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Methods for studying antibiotic resistance in microbial communities

. O SHOTGUN METAGENOME
CULTURE & PHENOTYPE SEQUENCING
* Clinical resistance levels * No culture bias
* Direct clone to (multidrug) resistance connection « Large sampling depth

i *  Culture bias *  Only previously identified genes j
\ * Relative abundance

Known, Readily Cultured
Known, Not Readily Cultured
Unknown

Anftibiotic Resistance
Reservoir (RESISTOME)

i “ 7 . /55| FUNCTIONAL METAGENOMIC SELECTIONS
% IR e Y 0 |« Noculture bias
o , * Large sampling depth
= — &, — 00, \ *  Function confirmed
- ~ | « Canidentify novel genes




Functional metagenomic selections identify

novel antibiotic resistance genes in microbial communities

Transform into High Efficiency

Extract Tgtal Shear and Select for Ligate into Plasmid ;
Metagenomic DNA 2-5 kb Fragments Electrocompetent E. coli
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Assembly and Annotation Next-generation Sequencing Amplify Antibiotic plates with antibiotic

Resistance Inserts concentration toxic to

wild-type host

Applied in Rondon et al. ISME (2000); Sommer et al. Science (2009); Forsberg et al. Science (2012); Forsberg et al. Nature (2014);
Clemente et al. Science Advances (2015); Moore et al. Microbiome (2015); Gibson et al. Nature Microbiology (2016); Pehrsson et al., Nature (2016)
Reviewed in Handelsman et al. Chem Bio (1998); Allen et al. Nat Rev Micro (2010); Dantas et al. Annu Rev Micro (2013)



Increasing functional metagenomic throughput via next-gen sequencing

Extract Total
Metagenomic DNA

Shear and Select for

Functional Metagenomics

Transform Fragment Library

Functional Selection on

plates with antibiotic concentration
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PARFuMS: Parallel Annotation and Reassembly of Functional Metagenomic Selections
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Applied in Sommer et al. Science (2009); Forsberg et al. Science (2012); Forsberg et al. Nature (2014); Clemente et al. Science Advances (2015);
Moore et al., Microbiome (2015); Gibson et al. Nature Microbiology (2016); Pehrsson et al., Nature (2016)
Reviewed in Dantas et al. Annu Rev Micro (2013); Dantas et al. American Scientist (2014); Crofts et al. Nature Reviews Micro (2017)



ShortBRED: improved annotation accurac

from short reads

1. Create a short protein marker database for functionally selected antibiotic resistance genes (ARGS)
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Reference database o .
ARGs Cluster proteins into families

of bacterial proteins

Identify unique protein sequences
(markers) for each family of interest
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True Markers: no overlap with Junction Markers: minor overlap with
any reference sequence or consensus any reference sequence or consensus
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Quasi Markers: least overlap possible;
overlapping families are merged

2. Quantify relative abundance of antibiotic resistance genes (ARGSs)

in whole metagenome shotgun data
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Map short reads to unique markers using USEARCH

Kaminski*, Gibson*, Franzosa, Segata, Dantas*

\4

Normalize results to produce a
relative abundance profile
for ARGs across samples

, Huttenhower*. PLoS Comp. Bio. (2015)



Transmission networks of microbiomes and resistomes across habitats
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adapted from:
Dantas and Sommer, American Scientist (2014)



The soil resistome is ancient, diverse, and growing:

Is it in RECENT exchange with pathogens?

Antibiotic resistance is ancient Producer Hypothesis Increased Gene Abundance
D’Costa...Wright, Nature (2011) Benveniste, Davies, PNAS (1973)  Knapp...Graham, PNAS (2010)
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Antibiotic catabolizers are even more multidrug resistant than producers

L. Media + 1000ug/mL Abx passage

' of 18 antibiotics 7 days
11 U.S. soils
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D’Costa et al,, Science (2006) Dantas, Sommer, et al,, Science (2008)



Relative counts

Characterizing the mechanism of -lactam catabolism by soil isolates:
ABCO7 consumes penicillin via B-lactamase, amidase, and phenylacetic acid operon
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Crofts, Wang, Spivak, Gianoulis, Forsberg, Gibson, Johnsky, Broomall, Rosenzweig, Skowronski, Gibbons, Sommer, Dantas. Nature Chemical Biology, (2018)



Phenylacetic acid and penicillin utilization (put) operons are
necessary for growth on penicillin in ABCO7

ABCO7 knock-outs

Phenylacetic acid
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Crofts et al. Nature Chemical Biology, (2018)



put operon or penicillin amidase (pga) expression are
sufficient for improved growth on penicillin or benzylpenicilloic acid in E. coli

Heterologous expression
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Crofts et al. Nature Chemical Biology, (2018)



MDR soil Proteobacteria exchange resistance genes with pathogens

BUT majority of extensive soil resistome has low potential for exchange
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But MOST soil resistance genes are novel and co-localized with fewer mobilization genes than pathogens




Transmission networks of microbiomes and resistomes across habitats
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adapted from:
Dantas and Sommer, American Scientist (2014)



