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14. Metagenomika
A M E T A G E N O M I K A egész ökoszisztémák DNS tartalmát vizsgálja. Erre
azért is szükség lehet, mert az élőlények nagy többségét (99%) nem tudjuk laboratóriumban tenyészteni, és sokan csak „társaságban”, természetes
környezetükben más organizmusokkal kooperálva maradnak életben. Lényegében háromfajta kérdés érdekes a metagenomikai tanulmányokban:

? taxonómiai összetétel: milyen organizmusok, milyen arányban élnek
együtt?
? funkcionális összetétel: hogyan működnek a fajokon átívelő biokémiai
folyamatok?
? összehasonlító metagenomika: miben különböznek és hasonlítanak
különböző metagenomikai minták?
Taxonómiai analízishez tipikusan univerzális, de genomra jellemző szekvenciájú géneket szűrnek ki és szekvenálnak. Leggyakoribb a riboszomális
RNS gének szekvenálása.
A szekvenált RNS régiókhoz aztán adatbázisR90
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Figure 2. Approximately 1.5 kb 16S rRNA gene of E.coli showing the nine variable regions that make it an ideal target as a phylogenetic marker gene.

Table 1. Explanation of commonly used ecological terms in the field of microbiota research
Term

Explanation

Evenness

A measure of the skew in abundance of community members.
Is there one dominant organism or are all evenly
represented?
The number of different types of organism present.
A combination of richness and evenness—can be considered
to be a summary statistic for community structure as
membership, abundance and evenness are taken into
account.
A common diversity index indicating the probability that two
individuals taken at random from a population are the
same. Often presented as the inverse so that increasing
diversity is mirrored by an increasing index value.
Alternatively, Shannon entropy—another common diversity
index that quantifies the uncertainty of predicting the next
individual taken from a sample.
Within sample diversity.
Between sample diversity.

Functional annotation and pathway inference in metagenomics data
Richness
Diversity

Simpson index

Figure 3. A diagram demonstrating species richness and evenness and how they
describe the composition of a community. Each shape represents an individual
and the colour and nature of the shape represents a different type of organism.
Increased numbers of different types of organism is described as increased
species richness. When no one organism is dominant, the community is described
as even.

Alpha diversity
Beta diversity

diversity can be associated with stable, longer established or
less active ecosystems (50). Microbial community stability, resistance to environmental pressures such as diet and antibiotic
use, and resistance to invasion with pathogens are also likely
to be important in human disease states affecting the bowel,
mouth, lungs, skin and vagina (51).

WHOLE-GENOME SEQUENCING

697

Complete genome sequencing is the foundation for the comprehensive understanding of an organism’s function. Bacteria were
the first free-living organisms to undergo complete genome
sequencing, with Haemophilus influenzae being completed in
1995 (52). As of July 2013, the National Center for Biotechnology Information’s microbial genome site listed 2552
complete genomes, although the bacteria sequenced in their
entirety have been highly selected, with multiple genomes of
commonly cultured clinical strains and an absence of some
entire phyla (53).
It is now feasible to map all the genes that characterize a particular group of organisms, their ‘pangenomes,’ by sequencing a
broad range of isolates from different sources (54). This reveals
the genes that are core and that define the genomes of a particular
group as well as those that are accessory, perhaps possessed by a
single isolate or a subset with a particular lifestyle or pathology.
It also allows inference of how pathogenicity evolves within

Figure 1: Flowchart of the main steps and bioinformatics tools required for pathway reconstruction from
metagenomics surveys. Numbers in circles correspond to specific tools and programs developed for the corresponding steps and listed in the right part of the figure (links listed on Table 1). Curly brackets point to application
specific databanks. The analytic procedure ideally bifurcate at the starting point according to the investigation strategy: DNA can undergo a PCR-based amplification step to increase the amount of a specific marker gene (e.g. ribosomal RNA) and then subject to Roche 454 sequencing or can be fragmented and prepared into libraries for
metagenomics Illumina/SOLiD sequencing. Both those techniques are characterized by the generation of a huge
amount of short reads that necessitate care and powerful instrumentation for their handling and processing. The
simplest analytic choice is to map short reads into reference databases such as that maintained by the Ribosomal
Database Project for the taxonomy survey via 16 S sequencing (1) or into NCBI non-redundant (nr/nt) for environmental microbiome or, in case of gut microbiome surveys, the better-scoped MetaHIT (2). Another possibility is
to assemble the short reads into longer contigs using new generation assemblers specific for unevenly distributed
reads deriving from the multitude of different microbes represented in the community (3). Their application im-

