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A new evaluation of our life-support system

After more than 150 years of research
In microbiology, new technologies and
new insights into the microbial world
have sparked a revolution in the field.

This Is a much needed development,
not only to renew interest in prokaryote
research, but also to meet many
emerging challenges in medicine,
agriculture and industrial processes.



A new evaluation of our life-support system

Although many microbiologists, such as Emil
von Behring, Robert Koch, Jacques Monod,
-rancois Jacob, André Lwoff, Alexander
-leming, Selman A. Waksman and Joshua
_ederberg, grace the list of Nobel laureates,
attention moved away from
microbiology as biologists focused their
interest on eukaryotic cells and higher
organisms in the 1970s and 1980s.




A new evaluation of our life-support system

" Furthermore, from the beginning,
research on prokaryotes has suffered
from an anthropocentric view,
regarding as Interesting only those
organisms that cause disease or that
can be exploited for industrial or
agricultural use.

" But the advent of new technologies,
some of which have been driven by a
need to understand eukaryotes, may¥
change this.
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know about microbes in general, their

diversity, the mechanisms of their
- evolution and adaptation and their modes ;.
. of existence within, and communication &
_ | with, their environment and higher &
_organisms. |




A new evaluation of our life-support system

As bacteria have succeeded Iin occupying
virtually all ecological niches on this planet,

ranging from arctic regions to oceanic
hot springs, they hold an immense wealth
of genetic information that we have barely




Microbes are the founder members of this planet
and understanding bacterial function is a first
priority in biology because of the critical role of
microbes in the maintenance of all other forms of

I |fe . Eubacteria Eukaryotes Archaebacteria
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Bacterial benefactors—and other prokaryotic
pursuits

If the process of evolution is to be
unraveled properly to elucidate the
evolution of biosynthetic pathways
and their regulation, complete
bacterial genome sequences are
obligatory to furnish the predictive
iInformation essential for functional
genomic studies of more complex
genomes, since gene identification and
organization in higher organisms will be
derived principally from comparative
studies with simpler genomes.
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Bacterial benefactors—and other prokaryotic
pursuits

The new technologies that allow us to
sequence and annotate whole genomes
more rapidly and to analyse the
expression of thousands of genes Iin a
single experiment are likely to speed up
this change, particularly as microbes
are well suited for high-throughput

analysis.
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Bacterial benefactors—and other prokaryotic
pursuits

" Any microbial genome can now be
sequenced within a few hours and new
bioinformatics tools will enable scientists
not only to assemble and annotate them
automatically, but also to infer metabolic
pathways and other cellular processes
from the sequence data in silico.
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BAKKE P, CARNEY N, DELOACHE W, GEARING M, INGVORSEN K, ET AL. (2009) EVALUATIO
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E6291.




A new evaluation of our life-support system

However, the experimental approaches
(functional genomics) for testing the
veracity of these predictions are likely to
be rate-limiting for the foreseeable future.

This renewed research will have great
usefulness if it means that we understand
the microbial world on which all other
species on this planet depend for survival.




A new evaluation of our life-support system

There Is already a vast richness
to explore In the known
genomes. Due to the high-density
coding of microbial genomes, 10°
base pairs of prokaryotic DNA—the
equivalent of a eukaryotic genome—
represents a million genes or
proteins, compared with only about
25,000 for the human genome.
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All of these sequenced prokaryotic
genomes are only the tip of the
iceberg of total microbial diversity.

Of the estimated 10° microbial species
on Earth, only a minute number is
accessible for analysis, as we are not
able to cultivate most bacteria in the
laboratory
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Table 1. Mummber of prokaryotes i aguatic habitats

Hahitat Vohime ~ oo Cellsfral = 10° Total no. of cells, x 1040
M anne
Continental shelf 203 = 102b 5 1.0
Cipen ocean
Water, upper 200 m 72 % 1042 5 360
Water, below 200 m 13 = 1924 0.5 (50
Sediment, 0-10 cm 36 = 1017 4600 170
Fresh
Lales 1.25 = 1040 10 1.3
Rivers 12 = 1pl@ 10 0.012
Saline lakes 104 = 1p20 10 1.0
Total 11350

* MMarine, freshwater, and saline lalke volunes were calculated from refs. 7 and 8.
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Tahle 2. MNumhber of prokaryotes i ol

Ecozystem 1:;:,*}3:3j Area = 1014 e Mo, of |:E]ls,Jr x 1047
Tropical rain forest 17.0 1.0
Tropical seasonal forest 75 0.5
Temperate evergreen forest 5.0 0.3
Temperate deciduous forest 70 0.4
Boreal forest 12.0 0.6
Woodland and shrubland 8.0 28.1
Savanna 15.0 527
Temperate grassland 2.0 3l
Desert scruh 15.0 fi3.2
Cultrrated land 14.0 491
Tundra and alpine .0 20.8
Swramps and marsh 2.0 73
Total 123.0 25354

* From ref 73,

F For forest soils, the number of prokaryotes in the top 1 m was 4 = 107 cells per gram of soil, and in 1-
8 m, it was 109 cells per gram of soi (16). For other sois, the number of prolaryotes in the top 1 m
was 2 % 107 cells per gratm of 201, and it 1-8 1 it was 102 cells pet gratm of 2oil (18). The horeal
forest and tundra and alpine soils were only 1 m deep. & cubic meter of soil was taken as 1.3 = 108 g
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Tahle 4. Total number of prokaryotes in some representative anmmals

Animal Organ  Cella/ml or cells’s  Organ contents— Mo of animals’ Mo, of cells, » 1043 Refs.
Hurnan Colon 32 = 1pll 220 g 56 = 107 3.9 45, 46
Cattle Rutnet 21 = 1ol0 106 liter 1.3 = 107 29.0 47, 48
Sheep and goats  Rutmen 44 = 1ol 12 liter 17 = 10° .0 47, 48
Figs Colon 54 % 1ol0F  9liter 28 % 109 43 49, 50

Cecum 28 » 1ol 1 liter 28 % 109 0.3 4950
Domestic birds®  Cecum a5 x 10l Zg 1.3 = 1010 0.024 51, 52
Tertmites Hindgut 27 = 1080 24 = 1017 f.5 53

* Organ contents i volumme or grams of wet weight. For comparison, the volume of the human colon 1s 005 liter. For
domestic bards, weight wet was calculated from a volumne of 2 ml assurng that 1 ml - 1 g wet weight.

Firalues from the FAQ Production Yearbook (54, except for the tentmites value which was from ref 55
P The direct count was assumed to be 2.7 = viable count (56).
§ Inchudes chickens, ducks, and turkeys.

T Per termite.
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" Bacteriophages also add to this
diversity due to their enormous
abundance (estimated to be 103!

particles on the globe for tailed
bacteriophages alone)

" recycling rate (every second,

approximately 102> phages initiate a
lytic cycle)

" and gene product diversity



Transmission electron
micrograph of an unfiltered
Chesapeake Bay water
sample (magnification, ca.

