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Agenda

* Part 3: Metagenomics
— Metagenomics
* Binning and annotation
« Statistical Analysis
— Applications to detection of antibiotic resistance
* Case study: Antibiotic pollution

 Case study: Antibiotic resistance genes in the human
gut microbiome

Some facts about microbes

Number of microbes on Earth 5x103°
Number of microbes in all humans 6x10%3
Number of stars in the universe 7x1021
Number of bacterial cells in one human gut 101
Number of human cells in one human 1013
Number of bacterial genes in one human gut 3,000,000
Number of genes in the human genome 21,000
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Microbial diversity

e Bacteria are ubiquitous in every habitat on
Earth

e There are up to 100 million bacterial
species — only a small fraction of these are
known

¢ More than 99% of all bacteria are

uncultivable and can not be grown in
laboratories

Shotgun metagenomics

¢ Analysis of all DNA in a sample — the metagenome

e L
Sample with high High-throug!
diversity sequencing

ATTTCCGGCATCTGACGATAGAAGAAGGTGAGGCAAC

ACTCCTACGGGAGGCAGCAGTGGGGAATTTTGGACAATGGA
CGCAAGTCTGATCCAGCCATTCCGTGTGCAGGACGAAGGCC
TTCGGGTTGTAAACTGCTTTTGTACAGAACGAAAAGGTCTC
TATTAATACTAGGGGCTCATGACGGTACTGTAAGAATAAGC
ACCGGCTAACTACGTGCCAGCAGCCGCGGT

CTCAGATCGTCGCTGTCTCTGCCAGTTAATCGCCATCTCTG
CCAGTTAATCGCCATCTCTGCCAGTTAATCGCTATCTCTGC
CAGTTAATCGCCATCTCTGCCAGTTAATCGCCATCTCTGCC
AGTTAATCGCCATCTCTGCCAGTTAATCGCCATCTCTG

o CACGAAATCCACCGTCTCTTTCTCAATGTCAGAAAGCATGA
ATTCGGCCATACGCTCAAGCCGGGCCTCGGTATAACGCATG
O v GCCGCTGGCTCATCACCATCCTGGTTGCCGAAGTTTCCCTG
GCCATCAACAAGGGTGTAGCGCATATTCCACTCCTGCGCCA
GGCGCACCATGGCGTCGTAAATGGCTTTATCGCCATGCGGG
TGGTATTTACCCATCACCTCTCCCACAATACGGGCACTCTT

O . O - O CTTATAGGGCTTTCCGTAATCGAGCCCCAATTCATTCATGG

CGTAAAGTACGCGACGGTGTACC
ATATTGGACAATGGGCGCAAGCCTGAT

Sample with
many bacteria

Metagenome
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The advantages of metagenomics

* An entire community of microorganisms can be
studied as a whole.

* No cultivation of individual strains is required,
—~50% of human gut bacteria are unculturable,
—>99% of environmental bacteria are unculturable.

e Efficient,

— Vast amount of nucleotides can be read fast and
cheap using next generation DNA sequencing.

How much data do we need?

e 1 gram of soil
— Can contain up to 100,000 different bacteria

— Can contain up to 100,000,000,000,000 bases
(100 terabases)

¢ The total amount of metagenomic data today
is less than the DNA content in a liter of ocean
water
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Metagenomic data

* Metagenomes are often heavily
undersampled

e Fragmented and error prone
— Short read length (50-700 bases)
— Error prone (usually > 1% error rate)

¢ Lack of reference data

— There exists millions of bacterial species but less
than 10.000 have been sequenced so far.

Metagenomics

Qualitative metagenomics

 Descriptive analysis of species
* |dentification of novel genes

Quantitative (comparative) metagenomics

* Analysis of differences between metagenomes
— Taxonomy (species)
— Function (genes)

The Global Ocean Sampling

* Investigating microbial diversity in the worlds
ocean

¢ A sailing boat equipped with a sequencer

http://www.jcvi.org/cms/research/projects/gos/overview/

The Global Ocean Sampling
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Comparative metagenomics

Reference database

Innt
.

‘?t; Gene 0
. e Statistical
mﬂ identification » i

(binning)

. ' - =~
Sy

Metagenomes

Binning: Gene modells

¢ Models of the variability within same gene
from different species

The gene profile for actin (PF00022)

* Matching against DNA fragments is done using
hidden Markov models (HMM model).

¢ Databases with gene models: Pfam, COG,
TIGRFAM

Statistical analysis

R S, S 5, %,
KN . "'p/ee "’n/% ""’/s, '%/95

Genel 591 536 1260 284 19
Gene2 28 21 19 36 10
Gene3 53 51 o7 118 35
Gene4d 106 149 266 47 1
Gene1312 243 362 163 258 423
Gene1313 13 43 23 67 34
Total | 132567 80456 197723 73491 134513

ShotgunFunctionalizeR

- an R-package for comparative metagenomics

¢ A statistical toolbox for comparative
metagenomics

¢ Includes methods for data exploration and
estimation of biodiversity

¢ Multiple annotations (COG, Pfam, etc)
¢ Available at http://shotgun.math.chalmers.se

Kristiansson, E., Boulund, F., Jonsson, V., Pereira, M., Johnning, A., et l. (2012). Analysis of antibiotic resistance genes in
uncultured bacterial In preparation.