2. ábra. Metagenomikai analízis:
egyedi gének vagy teljes genomok analízise sok organizmuson
keresztül. [De Filippo]
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Curated databases such as The Ribosomal Database Project (42),
GreenGenes (43) and SILVA (44), where sequences undergo
quality assessment and alignments are manually optimized, are
crucial for optimal phylogenetic placement of test sequences.
Two analysis pipelines are in common use for analysing 16S
rRNA gene sequence data: QIIME (45) and Mothur (46),
though there is no standardized way of applying these pipelines
to datasets.
An important deliverable of 16S rRNA gene sequencing is the
identification of microorganisms that cause disease. Current microbial diagnostics provide information about the presence or
absence of known pathogens in patient samples, but the culturebased techniques are much more targeted and selective when
compared to 16S rRNA gene sequencing (47). More than 50%
of cases of pneumonia in children and adults requiring hospitalization have no diagnosis. DNA sequencing therefore has the immediate potential to fill a major unmet clinical need.
Although identification and characterization of diseasecausing organisms is the ultimate goal (see section WholeGenome Sequencing), measures of the microbial community
structure, such as species richness, community evenness and diversity, can reveal a great deal about dynamics and selection
pressures experienced by the system (Fig. 3 and Table 1).
Association of these parameters with relevant environmental
and clinical measurements can give important insight into states
of health and disease (48,49). Increased richness, evenness and

Shannon index

Downloaded from http://hmg.oxfordjournals.org/ at Universite de Montreal on April 16, 2014

ban kereshető ki a legjobban illeszkedő organizmus. A hasonlóság kereshető
illesztésekkel vagy összetétel alapján (k-mer spektrum).

1. ábra. Hipervariábilis régiók
a 16S RNS génben. A régiókat ki lehet választani PCR-ral
megfelelően tervezett primereket
használva, amik a stabil régiókhoz
hibridizálódnak. [Cox++]

Computational meta’omics
N Segata et al
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microbial enzyme activity to predict environmental ocean
biological validation is challenging (Southward et al, 2005;
metabolitesa(Larsen et al, 2011). Joint metabolic predictions
Larsen
et al, 2012).
A related methodology,
Predicted
Relative
Összehasonlító
tanulmányok
Metagenomikai
minták
összehasonlításánál
have been made to model a set of two- and three-microbe
Metabolomic Turnover, leverages changes in inferred

taxonómiai vagy funckionális összetételeket vizsgálják több mintán keresztül.
In vivo sample

Sample
collection

Isolated DNA

DNA
extraction

DNA
sequencing

Metagenome

Metagenomic dataset

TACGTACGT
CACGACGGGGCAA
TATGGGTCGTTACCA
TCACATCAGGTCGAGCTA
TATTACGACGGT
ATATCATGCACCATCGTA
TATCCACGACGGGGCCCC
AGGCTACACGTCATGCA
TACGTACGT
TATTACGACGGT

Metagenomes and metadata
Multiple
samples

FastQ

Taxonomic profiling pipeline

Install HUMAnN, place one file of USEARCH
results per sample in the input directory,
and run the tool using scons to generate
a table of samples by pathway abundances.

Taxonomic profiles

Each sample contains:
27.4% H. parainfluenzae
13.1% S. parasanguinis
11.37% P. melaninogenica
7.8%
R. mucilaginosa
[ ... ]
GraPhlAn
visualization

15 Most abundant species

merge_metaphlan_tables.py
metaphlan_hclust_heatmap.py

Firmicutes
Proteobacteria
Actinobacteria
Bacteroidetes
Others

20 Example metagenomes

Tongue dorsum
Buccal mucosa

Each sample contains:
2.9% Bacterial ribosome
2.7% Inosine monoph. biosynthesis
2.6% F-type ATPase
2.5% RNA polymerase
[ ... ]
GraPhlAn
visualization

Metabolic profiles

Energy met.
Carbohydrate
and lipid met.
Nucleotide and
amino acid met.
Environmental
information proc.