%X 36,000). a, short-tailed or
nontailed virus-like particle;
b, tailed virus-like particle; c,
bacterium, coccal
morphotype; d, bacterium,
vibrio morphotype.
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To circumvent the cultivation bottleneck,
microbiologists have started extracting
genes from what they call the
‘'metagenome’, that is, from DNA taken
directly from environmental samples.

This approach should uncover new genes,
proteins, enzymes, metabolic compounds
and pathways that could be exploited for
iIndustrial processes.
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Such an expanded representative
catalogue of microorganisms holds
great promise. It may allow us to
understand and predict the impact
of industrial, agricultural and other
activities on prokaryotic diversity.

We will also better understand the
mechanisms of the evolution of
pathogens and of potentially useful
bacteria, such as xenobiotic degraders.



A new evaluation of our life-support system

" A metagenomic approach also represents
an iImportant first step towards
understanding what some have called the
second human genome—the 1013 bacteria
that populate our bodies, some of which

are essential to our survival.

" However, before we are able to grasp fully
the complex interactions between bacteria
and ourselves, and their contribution to our
well-being, new analytical techniques
are needed.




" Metagenomics is the application of
modern genomics techniques to the
study of communities of microbial
organisms directly in their natural
environments, bypassing the need for
isolation and lab cultivation of
individual species



Curr Opin Microbiol. 2002 Oct;5(5):520-4. Related Articles, Links

Microbial population genomics and ecology.

DeLong EF.

Monterey Bay Aquartum Research Institute, 7700 Sandholdt Road, Moss Landing, CA 95039, U3A. delongi@mban. org
The origing of hiological complexity i microhial ecosystems are encoded within the collective genomes of the community.

Cultrvation-independent genormc studies prowde direct access to the genomes of naturally ocourning microbes, cultivated or not.

Genome-enabled approaches are now sigrmficantly advancing current knowledge of genome content, diversity, population biology
and ewvolution in natural ricrobial populations.



The field has its roots in the culture-
iIndependent retrieval of 165 rRNA genes,
pioneered by Pace and colleagues two decades
ago

Antm Bew Microbiol, 1986:40:337-85.
¢ ANNUAL
\ REVIEWS

Microbial ecology and evolution: a ribosomal RNA approach.

Olsen ], Lane DJ, Giovannoni 8J, Pace NE Stahl DA




Since then, metagenomics has revolutionized
microbiology by shifting focus away from clonal
Isolates towards the estimated 99% of microbial
species that cannot currently be cultivated.

Annu Fev Microbiol, 2003;57:369-94. Related Aricles, Links
i‘i ANMNUAL

HEVIEWS

The uncultured microbial majority.

Fappe MS, Giovannoni 5.J.

Department of Microbiology, Oregon State University, Corvalls, Oregon 97331, USA. michael rappe@orst. edu

Since the delineation of 12 bacterial phyla by comparative phylogenetic analyses of 165 ribosomal RNA i 1987 knowledge of
mictobial diversity has expanded dramatically owing to the sequencing of nhozsomal RN A genes cloned from emvironmental DA
Currently, only 26 of the approzmately 52 identifiable major ineages, or phyla, within the domain Bactenia have cultvated
representatives. Ewdence from field studies mdicates that many of the uncultrrated phyla are found in diverse habitats, and some
are extraordinanly abundant. In some important enswrotments, including seawater, freshwater, and soil, maty biologically and
geochemically important organisms are at hest only remotely related to any stram that has been charactenzed by phenotype or by
genotne sequencing. Cenome sequence information that would allow ribosomal EMNA gene trees to be related to broader patterns
i ricrobial genome evolution 15 scant, and therefore microbial diversity remains largely unexplored terntory.



METAGENOMICS

Metagenomics for biotechnological purposes
Metagenomics for biomedical purposes
Metagenomics for ecological analysis

Whole genome metagenomics
Gene centric metagenomics



At the beginnin a typical metagenomics
project begins with the construction of a clone
library from DNA sequence retrieved from an
environmental sample.

Clones are then selected for sequencing
using either functional or sequence-based
screens.
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In the functional approach, genes
retrieved from the environment are
heterologously expressed in a host, such
as Escherichia coli, and sophisticated
functional screens employed to detect
clones expressing functions of interest.




Mat Biotechnol 2005 Jan23(1):88-93. Epub 2004 Dec 19 Relsted Articles, Link

E]ilt;rtl;::.:hnnlugy

Subsirate-induced gene-expression screening of environmental metagenome libraries for isolation
of catabolic genes.

Uchivama T, Abe T, Ikemura T, Watanahe K.

Laboratory of Applied Microbiology, Marine Biotechnology Institate, 3-75-1 Hetta, Kamaishy, [wate 026-0001, Japarn.

Recent awareness that most ricroorganisms i the enwironment are resistant to culttvation has prompted scientists to directly
clone useful genes from environmental metagenomes. Two screenng methods are currently availahle for the metagenome
approach, namely, nucleotide sequence-based screemng and enzyme activty-based screening. Here we have introduced and
optiruzed a thurd option for the 1solation of nowel catabolic operons, that 1s, substrate-mduced gene expression screemng (3IGEX).
This method 15 based on the knowledge that catabohic-gene expression 15 generally mduced by relevant substrates and, i many
cases, controlled by regulatory elements situated proximate to catabolic genes. For S3IGEX to be high throughput, we constructed
at operon-trap gip-expression vector available for shotgun cloning that allows for the selection of positive clones in hguid cultures
by fluorescence-activated cell sorting. The utiity of SIGEX was demonstrated by the cloning of aromatic hydrocarbon-mduced
genes from a groundwater metagenome bbrary and subsequent genome-informatics analysis.



To design of
SIGEX is based
on the facts that
the expression of
catabolic genes
IS generally
induced by
substrates or
metabolites of
catabolic
enzymes, and
that the
expression of
catabolic genes
Is controlled by
regulatory
elements located
proximately in
many cases.

Step 1. Construction of
metagenomic libraries
using p18GFP in liquid

culture.

Step 2. Removal of Self-
ligated clones and the
clones with constitutive

expression of GFP.

Step 3. Selection of the
clones with expression of
GFP in the presence of the
inducing substrate.

Step 4. Isolation of the
sorted clones on agar
plates and further
characterization.

Liquid culture
+IPTG

FACS:
Selection of the clones that
do NOT show GFP activity

Liquid culture + Inducing
substrate (e.g. phenol)

FACS:
Selection of the clones that
show GFP activity

Positive clones:
GFP is expressed in the
presence of the inducing
substrate.



" This approach has produced many exciting
discoveries and spawned several companies
aiming to retrieve marketable natural products
from the environment (e.g., Diversa [http://
www.verenium.com] and Cubist
Pharmaceuticals [http://www.cubist.com]).
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In the sequence-based approach, clones
are selected for sequencing based on the
presence of genes of biological interest.