Resistance spreads across habitats




Antibiotic perturbation of the human microbiome can be dysbiotic

Common antibiotic mechanisms

Inhibition of cell wall
synthesis or disruption
of membrane

Riboflavin Vitamin . DNA polymerase

complex
Folater D B
Sulfonamides

Nucleic acid synthesis Replication fork

B-lactams

Quinolones

Aminoglycosides

Disruption of
single-carbon
metabolism

mRNA

Topoisomerase

Inhibition of Disruption of DNA
i [A— Ribosome replication and integrity
Crofts, Gasparrini, Dantas. Nature Reviews Micro (2017)
Concepti i i [
Life event puon Breastfeeding Solid food Reproduction
Birth Ambulation Puberty Loss of mobility
Age (vears) { -0.75 0 1 2 3 4 5 11-16  16-40 70+
L | I N 7 NN
Antibiotic timing { e p e e e e e it

Increased risk of infection by Clostridium difficile

Unknown

Increased risk of type 2 diabetes associated with
repeated use

Health
consequences

May increase risk of childhood obesity

Increased risk of infections, asthma, allergies and type 1 diabetes

Loss of microbial diversity and enrichment for resistance genes in the microbiome

Langdon, Crook, Dantas. Genome Medicine (2016)



Antibiotics are the most prescribed medication for preterm infants

Preterm birth is leading cause of infant death
Preterm infants are highly susceptible to infections

9297

of VLBW infants receive
antibiotics
in the
15t two days of life

Frequency (x1000)
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Gasparrini*, Crofts*, Gibson, Tarr, Warner, Dantas. Gut Microbes, (2016)



Gut microbiomes of preterm infants are dominated by MDROs

We can predict microbiome and resistome responses to antibiotics

Molly Gibson
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85% prediction accuracy
based on 4 variables

Gibson, Wang, Ahmadi, Burnham, Tarr, Warner, Dantas. Nature Microbiology, (2016)



Next steps: Persistent perturbations of preterm infant gut microbiome and resistome?

Antibiatic
(Gentamicin
anzomycin
Ampicilin

[ Chndamycn
Meroperem
Cefepime
Cefotaxime
Mupirozin
Trimethoprim-sulfamethoxazole
Ticarcillin-clavulanate

Freterm (early abx)-

Metagenomic source

s}
' Cefoxitin
> Cefazolin
& Amanicillin
e
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4. Microbiota humatized 0 o

Number of Treatments

2. Functional metagehorﬁﬁ_&isolates sequenced and assembled (E. cloacae, E. faecalis, E. coli, K.
« 22 libraries from 448 sto#REEOWEIIBIOXKITSRA- epidermidis)

* Screened on 16 antibiotics and sequenced
* Resistance gene assembly and annotation in progress

1. Microbiome composition
2. Resistome composition
3. MDRO carriage

4. Validate findings in animal model Drew Gasparrini  Terence Crofts




Transmission networks of microbiomes and resistomes across habitats
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Dissemination of bacteria and antibiotic resistance genes across

interconnected habitats in low-income settings in Latin America

Village in Rural Peri-urban §hanty- e Most microbiome studies from extremes
El Salvador (RES) Town (PST) in Peru of global population: industrialized

nations or remote hunter-gatherers

* Low-income, resource-poor settings
represent 2/3' of global population

* Models for global population growth
(pop. density, living conditions)

* Lower hygiene standards = higher rates of
infectious disease and bacterial exchange

* Frequent misuse of antibiotics

SAMPLES ANALYZED FROM RES and PST:

» 263 fecal samples from 115 individuals

NI F» _‘%’%r from 27 houses

2012 2013 2014 2012 2013 2014 .

R | e 209 environmental samples from animal
= human fecal sample

A =sewage / latrine / environmental sample feces’ SOiIS’ Water' Sewage

Pehrsson*, Tsukayama*, Patel, Mejia, Sosa, Navarette, Calderon, Cabrerra, Hoyos, Bertoli, Berg, Gilman, Dantas. Nature (2016)



PC2(9.1%)

El Salvador and Peru cluster with other human gut microbiota

by lifestyle across industrializing gradient

168: Weighted UniFrac PC1 (30.9%)

Adonis R2=37.6%, P < 0.001

) PST
(peri-urban industrializing)
6] RES
(rural agriculturalist)
@) Malawi *
(rural agriculturalist)
USA*
(urban industnal)
Venezuela *
(rural agriculturalist)

(hunter-gatherer)
Norman, USA **
(urban industrial)

() Tunapuco **
(rural agriculturalist)
Yanomami ***

(hunter—gatherer)

Pehrsson*, Tsukayama*, et al. Nature (2016)



El Salvador and Peru microbiomes and resistomes cluster by habitat

o Adonis R? =22.4%, P < 0.001 & | Adonis R?=41.9%, P < 0.001 ©
2 2
O
@)
PC1 (14.2%) 16S: Weighted UniFrac PC1 (32.5%)

Resistome: Bray-Curtis

- . Latrine Pre-treatment Post-treatment Soil Water
HABITAT: @ Human O Animal © peg”™ @ opaceps)  © sewage ps) @ Res) @ (res)

Pehrsson*, Tsukayama*, et al. Nature (2016)



|Identification of resistome dissemination hotspots may help with surveillance

Metagenome

@ Human (RES) AR gene category

@ Human PST) B Drug efflux

© Animal (RES / PST) @ Drug inactivation

A\ Soil RES) B Resistance modulation
A\ Latrine (RES) | [@ Target bypass
A Sewage pre-treatment (PST) B Target protection
A Sewage post-treatment (PST)

naturc

Chicken coops (El Salvador) and Sewage treatment plant (Peru)
were hotspots for resistome exchange between humans and
the environment

Pehrsson*, Tsukayama*, et al. Nature (2016)



Antibiotic resistance is an ECOLOGICAL problem
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