20 example metagenomes

Others

Tongue dorsum
Buccal mucosa

Metabolic biomarkers
Example tool: LEfSe

Example tool: LEfSe

Upload the abundance table
into the LEfSe galaxy server
(or run it locally) to identify
taxonomic biomarkers with
significance and effect size,
and plot graphical reports

Upload the abundance table
into the LEfSe galaxy server
(or run it locally) to identify
metabolic biomarkers with
significance and effect size,
and plot graphical reports

ATP synthesis
Energy met.
Lipopolysaccharide met.
Bacterial secretion system

Selenomonadales
Negativicutes
Veillonellaceae
Veillonella

Putative multiple sugar transp.
Phosphate and amino acid transp.
Putative fructooligosaccharide transp.
Maltose/maltodextrin transport
Putine metabolism
Environmental information proc.
Oligosaccharide and polyol transp.

Firmicutes
Streptococcaceae
Streptococcus
Lactobacillales
Bacilli
S. mitis

2.4

FastQ

Functional sequence DB
(e.g., KEGG DB)

Taxonomic biomarkers

3.6

FastQ

Environment
Health/disease
pH
Salinity
BMI
[ ... ]

Example tool: HUMAnN

Install MetaPhlAn, provide your sample’s
FASTQ file as input to metaphlan.py and
save the resulting list of microbial
abundances

Taxonomic marker DB
(e.g., MetaPhlAn DB)

FastQ

Apply USEARCH
(or BLASTX)

Metabolic profiling pipeline

Example tool: MetaPhlAn

FastQ

15 most abundant metabolic modules

Microbiome

1.2

0

1.2

LDA effect size (log score)

2.4

3.6

3

2

1

0

1

2

3

LDA effect size (log score)

Figure 4 A typical current computational meta’omic pipeline to analyze and contrast microbial communities. After collecting microbiome samples, community DNA or RNA
is extracted and sequenced, generating WMS samples (i.e., metagenomes) generally consisting of several million short reads each. This example uses 20 WMS samples
3.Consortium,
ábra. Két2012b)).
metagenomikai
from the oral cavity (10 from the buccal mucosa, and 10 from the tongue dorsum (The Human Microbiome Project
Complementaryminta
methods
reconstruct the taxonomic characteristics (left) and metabolic potential (right) of the microbial communities. MetaPhlAn (Segata et al, 2012) is one of many alternatives to
összehasonlítása:
milyen
fajok
vagy
detect and quantify microbial clades with species-level resolution (see Section 3), whereas HUMAnN (Abubucker et al, 2012) quantitatively characterizes genes, pathways,
and metabolic modules from each community (see Section 4). Differentially abundant clades or pathways can then be
identifiedgének
and assessed
by tools
such as LEfSe
milyen
eloszlása
különbözik?
(Segata et al, 2011) and represented graphically (e.g., here by GraPhlAn, http://huttenhower.sph.harvard.edu/graphlan). The step-by-step computational pipeline used to
[Segata++]
produce the analyses reported here is included as a tutorial in Supplementary Information and can also be downloaded from https://bitbucket.org/nsegata/metaphlan/wiki/
MetaPhlAn_Pipelines_Tutorial. See Table I for alternative computational approaches to each of these currently common steps in meta’omic analysis.
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4. ábra. IDBA-UD metagenomikai
assembler. Egyre nagyobb k-hoz
tartozó de Bruijn gráfokat épít,
amivel egyre jobban egyszerűsödik
a gráf. [Peng++]

szétvágni a nem eléggé
lefedett összekötéseket
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(readek újraillesztése
a contigokhoz)

kiterjesztés
a contigok szélén
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scaffolding a végén

Fig. 1. Flowchart of IDBA-UD

Emberi mikrobiom

1421

A mikrobiom a testünkben/testünkön élő mikroorganizmusok együttese. Az emberi test mikrobiomja 10-szer annyi
sejtet és 100-szor annyi gént tartalmaz mint az ember maga.
REVIEWS