One of the first discovery from this
approach thus far is the discovery of the
proteorhodopsin gene from a marine
community




Science. 2000 Sep 15,289(5486):1902-6. Related Articles, Links

Cotmtnent i
e Science. 2000 Sep 15 28905486%:1869,

Science wws

Bacterial rhodopsin: evidence for a new type of phototrophy in the sea.

Beja O, Aravind L, Koonin EV, Suzuki MT, Hadd A Nguyen LP, Jovanovich 5B, Gates CM, Feldman EA, Spudich
JL, Spudich EN, DeLong EF.

Monterey Bay Aquarium Besearch Institute, Moss Landing, C& 95039-0625, US4

Extremely halophihc archaea contain retinal-binding integral membrane protems called bactenorhodopsins that function as hght-
driven proton pumnps. 3o far, bacteriorhodopsing capable of generating a chemiosmotic membrane potential n response to hight
have been demonstrated only in halophilic archaea We describe here a type of rhodopsin derved from hacteria that was
discowvered through genotnic analyses of naturally occuning marine hacterioplankton The hactenal rhodopsin was encoded in the
genotne of an uncultivated gamma-protechacternm and shared highest amino acid sequence similarty with archaeal rhodopsins.
The protein was functionally expressed in Eschenchia coll and bound retinal to form an active, hght-driven proton pumyp. The new
rhodopsin exhibated a photocherical reaction cycle wath mtenmediates and lanetics charactenstic of archaeal proton-pummping
rhodopsins. Our results demonstrate that archaeal-like rhodopsing are broadly distibuted armong different taza, including members
of the domatn Bacteria. Our data also indicate that a prewously unsuspected mode of bactenally mediated light-driven energy
generation may commonly occur i oceanic surface waters worldwade



Recently, facilitated by the increasing
capacity of sequencing centers, whole-
genome shotgun (WGS) sequencing of
the entire clone library has emerged as a
third approach to metagenomics.


http://www.verenium.com/index.html
http://www.cubist.com/

Unlike previous approaches, which
typically study a single gene or individual
genomes, this approach offers a more
global view of the community, allowing us

to better assess levels of phylogenetic
diversity and intraspecies polymorphism,

study the full gene complement and
metabolic pathways in the community,

and in some cases, reconstruct near-
complete genome sequences.




WGS also has the potential to discover
new genes that are too diverged from

currently known genes to be amplified
with PCR,

or heterologously expressed in common
hosts, and

Is especially important in the case of
viral communities because of the lack

of a universal gene analogous to 165.



The acid mine biofilm community is an
extremely simple model system,
consisting of only four dominant
species, so a relatively miniscule
amount of shotgun sequencing (75
Mbp) was enough to produce two near-
complete genome sequences and
detailed information about metabolic
pathways and strain-level
polymorphism.




Wature, 2004 Mar 4;428(6978):37-43. Epub 2004 Feh 1. Related Articles, Links

Cotmment it
o Mature 2004 Mar 4:428(6978):25-6.

. nature |

Community structure and metabolism through reconstruction of microbial genomes from the
environment.

Tyson GW, Chapman .J, Hugenholtz P, Allen EE, Ram RE.J, Richardson PM, Solovyev VV, Rubin EM, Rolchsar DS,
Banfield JF.

Department of Enwironmental Science, Policy and Management, University of Califormia, Berkeley, Califorma 94720, US4

Iicrobial communtties are wtal in the functioning of all ecosystems; however, most microorgamsms are uncultvated, and thewr
roles ih natural systems are unclear. Here, using random shotgun sequencing of DN A from a natural acidophilic hiofitrn, we report
reconstruction of near-complete genomes of Leptospinlhum group 1T and Ferroplasma type 11, and partial recovery of three other
genomes. This was possible becanse the hiofilm was dominated by a small mumber of species populations and the frequency of
genotmic rearrangements and gene insertions or deletions was relatively low. Because each sequence read came from a different
indrwdual, we could determime that single-nucleotide polymorphisims are the predommnant form of heterogenetty at the strain level.
The Leptospirillum group 11 genome had remarkably few nucleotide polymorphisme, despite the exstence of low-abundance
vattants. The Ferroplasma type II genome seems to be a composite from three ancestral strains that have undergone homologous
recomnbination to fortn a large population of mosaic genomes. Analysis of the gene complement for each organistn revealed the
pathways for carbon and mtrogen fization and energy generation, and prowded insights into survral strateges in an extreme

BtV OttTEnt.



At the other end of the spectrum, the Sargasso
Sea community is extremely complex,
containing more than 1,800 species.

Nonetheless, with an enormous amount of
sequencing (2003-4; 1.6 Gbp), vast amounts of
previously unknown diversity were discovered,

including over 1.2 million new genes,
148 new species,

and numerous new rhodopsin genes.




These results were especially surprising given how well
the community had been studied previously, and suggest
that equally large amounts of biological diversity await

future discovery.

Soience. 2004 Apr 2;304(5667):66-74. Epub 2004 Mar 4. Related Aricles, Links

Cotntment
e Science. 2004 Apr 2:30405667158-60.

Science wws

Environmental genome shotgun sequencing of the Sargasso Sea.

Yenter JC, Remington K, Heidelberg JF, Halpern AL, Rusch I, Eisen JA Wu ), Paulsen I, Nelson KE, Nelson W,
Fouts DE, Levy 8§, Knap AH, Lomas MW, Nealson K, White O, Peterson J, Hoffinan J, Parsons E. Baden-Tillson H,
Pfannkoch €, Rogers YH, Smith HO).

Institute for Biologmical Energy Alternatrves, 1901 Research Boulevard, Roclonlle, MD 20850, USA. joventer@tcag org

We have applied "whole-genome shotoun sequencing” to microbial populations collected en masse on tangential flow and impact
filters from seawater samples collected from the Sargasso Sea near Bermuda, & total of 1.045 hallion hase pairs of nonredundant
sequence was generated, annotated, and analyzed to elucidate the gene content, diversity, and relative abundance of the orgamsms
within these environmental sammples. These data are estimated to dertwe from at least 1300 genomic species based on sequence
relatedness, including 148 presiously unknown bacterial phylotypes. We have identified over 1.2 million prewiously unknown genes
represented i these samples, mcluding more than 782 new rhodopsm-like photoreceptors. Varation i species present and
stoichiometry suggests substantial oceanic microbial diversity.
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Environmental sequencing ?
Metagenomics?

Wooley JC, Godzik A, Friedberg I, 2010

A Primer on Metagenomics. PLoS Comput Biol
6(2)
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DNA sequencing &
microbial profiling

* Traditional microbiology relies on isolation and
culture of bacteria
—Cumbersome and labour intensive process
—Fails to account for the diversity of microbial
life
—Great plate-count anomaly

Staley, J. T., and A. Konopka.
1985. Measurements of in situ

LB activities of nonphotosynthetic

L e P Grow bacteria on microorganisms in aquatic and

i, ol ol v agar plates terrestrial habitats. Annu. Rev.
ottt f o ‘ . Microbiol. 39:321-346




Why environmental
sequencing?