Kristiansson, E., Hugenholtz, P., Dalevi, D. (2009). ShotgunFunctionalizeR — an R-package for functional analysis of metagenomes. e
Bioinformatics 25(20). @ x

Estimate abundance

R S, S Sa 5,
KN . "'p/ee e e, '%/95
Genel 591 536 1260 284 19
Gene2 28 21 19 36 10
Gene3 53 51 97 118 36
Gene4 106 149 @ 47 11
Genel312 243 362 163 258 423
Genel313 13 43 23 67 34
Total | 132567 80456 197723 73491 134513
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The Poisson model

¢ Generalized linear model (log-link)

¢ Regression with the relative abundance as the
dependent variable

log E[Y, , |=10g(OFFSET))+ Y a1y,

Offset Covariates

The Poisson model

¢ Generalized linear model (log-link)

¢ Regression with the relative abundance as the
dependent variable

EXp[Yi,j] _
Og{OFFSETj _Za“;”

Covariates
¢ Possible offsets: (i) Total reads, (ii) Total
amount of bacterial DNA, (iii) A reference
gene

Comparison of two groups

COG1662: Transposase and inactivated derivatives, IS1 family

Felative frequency

a, log {EXP[Y”] ] =a,+a,

ExplY; ;
Models: log M =
OFFSET; OFFSET;

Test: Hyiop=0 vs H, i #0

The Poisson model

¢ Metagenomic data is overdispersed!

Exp[X]=2
Var[X ]= ¢4

¢ Multiple testing correction: Benjamini-Hochberg’s
false discovery rate (FDR).

Estimation of biodiversity

¢ Rarefaction curve analysis
— Estimation of diversity through resampling

N = Total number of observations (DNA fragments)
M = Total number of bins, each have N; observations

Algorithm
1. Sample nitems from the N observations

2. Calculate the number of unique bins/genes
3. Repeat for different values of n

2000

Sampled reacs




2012-02-23

Summary metagenomics

¢ Metagenomics is a way to study bacteria in
their community without cultivation

¢ DNA sequencing is the main bottle-next for
metagenomics

¢ Competence in DNA sequence analysis is
essential for interpretation of metagenomic
data

Case study 1: Antibiotic pollution

1. Promotion of resistance genes?
2. Transfer of resistance genes to
human pathogens?

The History of Antibiotics

e Commercially introduced 1932

¢ Mass-production and mass-consumption
started in the 40’s

NDantavia sazidle ~mmes temnA cAacickaiman Aicanmiinma A~
DdllErlla Wil dLlyuireu resistdiite uisetoverceu a

Penicillin-producing fungi

Alexander Flemin,

¢ Antibiotic resistance is caused by
1. Mutations in pre-existing DNA
2. Acquisition of resistance genes

N Pt ey kid ! Wi be 4 Sipertug P
ik sowe of fhis info your gencme ..
Even poticillin wonf be able T hang you !

It was on a short-cut through the hospital kitchens thit Albert
was first approsched by n member of the Antibiotic Resistance,

Acquired Antibiotic Resistance

Resistance mechanisms

n—a
W=*%*7
L2
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¢ Common mechanisms
— Drug inactivation
— Alteration of target site
— Alteration of pathways
— Efflux pumps
— Changes in gene expression

e Causes
— Chromosomal mutations
— Mobile genes

* Mobility

— Horizontal gene transfer

Picure by Anna Johnning, Gothenburg University]

The resistome

* The resistome contains
¢ Thousands of mobile resistance genes

* Resistance mechanisms for many clinically
important antibiotics

e Environmental bacteria ¢
contain a large collection £«
of resistance genes ol lI

ctaten )

Percentage of |

D'Costa et al. (2006). Sampling the antibiotic resistome. Science 311 pp. 374-7
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Example: Streptomycin resistance Characterization of antibiotic resistance

* Traditional approach:

* Produced naturally by Streptomyces sp. 1. Isolation of individuals strains

2. Phenotypic and genotypic screening

O Atidinnstreptaine.-6P

O Streptidne. 6P

— ¢ Not all bacteria can not be cultivated

|
|
|
|
|
|
¥
Q Lgluosaruse
|
|
|

0-140-L Dihyriro-

Iniiga - e Human gut: 60 % unculturables

* 7777777777 ’ * Soil: 99 % unculturables (!!)

