafusl(142.  especially for translating raw sequences into meaningfia, dae
Reports have indicated that while the gut microbiome appearsontinually developing with the aim of providing the ability t

to be relatively stable under healthy conditions, any gatéilie  examine both the taxonomic and the functional composition of
or quantitative changes in the gut microbiome can result indiverse metagenomed{3 174. A number of the specialized
functional modi cations and disease as reportetd{ 147  software programs available for analysing the metagenoati d
149. A rich level of bacterial diversity is considered to beare listed Table 2. Based on the list provided, an example
an indicator of a healthy status, while a low level of baeteri of a comparative analysis pipeline is presented in the present
diversity is correlated with in ammatory, immune, and oligs  review that takes into consideration user friendliness, exse
related diseases& 144 147-153. Several studies have indicatedaccess, open source availability, ability to analyse medage

that the human microbiota plays a crucial role in humandatasets, and ability to provide graphical representationhef
health and disease5§ 154-168. Studies have also revealedanalyzed dataKigure 5. A description of the software (MG-
that microbial symbiosis plays a central role in the developme RAST, EBI, QIIME and Mothur) used in the di erent pipelines

of a number of diseases, including liver diseasés6( is described inTable 3 which provides a detailed summary
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Metagenomics tools

|
v v S—;

QIIME | mothur EBI MG-RAST
} ) |

w Qualiy control | Reads \ S Tl
and metadata

oTU clustermg \ Allgn sequences | - Merging Reads ‘ 'QualitycontroIJ

{Pick representative )| Clean alignment Quality control ‘ Identi;i:la‘:ion of

sequences
[ Pre-clustering | rRNAmasking | | cystering of ‘

l

£ Assign taxonomy J sequences | RNA
—
l I T ncRNA ‘ 41—
e R Chimera detection ___prediction 1 )
[ Taxonomytable J l l Assign taxonomy |
| S ——

L Classify sequences J ‘ Masked reads

I -

[ Remove non bacterial J ' Gene prediction ‘

sequences
[ Generate distance J functional ‘
L matrix |__annotation

| oTU clustering

Classify OTU

' Taxonomy table

FIGURE 5 | Overview of the work ow used by metagenomic analysis tools (QME, Mothur, EBI and MG-RAST).

of the functionality and features of the mentioned softwaretools that can analyse large data sets and can mine and
programs. The four pipelines share several steps during thaghlight various aspects about the community being exawchine
analysis such as quality control, clustering, and annotati Although the tools and databases developed to investigate
(Figure 5). the taxonomic composition of a microbial community and
provide information on the functional aspects of the commuynit
are becoming more elaborate and complex, though CLC

METAGENOMIC DATA ANALYSIS

SOFTWARE: COMMAND BASED VS.

microbial genomic package o ered by Qiagen are good for
these analysis. Nanopore sequencing technology has presented
an option for an analysis pipeline, with novel options for

GRAPHICAL USER INTERFACE /SIS
assembly and annotationFigure 6, presents the work ow

As comprehensive metagenomic studies are becoming mot@volved in metagenomic analysis, and indicates all the
common, they are yielding novel and important insights intosteps and tools used for analyzing the data generated from
the microbial communities in diverse environments; from metagenomic sequencing. The metagenomic pipeline caneutiliz
terrestrial to aquatic ecosystems and from human skin to th@ny of the presented approaches, based on type of sequencing
human gastrointestinal tract. Advances in NGS have madeata (targeted metagenomics or shotgun metagenomics). The
it more possible than ever for researchers to conduct whol@wchart summarizes the basic steps that are followed in the
genome sequencing. The analysis of the datasets obtaioed fr analysis pipeline starting from preprocessing of the sequencing
NGS is complex and require an intelligent and systemati¢lata to the nal extraction, storage, and presentation of dlaga.
approach to process the data e ciently. The results obtained he most popular tools, along with the databases and algorithms
from any metagenomic study relies dn silico computational employed for the analysis, are indicated.
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TABLE 3 | Comparative work ow of the four most commonly used bioinfornatics pipeline for analyzing metagenomic datasets.