* Only a small proportion of organisms have
been grown in culture

* Species do not live in isolation

* Clonal cultures falil to represent the natural
environment of a given organism

* Many proteins and protein functions remain
undiscovered



Why environmental

sequencing?

Estimated 1000 trillion tons of bacterial/archeal life on

Earth

Most organisms are difficult to grow in culture

LETTER

doi:10.1038/nature09984

Discovery of novel intermediate forms redefines the

fungal tree of life

Meredith D. M. Jones"?, Irene Forn®, Catarina Gadelha®, Martin I.

Fungi are the principal degraders of biomass in terrestrial ecosystems
and establish important interactions with plants and animals'-3,
However, our current understanding of fungal evolutionary diversity
is incomplete” and is based upon species amenable to growth in cul-
ture'. These culturable fungi are typically yeast or filamentous forms,
bound by a rigid cell wall rich in chitin. Evolution of this body plan
was thought critical for the success of the Fungi, enabling them to
adapt to heterogeneous habitats and live by osmotrophy: extracellular
digestion followed by nutrient uptake’. Here we investigate the eco-
logy and cell biology of a previously undescribed and highly diverse
form of eukaryotic life that branches with the Fungi, using environ-
mental DNA analyses combined with fluorescent detection via DNA
probes. This clade is present in numerous ecosystems including soil,
freshwater and aquatic sediments. Phylogenetic analyses using mul-
tiple ribosomal RNA genes place this clade with Rozella, the putative
primary branch of the fungal kingdom'. Tyramide signal amplifica-
tion coupled with group-specific fluorescence in situ hybridization
reveals that the target cells are small eukaryotes of 3-5 pm in length,
capable of forming a microtubule-based flagellum. Co-staining with
cell wall markers demonstrates that representatives from the clade do
not produce a chitin-rich cell wall during any of the life cycle stages
observed and therefore do not conform to the standard fungal body
plan®. We name this highly diverse clade the cryptomycota in anti-
cipation of formal classification.

T . 1 . a 1 .l 1 -

Egan'®, David Bass®, Ramon Massana® & Thomas A. Richards'

that are specific to different sequences in the cryptomycota clade; probes
and their target sequences are listed in Supplementary Table 2. Two
probes were used successfully as forward PCR primers in combination
with a general eukaryotic SSU rDNA reverse primer, 1520r (ref. 8; see
Supplementary Table 2 and Fig. 1c). We then used PCR to test for the
presence of the cryptomycota sequences termed CM1 and CM2 in
multiple samples from a local freshwater pond, three freshwater
reservoirs ( Dartmoor National Park) and four coastal marine surface
water samples (Devon, UK). Of the primer sequences tested, CM1 and
CM2 consistently amplified cryptomycota rDNA from the Washington
Singer pond (Exeter University, Devon, UK, 50.7339 "N, 3.5375 "W).
We constructed clone libraries from both sets of amplicons and
sequenced 12 clones from each, recovering only sequences that were
99% similar to Washington Singer CM1 in the first library and to the
Lily Stem CM2 sequence previously sampled from Priest Pot pond
(Cumbria, UK, 54.372°N, 2.990 "W) in the second. This process
demonstrated that both probes, when used as forward PCR primers,
are specific to the two target groups in the Washington Singer pond
samples. We did not detect either subgroup in the marine waters tested;
however, only 0.8% of the thousands of eukaryotic environmental
sequences retrieved from oceanic surface waters are classified as belong-
ing to the Fungi'’, indicating a low density of fungi cells in the upper
marine water column.

We then aimed to increase gene sam

1

(2011).

pling sofon@sgovld ifohdh et al. Nature doi:10.1038/nature09984




Why environmental
sequencing?
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Results translate to
humans

I Firmicutes [l Bacteroidetes

100

Percent of total sequences

0 12 26 52 | Lean
Weeks on low calorie diet

Ley et al. 2006

10x more bacterial cells
than human

100-fold more unique
genes

Human Gut Microbiomes associated with obesity.

Nature 444 1022-1023
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16S rRNA sequencing

Vibp(length)  Species Strand Sequence I
V1/75-53 G. lamblia  a—sense 5 G CGT CCC GGG TGA GCG GGCATG 37 35C
(22 mer)
G. muris a-sense 5 CTTCATA CCT CGT GTC CGCTTG 3* 26C
G. ardeac a-sense 5 TTCGCCG TGC CGC GCC GGCGTG 3 37C
V3/198-176 G. lamblia  a-sense 5 G CGT CAC GCT GCT CGC CCG CGG 3° 37C
(22 mer)
V8/1180-1197  G. lamblia  sense 3" GCC GGC GCC CGC GAG GA 5 36C
(17 mer)
V8/1180-1197  G. lamblia  o—sense 5 CGG CGC CCC GCG AGG AC ¥ 36C
(17 mer)
G. ardeae a-sense 5 GCCTCGCGGACGTGGTT 3 29¢
G. muris a—sense 5 TTTGGT GCAGCTCAACA 3 20¢

*melting point temperature (Tm) in 2xSSC - 50% formamide

Erlandsen S L et al. J
Histochem Cytochem
2005;53:917-927

* 16S rRNA forms part of bacterial
ribosomes.

» Contains regions of highly conserved and
highly variable sequence.

* Variable sequence can be thought of as a
molecular “fingerprint”.-can be used to
identify bacterial genera and species.

* Large public databases available for
comparison.-Ribosomal Database Project
currently contains >1.5 million rRNA
sequences.

» Conserved regions can be targeted to
amplify broad range of bacteria from
environmental samples.

* Not quantitative due to copy number
variation

Circumvents the need to culture



16S sequencing redefined
the tree of life

Phylogenetic Tree of Life
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Woese C, Fox G (1977). "Phylogenetic structure of the prokaryotic
domain: the primary kingdoms.". Proc Natl Acad Sci USA 74 (11):
5088-90.

Woese C, Kandler O, Wheelis M (1990). "Towards a natural system
of organisms: proposal for the domains Archaea, Bacteria, and
Eucarya.". Proc Natl Acad Sci USA 87 (12): 4576-9


http://dx.doi.org/10.1038/nature09984

E.coli 165
SSU rRNA
hyper-
variable
regions

Which hyper-variable
regions to sequence?

