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Objectives 

 
•  Understand the main methods used in metagenomics 
•  Understand the main analysis techniques for each data type 
•  Understand the questions that metagenomics answers  
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Metagenomics defined 

Core methods 

 
•  Amplicon sequencing 

–  Phylogenetic markers 
–  Functional genes 

•  Metagenomes 
•  Metatranscriptomes 
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Related methods 

 
•  Exo-proteomics 
•  Exo-metabolomics 
•  Single cell genomics 
•  Stable isotope probing 



Metagenomics history  
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The phylogenetic diversity of an oligotrophic marine picoplankton community was examined by analyzing
the sequences of cloned ribosomal genes. This strategy does not rely on cultivation of the resident
microorganisms. Bulk genomic DNA was isolated from picoplankton collected in the north central Pacific
Ocean by tangential flow filtration. The mixed-population DNA was fragmented, size fractionated, and cloned
into bacteriophage lambda. Thirty-eight clones containing 16S rRNA genes were identified in a screen of 3.2
x 104 recombinant phage, and portions of the rRNA gene were amplified by polymerase chain reaction and
sequenced. The resulting sequences were used to establish the identities of the picoplankton by comparison with
an established data base of rRNA sequences. Fifteen unique eubacterial sequences were obtained, including
four from cyanobacteria and eleven from proteobacteria. A single eucaryote related to dinoflagellates was
identified; no archaebacterial sequences were detected. The cyanobacterial sequences are all closely related to
sequences from cultivated marine Synechococcus strains and with cyanobacterial sequences obtained from the
Atlantic Ocean (Sargasso Sea). Several sequences were related to common marine isolates of the y subdivision
of proteobacteria. In addition to sequences closely related to those of described bacteria, sequences were
obtained from two phylogenetic groups of organisms that are not closely related to any known rRNA sequences
from cultivated organisms. Both of these novel phylogenetic clusters are proteobacteria, one group within the
a subdivision and the other distinct from known proteobacterial subdivisions. The rRNA sequences of the
a-related group are nearly identical to those of some Sargasso Sea picoplankton, suggesting a global distribu-
tion of these organisms.

Marine picoplankton, organisms between 0.2 and 2 pum in
diameter (18), are thought to play a significant role in global
mineral cycles (2), yet little is known about the organismal
composition of picoplankton communities. Standard micro-
biological techniques that involve the study of pure cultures
of microorganisms provide a glimpse at the diversity of
picoplankton, but most viable picoplankton resist cultivation
(8, 10). The inability to cultivate organisms seen in the
environment is a common bane of microbial ecology (1).
As an alternative to reliance on cultivation, molecular

approaches based on phylogenetic analyses of rRNA se-
quences have been used to determine the species composi-
tion of microbial communities (14). The sequences of rRNAs
(or their genes) from naturally occurring organisms are
compared with known rRNA sequences by using techniques
of molecular phylogeny. Some properties of an otherwise
unknown organism can be inferred on the basis of the
properties of its known relatives because representatives of
particular phylogenetic groups are expected to share prop-
erties common to that group. The same sequence variations
that are the basis of the phylogenetic analysis can be used to
identify and quantify organisms in the environment by
hybridization with organism-specific probes.
Approaches that have been used to obtain rRNA se-

quences, and thereby identify microorganisms in natural
samples without the requirement of laboratory cultivation,
include direct sequencing of extracted 5S rRNAs (19, 20),
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analysis of cDNA libraries of 16S rRNAs (21, 24), and
analysis of cloned 16S rRNA genes obtained by amplification
using the polymerase chain reaction (PCR) (3). Each of these
approaches potentially imposes a selection on the sequences
that are analyzed. Minor constituents of communities may
not be detected using the 5S rRNA because only abundant
rRNAs can be analyzed. Methods that copy naturally occur-
ring sequences in vitro before cloning potentially select for
sequences that interact particularly favorably with primers
or polymerases.

In this study we have characterized 16S rRNA sequences
from a Pacific Ocean picoplankton population by using
methods chosen to minimize selection of particular se-
quences. DNA from the mixed population was cloned di-
rectly into phage X, and rRNA gene-containing clones were
identified subsequently. The methods used in the analysis
are applicable to other natural microbial communities. The
results are correlated with sequences from cultivated organ-
isms and with 16S rRNA gene sequences selected by PCR
from Atlantic picoplankton (3).