Hair
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Oral cavity

Oesophagus

Skin

H. pylori (–)
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Actinobacteria
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Bacteroidetes
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Colon

genomes, this strategy provides only a limited understanding of the functional potential of the microbiota.
An alternative approach is to use catalogues of known
Page:
1421 1420–1428
genes to identify functional clusters in a sample; such
clusters could correspond to the proposed taxonomic
enterotypes5. A catalogue of the microbial genes present
in the human gut, for example, is being generated using
several approaches including sequencing, assembling
and characterizing non-redundant microbial genes
from faecal samples19, and whole-genome sequencing
of reference microbial species20.
As technologies for sequencing and bioinformatics continue to evolve (see REF. 21 for a review of the
state-of-the-art technologies), scientific priorities will
include elucidating the ‘core’ metagenome that occupies
a specific human niche and discerning the differences
between normal and diseased hosts. As an example of
the latter goal, Greenblum et al.22 applied new tools to
understand interhost metagenomic variation in relation
to phenotypes such as obesity and inflammatory bowel
disease (IBD). By categorizing metagenomic sequences
based on gene function, they constructed communitylevel metabolic networks varying in gene abundance,
and examined the topological features of these networks
in relation to host phenotype. Their analysis identified
specific network topologies related to obesity and IBD;
skewed topologies chiefly differ in genes related to host
interactivity, particularly metabolic functions. Such
topological tools can now be applied to explore differences
in other host disease states.

Figure 1 | Compositional differences in the microbiome by anatomical site.
High-throughput sequencing has revealed substantial intra-individual
microbiome
Nature Reviews
| Genetics
variation at different anatomical sites, and inter-individual variation at the same
anatomical sites4,5,25,52,89,93. However, higher-level (for example, at the level of phyla)
taxonomic features display temporal (longitudinal) stability in individuals at specific
anatomical sites. Such site-specific differences and the observed conservation
between human hosts provide an important framework to determine the biological
and pathological significance of a particular microbiome composition. The figure
indicates the relative proportion of sequences determined at the taxonomic phylum
level at eight anatomical sites. Certain features, such as the presence (+) or absence (–)
of Helicobacter pylori, can lead to permanent and marked perturbations in
community composition93.

alterations can in turn be induced through selection by
environmental factors10,15, such as dietary changes or
exposure to antibiotics10,15.

5. ábra. A mikrobiom összetétele változik testtájanként. Egyes
baktériumfajok jelenléte meghatározó jelentőségű (pl. H. pylori a
gyomorban). [Cho & Blaser]

Taxonomic variation. The composition of the microbiome varies by anatomical site (FIG. 1). The primary
determinant of community composition is anatomical
location: interpersonal variation is substantial23,24 and is
higher than the temporal variability seen at most sites
in a single individual25. The temporal stability observed
at an anatomical site suggests that individuals can be
grouped according to the major enterotypes present
in the colon5 or the vagina4. However, minor perturbations such as dietary changes can rapidly cause substantial intestinal metagenomic changes, and enterotypes
are known to cluster based on the dietary abundance
of animal protein relative to carbohydrate26. Similarly,
nasopharyngeal microbiota in young children varies
seasonally 24, and vaginal microbiota varies with menses4.

0.8%, respectively). The differential distribution of Firmicutes
and Bacteroidetes delineates profound differences between the
two groups (Fig. S1).
Statistical analysis using a parametric test (ANOVA) indicates
that Firmicutes (P = 7.89 × 10−5) and Bacteroidetes (P = 1.19 ×
10−6) signiﬁcantly differentiate the BF from the EU children.
This result is strengthened by the nonparametric Kruskal–Wallis
test, which again indicated signiﬁcant discriminating factors in
Firmicutes (P = 3.38 × 10−5), Bacteroidetes (P = 4.80 × 10−4),
Actinobacteria (P = 8.82 × 10−3), and Spirochaetes (P = 1.11 ×
10−5) phyla. Firmicutes are twice as abundant in the EU children
as evidenced by the different ratio between Firmicutes and
Bacteroidetes (F/B ratio ± SD, 2.8 ± 0.06 in EU and 0.47 ± 0.05
in BF), suggesting a dramatically different bacterial colonization
of the human gut in the two populations. Interestingly, Prevotella,
Xylanibacter (Bacteroidetes) and Treponema (Spirochaetes) are
present exclusively in BF children microbiota (Figs. 2 A and B,
Fig. S2, and Table S5). We can hypothesize that among the
environmental factors separating the two populations (diet,
sanitation, hygiene, geography, and climate) the presence of