Region Position # b.p.
V1 69-99 30
V2 137-242 105
V3 338-533 195
V4 576-682 106
V5 822-879 57
V6 967-1046 79
V7 1117-1173 56
V8 1243-1294 51
V9 1435-1465 30

A detailed analysis of 16S ribosomal RNA gene segments for the
diagnosis of pathogenic bacteria J Microbiol Methods. 2007 ‘May ;

%&thér%?t%ﬁ;v‘?egmap of nucleotide substitution rates in bacterial rRNA
van der Peer et al Nucleic Acids Research, 1996, Vol. 24, No. 17
3381-3391



16S amplicon sequencing
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Marker 16S rRNA V3-V5

Samples pooled for
454 sequencing _— - ==
.m-. P .
s -~ EHEl - N

e . e w B e H B H B e W
s eawen 8 —_— - I e e EEE - T W
S R h-'. BT . - s g . - o .
s e W B e W Computational
. h-'. R P . - e . - L .
e H sorting of - - -
Wi L= Rt W i
.r--. o P . - gk g . SEQUEHCES g -
[ |

- [———— . .lm- R P




sing overlapping paired-
end lllumina reads

* 250bp reads useful for sequencing of individual variable regions
(e.g. V3,V6)

* Even single-end reads can be useful
* Enables 3-120 million of reads per sample - 100x more than 454

Global patterns of 16S rRNA diversity at a depth of
millions of sequences per sample

J. Gregory Caporaso®, Christian L. Lauber®, William A. WaltersS, Donna Berg-Lyons®, Catherine A. Lozupone?,

Peter J. Turnbaugh?, Noah Fierer®¢, and Rob Knight®®’

*Department of Chemistry and Biochemistry, PCooperative Institute for Research in Environmental Sciences, “Department of Molecular, Cellular, and
Developmental Biology, and ®Department of Ecology and Evolutionary Biology, University of Colorado, Boulder, CO 80309; “Harvard FAS Center for Systems
Biology, Cambridge, MA 02138; and 'Howard Hughes Medical Institute, Boulder, CO 80309

Edited by Jeffrey I. Gordon, Washington University School of Medicine, St. Louis, MO, and approved April 30, 2010 (received for review February 27, 2010)

The ongoing revolution in high-throughput sequencing continues
to democratize the ability of small groups of investigators to map
the microbial component of the biosphere. In particular, the
coevolution of new sequencing platforms and new software tools
allows data acquisition and analysis on an unprecedented scale.
Here we report the next stage in this coevolutionary arms race,
using the lllumina GAllx platform to sequence a diverse array of 25
environmental samples and three known “mock communities” at
a depth averaging 3.1 million reads per sample. We demonstrate
excellent consistency in taxonomic recovery and recapture diver-

citv nattarnc that wara nravinnchs rvannrtad Aan tha hacic Af mata.

massive datasets to produce new biological insight, but in turn the
availability of these software tools prompts new experiments that
could not previously have been considered, which lead to the
production of the next generation of datasets, starting the process
again. However, we would argue that the situation is not precisely
that of a “Red Queen” coevolutionary process (in which one must
run faster and faster to remain in the same place), because each
advance really does provide a new level of insight into a range of
biological phenomena. The increase in number of sequences per
run from parallel pyrosequencing technologies such as the Roche

N A o T wr s anfSs . ST i Al - o 1



lon torrent

Sequencing for all

LONGER READ LENGTHS IMPROVE BACTERIAL
IDENTIFICATION USING 165 rRNA GENE
SEQUENCING ON THE ION PGM™ SYSTEM

165 rRMNA sequencing is a fast, inexpen-
sive profiling technique based onvaria-
tiom in the bacterial 165 ribosornal RMNA
[rRMNA] gene. This method has awide
range of uses, including the characteriza-
tion of bacteria populations, tasonomical
analysis, and species identification. To
support diverse projects such as the
study of microbes presant in foot ulcers
and the bioremediation of arsenic-con-
taminated water, Dr. GeorgeWatts [Ge-
nomics Shared Service at the University
of Arizona Cancer Center, Tucson, AZ)
collaborated with lom Torrent researchers
to optimize the amplicon region targeted
in the 145 gene [Figure 1] so he could
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Flgure 1. E coll 145 rEMA gene with varlable reglons s trated [bluesquares). Top panel, amplicans [thin
o=y bars| targeted in this stuty. Betbam parel, the thick blue bars indicaie rsened reglons for primer tesign
due 1o high axerEe far the Intarsening amplons for almast all i2ea present in the Ribos omal Detabesa Proj-
act |[ROF) database™. The purple bar illwstrates an sdditional ypothetical rgian that could b wsed o genaraie
amplicons for 400-bass palr-saguencing that wauld farpst basvariabie rglans.
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How do we define a
species?

“No single definition has satisfied all naturalists; yet every naturalist
knows vaguely what he means when he speaks of a species”

Charles Darwin,
On the Origin of Species,
1859



How do we define a species
for tag data?

Species concept works for sexually reproducing organisms
* Breaks down when applied to bacteria and fungi
— Plasmids
— Horizontal gene transfer
— Transposons/Viruses
* Operational Taxonomic Unit (OTU)
— An arbitrary definition of a taxonomic unit based on
sequence divergence
— OTU definitions matter

—I—L—L—I—Lg

cS588EB8S

Numbers of OTUs

NI

0 005 01 015 0.2 025 C.8 0.35 04
Sequence Divergence




How do we define a species
for tag data?

* Search for sequence similarity between 165/18S
variable regions or particular genes (e.g rpoB)

* These genes are ‘house-keeping’ genes which
are less likely to be involved in horizontal transfer

* However, note that 165/18S sequences are
known to have variable copy numbers which can
bias results



Binning tags

Tags may be analysed in one of two ways:

* Composition-based binning
* Relies on comparisons of gross-features to species/genus/families which share
these features
— GC content
— Di/Tri/Tetra/... nucleotide composition (kmer-based frequency comparison)
— Codon usage statistics

* Similarity-based binning
* Requires that most sequences in a sample are present in a reference database
— Direct comparison of OTU sequence to a reference database
— ldentity cut-off varies depending on resolution required
—  Genus- 90%
—  Family- 80%
—  Species - 97%
- Multiple marker genes used for finer sub-strain identification (MLST)
— Too stringent cut-off selection will lead to excessive diversity being reported
—  Sequencing errors
- Sample prep issues
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A word on the importance
of clustering algorithms

The clustering algorithm used to determine distances between
OTUs determines the form of the resulting phylogenetic tree
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A word on the importance
of clustering algorithms

Average neighbor clustering seems to give the most robust
results

APPLIED AND ENVIRONMENTAL MICROBIOLOGY, May 2011, p. 3219-3226 Vol. 77, No. 10
0099-2240/11/$12.00  doi:10.1128/AEM.02810-10
Copyright & 2011, American Society for Microbiology. All Rights Reserved.

Assessing and Improving Methods Used in Operational Taxonomic
Unit-Based Approaches for 16S rRNA Gene Sequence Analysis"f

Patrick D. Schloss* and Sarah L. Westcott
Depariment of Microbiology & Immunology, University of Michigan, Ann Arbor, Michigan 48109

Received 1 December 2010/Accepted 10 March 2011

In spite of technical advances that have provided increases in orders of magnitude in sequencing coverage,
microbial ecologists still grapple with how to interpret the genetic diversity represented by the 165 rRNA gene.
Two widely vused approaches put sequences into bins based on either their similarity to reference sequences
(i.e., phylotyping) or their similarity to other sequences in the community (i.e., operational taxonomic units
[OTUs]). In the present study, we investigate three issues related to the interpretation and implementation of
OTU-based methods. First, we confirm the conventional wisdom that it is impossible to create an accurate
distance-based threshold for defining taxonomic levels and instead advocate for a consensus-based method of
classifying OTUs. Second, using a taxonomic-independent approach, we show that the average neighbor
clustering algorithm produces more robust OTUs than other hierarchical and heuristic clustering algorithms.
Third, we demonstrate several steps to reduoce the computational burden of forming OTUs without sacrificing
the robustness of the OTU assignment. Finally, by blending these solutions, we propose a new heuristic that
has a minimal effect on the robustness of OTUs and significantly reduces the necessary time and memory
requirements. The ability to quickly and accurately assign sequences to OTUs and then obtain taxonomic
information for those OTUs will greatly improve OTU-based analyses and overcome many of the challenges
encountered with phylotype-based methods.




