MICROBIOME- scaling genomics to communities
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What is the microbiome?

The study of microorganisms, their genomes,
and their surrounding environmental conditions
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Today we are going to
discuss many of these
multi-omics tools
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provide case studies to
help contextualize

AO/ZANYTADN

&\
Genome
mRNA "\/t{_\ 1\
2 T

&
%

Transcrl

<<

Proteome protelns

&
I i

Metabolome metabolites: ..{’5; ’
32804 <> .
o

é-

Function

N

S

1\@@»

A

J



Genomics meets the Microbiome

About Wrighton Microbiome Lab

Overview of microbiome relevant
methods

Session 1: Metagenomics: where have
we been, where are we today.

Session 2: Case study to highlight how
we use these tools to gain new insights
INnto ecosystems
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Hardy Diagnostics-
clinical microbiology

Maters-molecular tools
bioremediation

My Science Trajectory

PhD UC Berkeley- Coates Lab
mechanisms extracellular respiration

Post-doc- UC Berkeley Banfield Lab
Omics to discover new branches of tree of life




Wrighton Lab Started in 2013

2002 MS in Ecology
2005 Phd UC Berkeley- Microbiology
2010 Post-Doc UC Berkeley- Computational Biology
2013 Assistant Professor, Ohio State University
Microbiology
2018 Assistant Professor, CSU
Microbiome Data Sciences, Soil and Crop Science

@kcwrighton
Wrighton@colosate.edu
Wrightonlab.com
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A little about the Wrighton Microbiome Lab Group

Ecosystem agnostic- but with a
consistent focus on microbial
metabolism and metabolic
connectivity that contribute to
ecosystem properties




Genomics meets the Microbiome

About Wrighton Microbiome Lab

Overview of microbiome relevant
methods

Session 1: Metagenomics: where have
we been, where are we today.

Session 2: Case study to highlight how
we use these tools to gain new insights
Into natural systems
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Microbiome in the genomics era .
You need to use the right tool for the job,
but this depends on your question
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The multi-omics tool box
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Workshop with Scott
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Genomics meets the Microbiome

About Wrighton Microbiome Lab

Overview of microbiome relevant
methods

Session 1: Metagenomics: where have
we been, where are we today.

Session 2: Case study to highlight how
we use these tools to gain new insights
Into natural systems




Session 1 Learning objectives

O«

What is microbial dark matter, why does it exist?

What is metagenomics and how has it changed our understanding of
microbial diversity (to uncover dark matter

What is the difference between 16S and metaG when to use each method
What is the value of the unbinned metagenome approach- know example
What is the value of the binned metagenome approach- know example
Since these original papers, where is the field today

O«

O¢ O« O¢ O«



DNA tools in the microbiome field

g Amplicon [ Metagenomics h
16S rRNA Gene-centric Genome-centric
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16S rRNA versus Whole Genome Seguencing



16S rRNA gene is a commonly used biomarker
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16S rRNA gene is a good biomarker
ubiquity, variability, conservation

Series of 9 variable regions (denoted by V)
represented by valleys

Conserved regions are represented by peaks
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From Woese to PCR :16S rRNA sequencing today

High-throughput sequencing of hypervariable fragment of 16S rRNA
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e.g. Kozich et al AEM 2013; Fadrosh et al Microbiome 2014



16S rRNA gene is a good biomarker
seguencing affordable and computationally accessible

QIIME mothur MG-RAST

Quality control

| | Upload sequences and

Quality control
metadata

Align sequences

1

Chimera detection

OTU clustering

1

Quality control
Clean alignment

RNA
Pre-cluster sequences | identification
|| Pick representative
seqguences
Chimera detection Ll RNA clustering

Assign taxonomy

Classify sequences

Assign taxonomy

Remove non
bacterial sequences

— Taxonomy table

Taxonomy table

Generate distance
matrix

OTU clustering

Classify OTU
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Taxonomy table




ARTICLE opEN

doi:10.1038/nature24621

a ® b A communal catalogue reveals Earth’s
R multiscale microbial diversity
® N
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Figure 1 | Environment type and provenance of samples. a, The EMP is described with examples at http://www.earthmicrobiome.org/protocols-
ontology (EMPO) classifies microbial environments (level 3) as free-living ~ and-standards/empo. b, Global scope of sample provenance: samples come
or host-associated (level 1) and saline or non-saline (if free-living) or from 7 continents, 43 countries, 21 biomes (ENVQ), 92 environmental
animal or plant (if host-associated) (level 2). The number out of 23,828 features (ENVO), and 17 environments (EMPO).

samples in the OC-filtered subset in each environment is provided. EMPO
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For many organisms, 16S might not provide
enough resolution for ecological significance

o Hauanaerooium

FROM 16S rRNA-full length only 1 ASV

time points (days) input

e

Abundance

FROM genomes resolvedfrom

metagenomes, 5 strains with >99.9%
identical 16S rRNA gene

140 154 175 204
Days after Hydraulic Fracturing



DNA based microbiome tools
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Metagenome- or community genomics- provides
organisms in context of their environment

4

Metagenomics

Gene-centric Genome-centric

Two methods worth discussing



the microbial world before metagenomics

Microscope Petri dish

“THE GREAT PLATE COUNT ANOMALY”

~100 times > cells than colonies, 99% unculturable




Genomes used to be only from cultured- bias!