these three genera could be a consequence of high ﬁber intake,
maximizing metabolic energy extraction from ingested plant
polysaccharides.
Diet plays a central role in shaping the microbiota, as demonstrated by the fact that bacterial species associated with a highfat, high-sugar diet promote obesity in gnotobiotic mice (12). In
such a model, indigenous bacteria maintain energy homeostasis
by inﬂuencing metabolic processes. The ratio of Firmicutes to
Bacteroidetes differs in obese and lean humans, and this proportion decreases with weight loss on low-calorie diet (9). It is
therefore reasonable to surmise that the increase in the F/B ratio
in EU children, probably driven by their high-calorie diet, might
predispose them to future obesity. This F/B ratio may also be
considered a useful obesity biomarker.
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A gyomor mikrobiomját nagyban befolyásolja az étrend (az egyik első
fontos metagenomikai tanulmány az elhízás
a Surveys
gyomorflóra
16S rRNAés
Gene
Reveal Hierarchicalközötti
Separation of összethe Two
Pediatric Populations. We further assessed differences in the total
bacterial community at the single sample level by clustering the
függést mutatta ki).
EU and BF samples according to their bacterial genera as found
EVOLUTION

by the RDP classiﬁer (Ribosomal Database Project v. 2.1).

A

Mother s body habitat:
Oral mucosa
Vagina
Skin
Baby s delivery mode:
Vaginal
Cesarean

6. ábra. Az étrend befolyáslja a
flórát. Olasz és Burkina Faso-i
gyerekeknek
teljesen
különböző
found in adult body habitats
establish. Our
ﬁndings
emphasize the
need to design prospective
studies
tracking
the
successional
a bélflórája: az afrikaiaknál
sok development of the baby’s microbiome in different body habitats and
segíti
a poliszacharafter different modes ofbaktériumfaj
delivery, and the
effects
that any associated microbial community
shifts
may
have
on
infant health.
idok lebontását (rostokban
gazdag
étrend).
[Cho
&
Blaser]
Methods

PC2: 9.8%

Subjects. The Amerindian mothers who participated in this study live in small
rural communities of people of a single ethnic group, and the Mestizo mothers
live in Puerto Ayacucho, the capital of Amazonas State in Venezuela. We did
not perform genetic conﬁrmation of the patient’s ethnicity (because that
would have required special permits), which was based on the patient’s selfdescription, and the reported information was consistent with phenotype
and language spoken by the mothers. Mothers were made aware of the
nature of the study, speciﬁcally consented to give their personal information,
and gave written informed consent for their and their child’s participation.
The sampling protocol was approved by the Venezuelan Institute of Scientiﬁc
Research Institutional Review Board (DIR 0229/10) and samples were manFig. 2. 16S rRNA
values of bacterial genera
n =gene
2 surveys reveal a clear separation of two children populations investigated. (A and B) Pie charts of medianaged
without identiﬁers in accordance with protocols approved by the Unipresent in fecal samples of BF and EU children (>3%) found by RDP classiﬁer v. 2.1. Rings represent corresponding phylum (Bacteroidetes in green and
Firmicutes in red) for each of the most frequently represented genera. (C) Dendrogram obtained with complete linkage hierarchical clustering of the samples
versity
of Puerto Rico Institutional Review Board (0809-51).
from BF and EU populations based on their genera. The subcluster located in the middle of the tree contains samples taken from the three youngest (1–2 y

REVIEWS

PC1: 12%

old) children of the BF group (16BF, 3BF, and 4BF) and two 1-y-old children of the EU group (2EU and 3EU). (D) Relative abundances (percentage of sequences)
of the four most abundant bacterial phyla in each individual among the BF and EU children. Blue area in middle shows abundance of Actinobacteria, mainly

maternal
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Gram-positive bacteria in each individual. Different distributions of Gram-negative and Gram-positive in the BF and EU populations reﬂect differences in the
two most represented phyla, Bacteroidetes and Firmicutes.
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