Smpmmyc thym * Dihydrostrepiorayein 6P
27172
streptomyein 6-kinase aph-6’ * Avast number of of resistance genes
* PCR not time- and cost-efficient
Hugenholtz et al. Impact of Cull on the Emerging View of Bacterial Diversity, J. Bacteriol. 180(18) 1998
Bapoé & Gi LIhe Uncultured Microbial Maigrity Anny Rev Microbiol, 2003,
\

et \ Antibiotic pollution

Active ingredient Type of drug Range (ug/L)

\-:_.,__f - Ciprofloxacin antibiotic-fluoroquinolone 28,000-31,000

Losartan i in Il p i 2,400-2,500

Cetirizine H1-receptor antagonist 1,300-1,400

Metoprolol B,-adrenoreceptor antagonist 800-950

———— ';::mem == Enrofloxacin antibiotic-fluoroquinolone (veterinary use) 780-900

] 4 Citalopram serotonin reuptake inhibitor 770-840

s . \ == Norfloxacin antibiotic-fluoroquinolone 390-420
ul S s A == Lomefloxacin antibiotic-fluoroquinolone 150-300
ey . J == Enoxacin antibiotic-fluoroquinolone 150-300
“ J =) Ofloxacin antibiotic-fluoroquinolone 150-160

i o itidi H,-receptor antagoni 90-160

! .
. 10 km

wrface, ground, and drinking water from production. Environ Toxicol and Chem 28 (12).

Larsson et al. (2007). Effluent from drug manufactures contains extremely high levels of pharmaceuticals . J of Hazard Mater 3 (30).
L Fick ¢1.21,(2009). C

/\'\ Comparative metagenomics

¢ Downstream the Indian plant
¢ High levels of ciprofloxacin (mg/L)
¢ Upstream the Indian plant
of ciprofloxacin ( )
¢ Up and downstream a Swedish
sewage treatment plant
¢ No levels of antibiotics detected

Reference database

Resistance genes
Elements for horizontal transfer
of resistance genes

_"q Gene isti
) 48 Statistical
Mﬂ |den?|flfatlon » analysis

* Sequencing using 454 massively parallel pyrosequencing (binning)

* 450,000 reads, 200 million bases %I “

L o I 10km qﬁ Metagenomes
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Downstream PETL

B Bacteria_ M Virus M Archea M Eukaryota

Biodiversity
Rarefaction curve analysis
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Biodiversity
Rarefaction curve analysis
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Roads Surprisingly small difference in biodiversity!
Biodiversity Sulfonamide resistance
. . g
¢ Same type of analysis but based on functional % B sul2 1060 475 475
families £
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Aminoglycoside resistance

°
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Mobile fluoroquinolone resistance

e Fluoroquinolones inhibit topoisomerase

X m strA
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< * QNR-genes have a DNA-like structure that
o —_ protects topoisomerase from fluoroquinolones.
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Fluoroquinolone resistance Perspective — How extreme is “extreme”?
— 0.6 . ) Resistance genes
X B Uncharacterized pentapeptides .
g | m Qnrenes -~
s |1 s 1 | "~/ Marine Bacterioplankton, Pacific Ocean |
g 0.3 " Hydrothermal field, mid-Atlantic ridge
"% ’ o g Gene Ocean Sampling - Saragasso Sea =8
()] g g Gene Ocean Sampling - Panama Canal
'E = ‘g Gene Ocean Sampling: Galapagos
% @ Gene Ocean Sampling: Caribbean Sea
€ ol cmeen RN BN e | | ______________ Acetake Antarenca | _____
E Indian WWTP, Upstream
%4'(,. 00‘% %s,,. O,&% 00‘% g g Indian WWTP, Downstream
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%; €S
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o 1 15
Relative abundance (%)

Environment

Horizontal gene transfer

* Integrons r O

—Single genes @

* Transposons
— Small to medium regions

intl gehe2l g  genel
¢ Plasmids
- Intercgllular tr'ansfer of okgi37
genetic material 5136 bp

— Medium to large regions
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Case study: The human gut resistome

1. Abundance, types ~
2. Variation between individuals ;
3. Differences between populations

The human gut resistome

¢ Data from MetaHIT (Qin et al 2010) %Afﬁ%?

¢ Gut metagenomes from 124 individuals
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Multiple lllumina sequencing runs/individual

¢ 560 gigabases, 10 billion reads in total
* Read length is 75 bases
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Annotation by sequence similarity

Run time: >2 years

Computational Cost

Sensitivity

Smith-Waterman
Run time: eons!

¢ Resistance genes are remarkably conserved!

Annotation by sequence similarity

Computational Cost

Smith-Waterman
Run time: eons!

BLAST

Run time: >2 years

vmatch
Run time: days

Sensitivity

¢ Resistance genes are remarkably conserved!

Resistance genes (relative abundance)

Overview of the gut resistome
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Chloramphenicol resistance

Chloramphenicol Acetyltransferase (class A)

Adjusted P-value: 8,8x101°
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Aminoglycoside resistance Penicillin resistance

Aminoglycoside O-nucleotidylyltransferase Beta-lactamase (class A)
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Summary - Antibiotic resistance

Antibiotic resistance genes are ubiquitous
Metagenomics provides a powerful way to
— Identify resistance genes in unculturable bacteria
— Identify mechanisms for their horizontal transfer

Antibiotic pollution results in increased levels of
resistance genes in the environment

The risks for transfer to pathogens is not known

Summer Projects 2012

¢ Stipends for summer projects in
bioinformatics

¢ Topics in metagenomics and DNA sequence
analysis

¢ Interested? Contact me at
erik.kristiansson@chalmers.se
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