MATERIALS AND METHODS

Collection and microscopy of picoplankton. Picoplankton
were collected in the north central Pacific Ocean at the
ALOHA Global Ocean Flux Study site (22° 45'N, 158° 00' W)
from aboard the RIV Moana Wave. As previously detailed
(5), seawater was pumped onboard through a 10-,um-pore-
size Nytex filter and concentrated by tangential flow filtra-
tion using 10 ft2 (ca. 6,450 cm2) of 0.1 ,um-pore-size fluoro-
carbon membrane, and cells were pelleted from the resulting
concentrate by centrifugation and frozen. Sampling began on
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1991 16S sequencing, 16 reads  

1998 “Metagenome” is a word 

1990 2000 2010 2016 

1995 functional genes cloned 

1996 Fosmid metagenome 

2000 Proteorhodopsin discovered 

2002 Viral metagenome 

2005 First high throughput metagenome 

2007 Global ocean metagenome 

2004 First genome from metagenome 

2009 Pyrotags 

2012 iTags 

2005 First metatranscriptome 



Main methods: 1. Amplicon 
sequencing  
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16S rRNA 

18S rRNA 

18S rRNA 23S rRNA 5.8S 

V4-V5 

V4 

ITS2 

Bacterial and Archaeal 16S rRNA 

Eukaryotic18S rRNA 

Fungal Internally Transcribed Spacer 2 (ITS2) 

Peptide nucleic acid 
for plant microbiomes 



Main methods: 2. Metagenomes  
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•  A Metagenome is a collection of sequences from DNA in an 
environmental sample containing a mixture of organisms. 

Functional questions 
 

“What do they do?” 

Taxonomic questions 
 

“Who lives here?” 

Organismal questions 
 

“What of the genomes of 
the organisms in my 

community look like?” 

Ecological and 
biogeochemical questions 

 



Metagenome analysis 

The first wave 
2007-2013  
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•  Read based bulk taxonomy 
•  Read based bulk functional annotation 
•  Fragment recruitment mapping to references 

The second wave  
2010-2014 

•  Assembly of metagenomes 
•  Mapping back to assembly 
•  Functions within taxonomy  

The third wave  
2013-now 

•  Assembly and binning of genomes from 
metagenomes 

•  Metabolic potential within genomes 
•  Syntrophy 
•  Biogeochemical modeling 



Metagenome example  
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Viral reads from Stordalen Grassland, Sweden 



Metagenome demonstration 

•  Data preprocessing cleaning 

 
•  Data file is in FASTQ 
@MISEQ08:359:000000000-ALD3J:1:1101:8993:3210 1:N:0:CGCTCATGGCTCTG 

GTCCTATTTTGGCCACCGGAAAATGTTCGGGATTTTTCGGTTTTGTACCGGGAAGGTTCTAGAAGGTTCCGAAGT 

?AAAAFFFF3FDFGCFCEE0AEFDAB3F0AE0AFDDFG//A/EF0BB2F//E??A?1BGHGH2BGCGHHGEFGE? 

@MISEQ08:359:000000000-ALD3J:1:1101:8993:3210 2:N:0:CGCTCATGGCTCTG 

GGAGAGAATCCAGCAGCACAACGGCGTGGTGGTGGAAGCAGCGGGGATCTCGGCAGGTCTTCGCCCAGCTTCGCG 

1>>11>>11DFF1BCA111ABAEEECEE///BE//BB0/B00AEEEEFE12FE>/EG0@BBFGEG/E>AG##### 

 

•  The purpose of data cleaning 
–  Remove sequencing adaptors 
–  Remove contaminant reads 
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adaptor 

sample sequence 
adaptor 

Insert size (270 for 2x150) 



Metagenome demonstration 

•  Run once to remove primers 
•  bin/bbduk.sh  in=data/ ref= data/ out=results/ 

•  Run again to remove contaminants 
•  bin/bbduk.sh  in=data/ ref= data/ out=results/ 

•  Merge data together 
•  bin/bbmege.sh  in=data/ out=results/mereged outu= 

results/unmerged 

•  Run a metagenome assembler and evaluate 
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Main methods: 3 
Metatranscriptomes 
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mRNA half-life

Various measures of global half-lives of mRNA in
laboratory-grown E. coli cells converge at about
5 min (range: B1–8 min; Ingraham et al., 1983;
Bernstein et al., 2002; Selinger et al., 2003;
Taniguchi et al., 2010). For Bacillus subtilis, the
average half-life of mRNA has also been estimated at
B5 min (Hambraeus et al., 2003), and that of labora-
tory-grown marine cyanobacterium Prochlorococcus

MED4 mRNA at 2.4 min (Steglich et al., 2010). Half-
lives of mRNAs appear to be independent of cell
growth rate (Bernstein et al., 2002; Dennis and
Bremer, 1974), and consequently lifetimes should be
similarly short for environmental cells (Steglich
et al., 2010). Even in the case of cells in extreme
environments with very slow growth rates (Price
and Sowers, 2004; Jørgensen, 2011), mRNA half-life
will likely be short with respect to the timescale of
environmental changes.