Software for binning tags

Tags may be analysed in one of two ways:

« Composition-based binning
— TETRA - Maximal-Order Markov Model
— PhyloPythia - Support Vector
— Seeded Growing Self-Organising Maps (S-GSOM)
— TETRA + Codon based usage

* Similarity-based binning
— Requires that most sequences in a sample are present in
a primary or secondary reference database
— QIIME
— MEGAN (comparison against Blast NCBI NR)
— Mothur
— CARMA (comparison against PFAM)
— Phymm
— ARB (linked with Silva database)

Wooley et al. A Primer on Metagenomics, PLoS
Computational Biology, Feb 2010, Vol 6(2)



Sequence databases for
16S similarity-based
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About the RDP’'s Pyrosequencing Pipeline

HOVER over tool menu item for a popup description;
CLICK on the tool menu item to begin working with it.

NCBI/EBI Submission Too:‘s:‘

myRDP SRA PREPKIT

Data Processing Steps:

Formats for Common Programs:

The Ribosomal Database Project’s Pyrosequencing Pipeline aims to simplify the processing of large 165 rRNA sequence libraries obtained through pyrosequencing. This site processes and
converts the data to formats suitable for common ecological and statistical packages such as SPADE, Estimate$, and R.

ALERT: 16 Feb 2011 - NCBI Announces Discontinuation of the Sequence Read Archive (SRA) and Trace Archive Repositories (see news item below)

[ Help | FunGene Home | RDP Home ]

Note: If you experience problems with the pyrosequencing pipeline, please contact us and we will help you get your
sequences processed.

Pyro News

08/11/2011 Hooray! We're back online!
RDP's database server has been restarted.

08/10/2011 RDP will be back soon!
The RDP database is temporarily down for a few hours -- Full service will be restored ASAP.

07/12/2011 20-min. outages possible, Thurs. 5-7 a.m.
RDP users may experience outages due to scheduled MSU Bldg. Network Maintenance

06/16/2011 RDP User Jobs Slow Turnaround Update

The RDP pyrosequencing site (http://pyro.cme.msu.edu) has been under heavy usage for the past several days (thank you for
using our tools!). How...

(L item remaining) Downloading picture http://pyro.cme.msu.edu/images/footer_msu_logo.gif;jsessionid=D82BEDF0122D1087622FE0 s 9 Internet | Protected Mode: On 5 v W 100%

[ e e

W



Sequence databases for
16S similarity-based
binning
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greengenes: 165

A data and tools

The greengenes web application provides access to the current and comprehensive 165 rRNA gene sequence alignment for browsing, blasting, probing, and downloading. The data and
tools presented by greengenes can assist the researcher in choosing phylogenetically specific probes, interpreting microarray results, and aligning/annctating novel sequences. If you are
an ARB user, you can use greengenes to keep your own local database current.

News:

New i - termplate posted for slurping greengenes exports into ARB.

Looking for Hugenholtz or PHPR taxonomy? It is now the greengenes taxonomy.

Dr. Mike Dyall-Smith has graciously made available his tutorial for inst n MacOS¥. Thanks Mike.

The greengenes taxonomy for the Cyanobacteria is now con5|stent 'Nlth using cyanoDB type species as a guide to map cyanoDB taxonomy to the greengenes reference 165 tree.
Thanks to Greg Caparaso and Rob Knight for postlng OTU ref = for use with QIIME software.

The W as the top advance in envlronmental technology of 2008 and 3rd best innovation overall.

Pallu hip as most likely to aid pollution control and abatement in the near future.

The E& 00 award as one of the 100 most zignificant technological advances of the year.

Are you the world expert on the taxonomy of a particular phylogenetic lineage? Have you checked this database and nobody has got it right? Tell us! - we will fix it.

We thank Jakob Fredslund for developing a tool, to canvert XML trees to Newick format!

we thank 1.F and Hans Triper for expert =ty

E

=

Euzeby

Browse taxonomic tree of your choice and mark nodes.
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silva:

comprehensive ribosomal ANA dalebases

Home Browser Search Aligner

SILVA

Welcome to the SILVA rRNA database project

A comprehensive on-line resource for quality checked and aligned
ribosomal RNA sequence data, free for academic use.

SILVA provides comprehensive, quality checked and regularly updated
datasets of aligned small (1657185, 55U) and large subunit (2357285,
LsU) ribosomal RMA (rRMA) sequences for all three domains of life
(Bacteria, Archaea and Eukarya).

SILVA are the official databases of the software package ARB.

For more background information +

ARB

The software package ARB i
represents a graphically-oriented, =
fully-integrated package of
cooperating software tools for
handling and analysis of sequence
information.

Harcieris

W e
——

Tha ARR nraiart has hean started

Download Documentation

Projects FISH & Probes Shop Contact

News

030811

& new version of the "All Species Living Tree" has been released, based
on SILVA 106. Check out the project website (link above) for more
information ...

DBDE. 11

... in fall 2011! Extra session on sequence submission and related tools
provided by the EBI. Register now!

15.07.11

Improved alignment quality, all-new sequence search and
classification, detailed tutorial and more.

14.07.11

We have started to prepare SILVA 108. Follow the link to get a first
impression of the upcoming release.
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Measuring diversity of
OTUs

Two primary measures for sequence based studies:

* Alpha diversity
—What is there? How much is there?
—Diversity within a sample

* Beta diversity
—How similar are two samples?
—Diversity between samples



Measuring diversity

Alpha diversity
* Diversity within a sample

* Simpson’s diversity index (also Shannon, Chao
iIndexes)

* Gives less weight to rarest species

Zle ni(n; — 1)
N(N —-1)

D=1-

S is the number of species
N is the total number of organisms
n; is the number of organisms of

species i

Whittaker, R.H. (1972). "Evolution and measurement of species diversity". Taxon (International
Association for Plant Taxonomy (IAPT)) 21 (2/3): 213-251



Measuring diversity

Beta diversity

* Diversity between samples
* Sorensen’s index

S | is the number of species in sample 1
S ., is the number of species in sample 2

c is the number of species present n both
samples

Whittaker, R.H. (1972). "Evolution and measurement of
species diversity". Taxon (International Association for
Plant Taxonomy (IAPT)) 21 (2/3): 213-251



Measuring diversity

Beta diversity
* Diversity between samples
* Unifrac distance
* Percentage observed branch length unique to
either sample

Identical communities Related communities Unrelated communities

D=00 D~0.5 D=1.0
[ ] | N
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[ | [ | [ |
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Lozupone and Knight, 2005. Unifrac: A new phylogenetic

method for comparing microbial communitieis. Appl
Fnviron Microbhiol 7187278



Overview

* What is environmental sequencing?
*Why?
*Methods
*Operational Taxonomic Units
*Measures of diversity
*Other useful visualisations



Other useful data

representations

* Simple barcharts
—What species are present?