DSMZ: Culture bias

(@) Spirochaetes Archaea
1%__ otherBacteria 3%

Tenericutes

0

Four phyla comprise more than 88% of all
isolates maintained at DSMZ.

Rinke et al (Nature, 2012)

Joint Genome Institute: Sequenced genomes

Archaea

A Four phyla comprise more than 87.8% of
all isolates maintained at DSMZ. a1



 Microbial dark matter:.The uncjiltivated majority
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| Mi._crob.i'al dark matte'r:.._The'Unco:yltivatied majority
Because of its ab1-l1ty to reveal the prevmusly
hidden diversity*of.microseopic life, . - * .-
metagenomics ofﬁers'a powerful lens for viewing

the microbial world that -has tevolutionize - -

understandlng of the entlre living.. World
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Name that noun and verb pair

DNA is sequenced into ?

are Assembled into ?

are Binned into ?

Bins are curated into Metagenome Assembled
Genomes (MAGS)




binned

Name that noun and verb pair

~ DNA Is sequenced into Reads

unbinned

L Reads are Assembled into Contigs

Contigs are Binned into Bins

Bins are curated into Metagenome Assembled
Genomes (MAGS)




Database (Genbank Unassigned reads i i Genomic Database
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To bin or not to bin
that is the question
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@ unbinned  Venter paper work flow

~ DNA Is sequenced into Reads

unbinned

L Reads are Assembled into Contigs

Contigs are Annotated to Genes

Reads are Mapped to contigs for Coverage




Unbinned metagenome can uncover new functional
diversity in the world around us

Global ocean sampling expedition (GOS)

RESEARCH ARTICLE
Environmental Genome Shotgun

Sequencing of the Sargasso Sea

Sargasso Sea (from Wikipedia)




We have applied “whole-genome shotgun sequencing” to
microbial populations collected en masse on tangential flow
and impact filters from seawater samples collected from the
Sargasso Sea near Bermuda. A total of 1.045 billion base
pairs of nonredundant sequence was generated, annotated,
and analyzed to elucidate the gene content, diversity, and
relative abundance of the organisms within these
environmental samples. These data are estimated to derive
from at least 1800 genomic species based on sequence
relatedness, including 148 previously unknown bacterial
phylotypes. We have identified over 1.2 million previously
unknown genes represented in these samples, including more
than 782 new rhodopsin-like photoreceptors. Variation in
species present and stoichiometry suggests substantial
oceanic microbial diversity.



New genes recovered- expand gene diversity by

sampling the uncultivated

0

O«

O«

Mind blowing compared to
single gene approaches!!!

A total of 69,901 novel genes
belonging to 15,601 clusters
were identified

782 Proteorhodopsin genes

3 Increase numberordermagnitude
(blue previously know)

3 Increasediversity into uncultivated

lineages (from 4 to 13 gene families)

-———-——= -

3 IBEA-SAR samples

i Cultured species

Proteorhodopsin-like 4

. —— — Proteorhodopsin-like 3
e = Protearhodopsin-like 2

— Proteorhodopsin-like 1

~IBEA SAR Novel Opsins 1-¢
ZHanrhodopsins

—Fungal Opsin

— Bacteriorhopsins

= Sensory Opsins 41



Challenge- assign these genes to organisms or
provide overall organismal context
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@ Binned

DNA Is sequenced into Reads

Banfield lab work flow

Reads are Assembled into Contigs

Contigs are Binned into Bins

binned

Bins are curated into Metagenome Assembled
Genomes (MAGS)




1. Environmental sample

2. Get microbial biomass

3. Extract genomic DNA

/. Reconstruct genomes

SoOn0

6.

siqure 54

Bin

45



Genomics meet biogeochemistry

ifuri . Iron hydroxide waste stream- causes
Fe(ll) Sulfuric acid additional leaching of Cu, Ca,
Ferrous sulfate Drops pH radioactive metals

t 1/

1. 2FeS, + 70, + 2H,0 -> 2FeSO, + 2;1{504 Abiotic reaction

2.2Fe** + 1/2 O, + 2H* -> 2Fe** +H,0 R A
3. Fe’* + 3H,0 -> FG(OH):;,(S-)F Abiotic precipitation

46



MAGs from AMD biofilms

Use 16S FISH and metagenomics to reconstruct
genomes to answer these questions in a new

ecosystem:

O Who is there?

O«

fluid?

O«

O«

FEB 2004

How do they grow in the pH 1.5 heavy metal

How do they change over time?