Ampli
fic

ati
on

 of
 m

RNA

Con
ve

rt 
to 

cD
NA 

RNA
Collection

Filter

RNA E
xtr

ac
tio

n

Rem
ov

e R
es

idu
al 

DNA

Rem
ov

e R
ibo

so
mal 

RNA

Seq
ue

nc
e

Count #
Standards

Spike witha
mRNA

Standards

Standards Sequenced

Total Standards Added
=

Community mRNAs Sequenced

Total Community mRNAs

1

1

3 2 3

2

cb

1.0E-07

1.0E-06

1.0E-05

1.0E-04

1.0E-03

R
ec

ov
er

y 
(%

) 

Standard Length (nt)
700 800 900 1000 1100

Sta 10 FL 

Sta 10 PA 

Sta 27 FL 

Sta 27 PA

971 nt standard

917 nt standard
MCS

 Station 27

 Station 10

85

255

104

185

Figure 1 The use of internal standards (artificial mRNAs produced by in vitro transcription of vector templates) in metatranscriptomic
studies allows calculation of average per-cell mRNA inventories. (a) A known number of internal standards are spiked into a microbial
sample. In this example, 917 and 971 nt standards were added to a filter in an extraction tube containing lysis buffer just before initiating
RNA extraction (see Gifford et al., 2011 for complete protocol). The ratio of standards added:standards recovered in the high-throughput
sequence library allows estimation of the numbers of natural mRNAs in the sampled community. (b) Recovery ratio of internal standards
in Illumina libraries from free-living (FL) and particle-associated (PA) metatranscriptomes from two locations in the Amazon River plume
in May 2010. Standards were produced by reverse transcription from the T7 promoter (green arrowhead) of two linearized commercial
cloning vectors (Promega, Fitchburg, WI, USA; New England Biolabs, Ipswich, MA, USA). (c) Based on internal standard recovery in the
mRNA library, the average number of transcripts per SYBR green-stained bacterial cell was calculated for the free-living (0.2 to o2 mm
size range; purple cells) and particle-associated (42 mm size range; orange cells) size fractions at two stations in the Amazon River plume.
The total abundance of prokaryotic transcripts was 2.3! 1011 l"1 at Station 27 and 8.5!1011 l"1 at Station 10. The background color is
modified from a MODIS Aqua image of chlorophyll a concentrations.

Sizing up metatranscriptomics
MA Moran et al

238

The ISME Journal

Metatranscriptomes identify the actively transcribing community at a  
timescale of minutes to hours. 



Typical metatranscriptome analysis  
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RNA sequencing 

Assembly 

Mapping reads to 
assemblies 

Annotation of genes 

GATTCATA 
CCATTGG 
AATTCCCA 

GATTAATA 
AATATTCATA 

CATATTCTA 
Megahit 

Illumina 2x150 

IMG 

BBMap 

Quantification  
Sample  A  B  C      
Gene 1  3  5  12 
Gene 2  6  7  15 
Gene 3  5  8  23 

IMG 

Differential 
expression   

Di↵erential analysis of count data – the DESeq2 package 12

Figure 1: MA-plot. These plots show the log2 fold changes from the treatment over the mean of normalized
counts, i.e. the average of counts normalized by size factors. The left plot shows the “unshrunken” log2
fold changes, while the right plot, produced by the code above, shows the shrinkage of log2 fold changes
resulting from the incorporation of zero-centered normal prior. The shrinkage is greater for the log2 fold
change estimates from genes with low counts and high dispersion, as can be seen by the narrowing of spread
of leftmost points in the right plot.

For advanced users, note that all the values calculated by the DESeq2 package are stored in the DESeqDataSet
object, and access to these values is discussed in Section 3.10.

1.5 Exploring and exporting results

1.5.1 MA-plot

In DESeq2 , the function plotMA shows the log2 fold changes attributable to a given variable over the mean
of normalized counts. Points will be colored red if the adjusted p value is less than 0.1. Points which fall out
of the window are plotted as open triangles pointing either up or down.

plotMA(res, main="DESeq2", ylim=c(-2,2))

After calling plotMA, one can use the function identify to interactively detect the row number of individual
genes by clicking on the plot. One can then recover the gene identifiers by saving the resulting indices:

idx <- identify(res$baseMean, res$log2FoldChange)

rownames(res)[idx]

The MA-plot of log2 fold changes returned by DESeq2 allows us to see how the shrinkage of fold changes
works for genes with low counts. You can still obtain results tables which include the “unshrunken” log2 fold
changes (for a simple comparison, the ratio of the mean normalized counts in the two groups). A column
lfcMLE with the unshrunken maximum likelihood estimate (MLE) for the log2 fold change will be added with
an additional argument to results:

DESeq2, 
EdgeR, 
BaySeq  



Thanks 
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