EBI

MGRAST

QIIME/QIIME 2

MOTHUR

License

Implementation (release
candidate)

Current Version available
(March 2018)

Website

Primary Usage
Amplicon data Analysis

Whole genome shotgun
analysis

Sequencing technology
compatibility

Quiality control

16S rRNA gene Databases

searched

Alignment method
Taxonomic assignment
Clustering algorithm
Diversity analysis

Phylogenetic Tree
Visualization

Submitted projects as on
March 2018

Free open-source
Python

4.1

http://www.ebi.ac.uk/
metagenomics

GUI
Yes
Yes

Sanger, PacBio, lon Torrent,
lllumina, Nanopore

Yes

Silva, Rfam, MAPSeq,
Pfam, TIGRFAM, Prints,
Prosite patterns, Gene 3d
PyNAST, MUSCLE,
INFERNAL

UCLUST, BLAST,

Mothur, RDP

UCLUST, BLAST Mothur,
CD-HIT

Alpha and beta

YES

T, BC, PC, HM, SC, PCA,
Krona and Circos

Total: 1,653
Public: 1,503
Private:151

Free open-source
Python

4.0.3

http://metagenomics.anl.
gov/

GUI
Yes
Yes

Sanger, PacBio, lon Torrent,
lllumina, Nanopore

Yes

Silva, M5RNA, RDP and
Greengenes

BLAT

BLAT

UCLUST

Alpha
YES

T, BC, PC, HM, SC, PCA,
Krona and Circos

Total: 3,24,846
Public:52,615
Private:272,231

Free open-souec
Python

1.9.1 and 2017.6.0,
respectively

http://giime.org/ and
https://giime2.org/
CL and GUI, respectively
Yes
Yes but only experimental

Sanger, PacBio, lon Torrent,
lllumina, Nanopore

Yes

Greengenes, RDP, Siva and
Unite

PyNAST, MUSCLE,
INFERNAL

UCLUST, BLAST,
Mothur, RDP

UCLUST, BLAST Mothur,
CD-HIT

Alpha and beta
FastTree
T, BC, PC, HM, SC, PCA

NA

Free open-source

«C

1.39.5

http://www.mothur.org/

CL
Yes
No

Sanger, PacBio, lon Torrent,
lllumina, Nanopore

Yes

RDP, Greengenes Silva and
Unite

Needleman-Wunsch,
Blastn, Gotoh

Wang/RDP approach

Mothur, CD-HIT and adapts
DOTUR

Alptend beta

Clear cut algorithm
T, BC, PC, HM, SC, PCA,
Dendrograms, Venn
diagrams
NA

BC, Bar-Charts; BLAT, Blast like Alignment Tool; CL, Commandline; EBI, European Bioinformatics Institute; GUI, Graphical User Intece; HM, Heat Map; MGRAST, Metagenomic
Rapid Annotations using Subsystems Technology; OUT, Operational Xanomic Unit; PC, Pie-Charts; PCA, Principal Component Analysis; @®IE, Quantitative Insights into Microbial
Ecology; RDP, Ribosomal Database Project; SC, Stacked Columns; TaBulation.

TECHNOLOGY AND THE CHANGING

establishment of large collaborative projects with broaalgand
LANDSCAPE OF METAGENOMIC individual laboratories targeting more speci ¢ questions.
RESEARCH The decreasing cost structure of DNA sequencing has had
and will continue to have an impact on genomics and bio-
Over the past decade, advancements in NGS have led toc@mputing. With the size of databases expanding continuously,
signi cant reduction in the cost of genome sequencing. Ehesthe translation of data into biological insight is becoming
technological advances have enabled the sequencing ahkevé&nore and more important. As a result, data analysis a more
genomes in a day at a cost of approximately $1,000 pé}rominent aspect in obtaining information and value from the
genome Figure 7). The cost estimates presented Figure 7  data @17). Signi cant analytical e orts are needed to gain useful
represent (A) cost in U.S, dollars per Mb of sequence datisights from the generated data. The elds of microbiolpgy
from 2001 to 2009, (B) cost in U.S, dollars per Mb frombiotechnology, and medicine are already bene ting fromgee
2009 to 2017, (C) cost in U.S, dollars per Genome fronsequencing e orts, and as costs continue to decrease, thegeact
2001 to 2009, and (D) cost in U.S, dollars per Genome fronof genome sequencing is expected to become almost routine.
2009 to 2017. Although sequencing is now relatively easy arkebr example, the Sanger Institute is sequencing the genomes of
straight forward, NGS technology is not perfect and errorgpatients su ering from cancer and rare diseases as part of the
in the data do occur. Moreover, some regions of the DNA100,000 Genomes Project organized by Genomics England.
have not been successfully sequenced. The underlying costsSome patients have already bene tted from metagenomic-
associated with di erent approaches to sequencing genomes doased diagnoses and treatments, and researchers are dogtinu
of great importance because they impact the scope and scaletofgain more knowledge about the genetic variations thatseau
genomic projects. Decreases in sequencing costs have lbd to & variety of diseases. Sequencing, however, is not the ptibno
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FIGURE 6 | Flow chart of basic metagenomics steps and tools currentlyni use.