* Rarefaction curves
—How much of a community have we sampled?

* Principal Component Analysis (PCA)
—What are the most important factors segregating
communities?

* Bootstrapping and jack-knifing
—How reliable are our measures of diversity?



Simple barcharts
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Simple charts
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Rarefaction curves

Have we sampled enough of a community to get a
true representation?

A

c-Hog@eo3cz

Adapted from Wooley et al. A Primer on Metagenomics, PLoS
Computational Biology, Feb 2010, Vol 6(2)



Principal component

analysis
Do samples segregate?
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Jack-knifing

How much uncertainty is there in the
clustering and PCA plots?

an o

Take a subset of your date
Rerun analysis
Repeat 100s of times
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 Summarize results of 100:
of analyses

_| Pick center [ Show text
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sequence pool / metadata

QIIME, UCHIME

Preprocessing

File consistency check
Splitting by sample, quality filtering

Chimera detection

Clustering
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Overview

* What is metagenomics?
*Why?
eCase study
* Assembly, ORFs and Gene finding
* Annotation



Why metagenomics?

Tag sequencing can only inform species or strain level classification
If the species is known and previously sequenced we can have some
understanding of the metabolic pathways present due to that organism

However, most microbes have not been sequenced
Most have never even been identified

The depth of sequencing offered by 454, SoLID and lllumina
sequencers makes metagenomics feasible
— Lots of sequences
— Possible to get a representative sample of all genes present
— Shorter read length -> hard to assemble

With current technology the aim is to produce gene catalogues rather
than whole genomes
Limited to prokaryotes



Why metagenomics?

 We contain 100x more bacterial cells than human

* Enivronments of interest
— Human gut
— Human skin
— Human Oral/Nasal and Uritogenetial
— Chicken gut microbiome
— Terrabase project (Soil metagenomics)
— Microbial communities in water (Global Ocean Sampling
survey - Venter)
— Keyboards

* Examine differences between populations (cross-sectional

studies)
* Examine changes over time in a single population (longitudinal

study)

* Human Microbiome Project
* MetaHIT project



Meta-HIT project

The project objectives: association of bacterial
genes with human health an disease

The central objective of our project is to establish
associations between the genes of the human intestinal
microbiota and our health and disease. We focus on two

disorders of increasing importance in Europe, Inflammatory
Bowel Disease (IBD) and obesity.

http://www.metahit.eu



MetaHIT paper

Vol d6d| 4 Mareh 200| dai 10.1038 / st wre 08 B21 namre

ARTICLES

A human gut microbial gene catalogue
established by metagenomic sequencing

Junjie Qin'*, Ruigiang Li'*, Jeroen Raes™, Manimozhiyan Arumugam”, Kristoffer Solvsten Burgdorf”,
Chaysavanh Manichanh’, Trine Mielsen®, Nicolas Pons”, Florence Levenez”®, Takuji Yamada~, Daniel R. Mende”,
Junhua Li", Junming Xu', Shaochuan Li', DongfangLi'”, Jianjun Cao', Bo Wang', Huiging Liang', Huisong Zheng',
Yinlong Xie'"', Julien Tap® Patricia Lepage®, Marcelo Bertalan®, Jean-Michel Batto®, Torben Hansen®, Denis Le
Paslier'”, Allan Linneberg"', H. Bjern Nielsen®, Eric Pelletier'”, Pierre Renault®, Thomas Sicheritz-Ponten”,

Keith Turner'", Hongmei Zhu', Chang Yu', Shengting Li', Min Jian', Yan Zhou', Yingrui Li', Xiuging Zhang',
Songgang Li', Nan Qin', Huanming Yang', Jian Wang', Seren Brunak”, Joel Doré®, Francisco Guamer”,

Karsten Kristiansen'”, Oluf Pedersen™'®, Julian Parkhill'", Jean Weissenbach", MetaHIT Consortium®, Peer Bork”,
5. Dusko Ehrlich® & Jun Wang"'”

To understand the impact of gut microbes on human health and well-being it is crucial to assess their genetic potential. Here
we describe the lllumina-based metagenomic sequencing, assembly and characterization of 33 million non-redundant
microbial genes, derived from 576.7 gigabases of sequence, from faecal samples of 124 European individuals. The gene set,
~150 times larger than the human gene complement, contains an overw helming majority of the prevalent (more freguent )
microbial genes of the cohort and probably includes alarge proportion of the prevalent human intestinal microbial genes. The
genes are largely shared among individuals of the cohort. Over 99% of the genes are bacterial, indicating that the entire
cohort harbours between 1,000 and 1,150 prevalent bacterial species and each individual at least 160 such species, which are
alzo largely shared. We define and describe the minimal gut metagenome and the minimal gut bacterial genome in terms of
functions present in all individualks and most bacteria, respectively.



MetaHIT summary

8 billion reads

576Gb of sequence data

42% of reads assembled into 6.6 million contigs
N50 contigs length of 2.2 kb

81% of genes un-annotated

100

Coverage of sequencing reads (%)
n
[
1

ol |

Assemblaed Known human GenBank
contig set gut bacteria bacteria

More reference genomes are needed!



eta Metagenomics
of the Human Intestinal Tract

H‘T European research project

Laboratories The microbiota

INTRODUCTION m i I I ion 8 @
ince 2008, researchers wi tri
e o 2 2 euros 1 4 rescarch & w > %o { >/

the collected genomes of the |ndustr|a|
m{z;‘:ﬁ]rgépﬁseﬁigggfgfa'n o= The 4 year program was financed in large part by the institutions are involved in the The microbiota is an ecosystem composed of billions of bacteria that make up a
. . European Union under the FP7 (7th Framework consortium, with more than 50 veritable “organ” Within 24 hours of birth, these bacteria colonize our digestive
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MetaHIT opens avenues for
further efforts in the field of




The gene set

Metagene prediction on the contigs:
* 14 million ORFs >100 bp

Removal of redundancy : = 95 % nucleotide
identity, = 90 % of the length of the shorter

ORF
* 3.3 million ORFs, 150 times human gene
complement

ORFs are identified if present at relative
abundance
~7/x107; we name them “prevalent genes”



The microbiota

EY EY Y

The microbiota is an ecosystem composed of billions of bacteria that make up a
veritable “organ.’ Within 24 hours of birth, these bacteria colonize our digestive
tract to form our intestinal microbiota (2kg for adults). MetaHIT focuses on the

digestive tract since it is where the largest and most diversified bacterial
community lives in our body.