for genetic analysis. An important part of the Precision Medkci  potential pathogens, both known and novel, and can also be used
Initiative, organized by the US National Institute of Heglthto  to assess the state of an individual's microbiome. As sexjngn
develop a more predictable and possibly less technically campleecome easier, faster, and more cost-e ective, it will be ptessi
method of genetic analysis. Sequencing, however, appeaes totb serially characterize the human microbiota to explore
the only way to comprehensively explore the complex featureshanges that occur in the human microbiome over time. This
of DNA that guide the initiation and progression of a number knowledge could lead to the development of novel medicinés an
of diseases. Additionally, comprehensive sequencing akish approaches for treating infectious diseases. Indeed, meatagen

determine how our DNA keeps us health31@g. studies may become so standard that DNA sequencers could be
used in homes to monitor changes in the stool microbiome of an
FUTURE PERSPECTIVES OF individual to guide the maintenance of health.

METAGENOMICS AND HUMAN HEALTH
CONCLUSIONS

Though the eld of metagenomics pre-dates NGS, modern

high-throughput sequencing technologies have greatlll forms of life on this planet are dependent on microbes.
transformed this promising eld by enabling a comprehensiveThey de ne an environment and are in turn de ned by it. Our
characterization of all microorganisms present in a sample. Asnderstanding of host-pathogen systems, however, is onlisin i
metagenomic approaches become more developed and clinicailhfancy. Over the past two decades, sequencing technollogg a
corroborated, it is expected that metagenomics will be at thaith bioinformatic tools, have improved signi cantly; maig it
forefront as a method for diagnosing infectious diseaselseiV feasible to explore microbial communities residing withinelise

a complex or unknown infectious disease is encountered, $ige uhosts. There is a strong recognition that the microbial déity

of multiple conventional diagnostic tests can potentiallgdeo  existing in extreme habitats has largely been unexploredaiio g
unnecessary expenses; more importantly, this can also fiesultinsight into this “latent” microbial ora, novel methodolags are
the delay of a diagnosis. Metagenomics can be used to identifgquired. NGS technologies have provided a rapid, cost-e tien
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FIGURE 7 | Timeline showing the sequencing cos(A) per Mb until year 2009, (B) per Mb between year 2009 and 2017,(C) per genome until year 2009,(D) per
genome between year 2009 and 2017.

means of generating sequencing data and provided sequencir@e in the elds of medicine, biotechnology, and environniain
platforms that can be used in large genome-sequencing centescience. The authors hope that this review provides a clear
as well as individual laboratories. Illlumina, PacBio, amgpked  overview of the sequencing platforms and bioinformatic saesl
Biosystems, have all announced upgraded versions of theif software that are available, including their high valuel a
respective  DNA-sequencing platforms. These upgrades wiimitations.

increase high-throughput ability and read length, while la¢ t

same time signi cantly reduce the cost of sequencing per.basaUTHOR CONTRIBUTIONS

These developments will signi cantly contribute to and proei

exciting new opportunities to microbiologists. The integost MM prepared the draft of the manuscript under the guidance of
of several approaches to biological studies will be necessaryAK and SY. AD prepared the illustrations. EA and AH edited the
answer questions about the diversity and ecology of mi@lobi manuscript.

ora. It is the opinion of the authors of the present review that

the development of better bioinformatic tools for analysingFUNDING

metagenomic data is urgently needed. The vast amounts of

metagenomic data that will be forthcoming will bring new MM (Y15465008) was supported by the University Ph.D.
challenges for analysing, storing, and transferring dagnome-  Fellowship for this study. AD had nancial support through the
sequencing centers and laboratories are going to become mabST Inspire Ph.D. Fellowship (IF160797) from the Department
dependent on information technology and bioinformatics.of Science and Technology, New Delhi, India. AH and EA
Bioinformatic expertise will increasingly be necessarynalgse would like to extend their sincere appreciation to the Deapshi
large amounts of data and to mine the data for useful inforiorat  of Scienti ¢ Research at King Saud University for funding the
about microbial diversity. Metagenomics will play an incregsi Research Group No. (RGP-271).
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