Observations

Research themes

7| chronic
N infectious

Observations made in the
past 50 years cannot be solely
explained by variations of our
genome.

YO ol
VW /S eod =

Nutrition. Better knowledge of the
intestinal microbiota of individuals will
enable the nutritional needs to adapt to
everyones specific nutrient needs.

Medicine. With the study of the
microbiota and the established catalog
of genes, we can have an unprecedents
overview of the microbiota in healthy
individuals and in patients. With the
discovery of enterotypes we can imagil
the upcoming development of new
diagnostic or even prognostic tools for
human health.




DEFINITION

*Enterotypes

There are three in the
world's population,
each characterized by a
predominant bacterial
population.

Discovery of the 3 enterotypes*

t-\ '. - \

¢+ | 7 i
r Predominant bacteria l\“““'"—r (I\a 1 'I A
"’ Other bacteria " L — _7-:;/'
,.r/ Inremcrmsbermen F \ \21 __/ [

bacteria population: |I @ / / (
\ / X \‘. PS [ :. |
'I.'/ \H‘“-—-__ :‘«

a. Bacteroides b. Prevotella ¢. Ruminococcus



Chronic diseases Nutritional impact

% If it is possible to reveal early warning
— signs of obesity, one can imagine nu-
h tritional intervention and diet advice
being used to reestablish a healthy mi-

of
' crobiota. The possibility of intervening
N directly in the flora, in the case of dis-
Disturbances in the microbiota can be early warning turbance to the intestinal ecosystem,
signs for certain diseases like Crohn'’s disease or could also be envisioned.

diabetes.

Personalized medicine

N\ o4

Classification by enterotype will help in the development of diagnostic
tools able to reveal cases where a planned treatment would not be
effective, and to adapt it accordingly.




PCA of 155 most abundant
bacterial species in IBD patients
and healthy controls (n=39)

PC1

P value: 0.031

BD=inflammatory bowel disease
A human gut microbial gene catalogue established

by metagenomic sequencing, Nature 464, 59-65(4
March 2010)
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* Annotation



Metagenomic assemblies

- Much harder than single-genome assembly
— Many identical or nearly identical reads
— Reduce size by clustering data first at 100% identity
— Cannot remove near-identical low abundance kmers to reduce
memory requirements
— These may be sequencing errors
— Or may be sequences from low abundance organisms
— Can try to focus on gene regions by identifying putative open
reading frame start sites and start assembly there

- Still very early days. Hardware requirements large.

* Meta-Velvet
* Soapdenovo
* Euler

Ye Y, Tang, H. An orfome assembly
approach to metagenomics 2009 J.
Bioinform Comput Biol 7: 455-471



Gene calling metagenomic
assemblies

Gene calling

Finding open reading frames (ORFs) is challenging when
assemblies of gene may only be partial

Start and/or stop coding may be missing

Traditional HMM-based methods (e.g. Genemark) fail
However, simulations have shown that 85-90% of genes can
be accurately called - although this is best case scenario

Gene families coding for proteins are expected to be under
selective pressure

One method is to select all reading frames from any ORF
Identified and use only those which appear to be under
selective pressure

This may miss ORFs under less selective pressure

Yooseph, et al. Gene identification.and
Mavromatis et al. Use of simulated data classification in microbial metagenomic
sets to evaluate the fidelity of sequence data via incremental clustering
metagenomic processing methos. 2007. 2008. BMC Bioinformatics 9:182



But...

Many organisms and genes are still unknown to
science

Therefore homology-based annotation and even
motif and HMM based annotation will only provide
reliable annotation for those proteins we already

know about

Current methods will still miss known genes



Final, but important
points

Regardless of the type
of sequencing you are
doing...



Sample preparation

* Long term sample storage can cause selective loss of some
species (e.g. Bacteroidetes)

* Does not discriminate between dead/inactive and live
microbes (unless extracting RNA)

* If doing 16S sequencing, consider using degenerate bases
and choose your variable region(s) with care.

Neissena lactamica and
Neisseria meningitidis ~ J-l3zanics.
have ~96% similarty over
the fulllength of the 165 , .camics
rRMA gene locus H_r=aingatad

* Study size: Make sure you include biological replicates
* 16S rRNA results are not quantitative due to copy number
variation

Courtesy Alan Walker,
Wellcome Trust Sanger



Summary

16S rRNA gene surveys

Pros:-

Cheap - many samples can be
analysed

Comparatively low
computational demands

Can often infer phenotypic
characteristics from 165 rRNA
gene sequence

Cons:-

Limited resolution
Mo functional data

PCR bias

DNA extraction bias

Metagenomics

Can access the entire coding
potential within an
environmental sample

Possible to link functional
activity with phylogeny

Free from PCR and other
amplification biases

Expensive - Large
computational demands

Usually limited to small no. of
samples

Difficult to piece data together,
plus large no. of unclassified
reads

DNA extraction bias



QIIME - Quantitative

Insights Into Microbial

— -
Sequencing output
(454, llumina, Sanger) Metadata
fasta, qual, sfiftrace files mapping file
Pre-processing OTU Table Phylogenefic Tree
e.g., remove primer(s), demufiplex, . . .
quality fitter (i.e., per sample OTU Evolutionary relationship
¢ & counts) between OTUs
Denoise 454 Data MG-RAST Submission $ 4/\ v
PyroMoise, Denoiser Submit sequences and a-diversity and rarefaction B-diversity and rarefaction
metadata to MG-RAST - -
e.g., Phylogenetic e.g., Weighted and
v Diversity, Chao1, unweighted UniFrac, Bray-
Observed Species Curtis, Jaccard
Pick OTUs and representative sequences * +
Reference based De novo Y
BLAST, UCLUST eg., LﬁIEJLiI_?_l'II'JgD-HI'I', Visualization
v_l * e.g., 2D and 3D PCoA plots, distance histograms, taxonomy pie
charts, rarefaction plots, OTU network visualization, jackknifed
Assign taxonomy Align sequences hierarchical clustering.
e.g., PyNAST,
BLAST ROP INFERNAL, MUSCLE,
MAFFT
vy !
Build 'OTU table" Build phylogenetic tree
i.e., per sample OTU .0, FastTree, RAxML, J. Gregory Caporaso, et al., Mature Methods 2010.
counts ClearCut QIIME allows analysis of high- throughput community sequencing data




The MG-RAST pipelines
MG-RAST has a number of pipelines with some user adjustable

parameters. These fully automated pipelines create data sets that
allow comparison between multiple data sets.

The following figure gives a simplified overview of the various steps

in our pipeli
e sequencer output (SFF, fastq and fasta data)

[
control (QC) => independent quality score

ﬂ Remove artifacts

(:[eLulieS] > Non protein features

find coding regions/peptides using
FragGeneScan (Ye group, NAR 2010)

[Clustering (Uclust)

Clusters of 90% identity

‘fallel Blat, i_nhouse)

L :
ince profiles e ' simplified
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