How do the organisms interact?

nature

Article | Published: 01 February 2004

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

Fig. 1. (A) Photograph
of the biofilm during col-
lection in January 2004.
The biofilm occurs as a
continuous sheet over
the surface of the AMD
pool; wrinkles form be-
cause of movement of
the solution. [Photograph
taken from the AB end
location (fig. S1).] (B)
Close-up photograph dur-
ing sample collection
showing that the bio-
film is thin and appar-
ently homogeneous. (C)
A thicker biofilm in the
same location 5 months
later, which suggests
that the initial biofilm
was actively growing
when sampled. [Photo-
graphs by T. Johnson]

47



Multiple 16S rRNA approaches:

amplicon barcoding (clone libraries are PCR based) and FISH

Eukaryotes 49 Sulfobacillus spp. 1%
Archaea 10%

Leptospirifium
gp M 10%

Leptospirilium
gp I 75%



Binned community genome: Metabolic profiling at
organismal (genome) level
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MAG quality standards 1
Standardizing genome completion and quality

0 High, medium, low

3 Estimated Completionand contamination

0 Inventory Single copy genes- CheckM or other method
0 Pull rRNA from MAG (5, 16, 30S)
0 tRNA profile

Contamination less than 10%

O«



Binned community genome: Metabolic profiling at
organismal (genome) level

0 Showed only one organism
had capacity for nitrogen
fixation, thus supplied nitrogen

. enome-Directed Isolation of the Key Nitrogen Fixer Leptospirillum
to rest of communit G d Isol f the Key Nitrog ptospirill
ferrodiazotrophum sp. nov. from an Acidophilic
Microbial Community

Analysis of assembled random shotgun sequence data from a low-diversity, subsurface acid mine drainage
(AMD) biofilm revealed a single nif operon. This was found on a genome fragment belonging to a member of
Leptospirillum group 111, a lineage in the Nifrospirae phylum with no cultivated representatives. Based on the
prediction that this organism is solely responsible for nitrogen fixation in the community, we pursued a
selective isolation strategy to obtain the organism in pure culture. An AMD biofilm sample naturally abundant
in Leptospirillum group III cells was homogenized, filtered, and serially diluted into a nitrogen-free liquid
medium. The resulting culture in the terminal dilution grew autotrophically to a maximum cell density of ~10°
cells/ml, oxidizing ferrous iron as the sole energy source. 16S rRNA-internal transcribed spacer region clone
library analysis confirmed that the isolate is a member of Leptospirillum group III and that the culture is
axenic. We propose the name Leptospirillum ferrodiazotrophum sp. nov. for this iron-oxidizing, free-living
diazotroph. This study highlights how environmental sequence data can provide insights for culturing previ-
ously uncultured microorganisms.

51



Challenges of binned approach: then and now

0

O«

O«

O«

Computationally intensive- most assemblers require high memory

AMD is a 5 member community, much more tractable for binning, could it
scale to more complex communities?

Workflows today are fairly well established, but at the time were using or
modifying single genome tools

How much sequencing is enough? How much of your reads go into your
assembly? How much of your assembly goes into your bins? How well do
your bins recruit your meta-T



Partially complete genomes are challenging
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Partially complete genomes are challenging

tes.com
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1 complete duck contains: bin contains:

2 legs 4 legs contaminated

2 wings 0 wings Incomplete

tail tail But likely a duck

beak beak



Metagenome assembled genomes (MAGSs) standards

nature
biotechnology

Perspective | Open Access | Published: 01 August 2017
Minimum information about a single
amplified genome (MISAG) and a
metagenome-assembled genome
(MIMAG,) of bacteria and archaea

We present two standards developed by the Genomic Standards
Consortium (GSC) for reporting bacterial and archaeal genome
sequences. Both are extensions of the Minimum Information about Any
(x) Sequence (MIxS). The standards are the Minimum Information about
a Single Amplified Genome (MISAG) and the Minimum Information
about a Metagenome-Assembled Genome (MIMAG), including, but not
limited to, assembly quality, and estimates of genome completeness
and contamination. These standards can be used in combination with
other GSC checklists, including the Minimum Information about a
Genome Sequence (MIGS), Minimum Information about a Metagenomic
Sequence (MIMS), and Minimum Information about a Marker Gene
Sequence (MIMARKS). Community-wide adoption of MISAG and
MIMAG will facilitate more robust comparative genomic analyses of

bacterial and archaeal diversity.



Greatest hit Microbial Community Genomics

Banfield
and Metaproteome
Venter ANMD
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REPORT

Community Proteomics of a Natural Microbial Biofilm

Rachna J. Ram', Nathan C. VerBerkmoes®*, Michael P. Thelen'®, Gene W. Tyson’, Brett J. Baker?, Robert C. Blake II7, Manes...
+ See all authors and affiliations
Science 24 Jun 2005:

Vol. 308, Issue 5730, pp. 1915-1920
DOI: 10.1126/science. 1109070



Greatest hit Microbial Community Genomics

Jeff Gordon Gut
Metagenomge HMP genome

Banfield [ db
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Greatest hit Microbial Community Genomics

Jeff Gordon Gut
Metagenomge HMP genome

Banfield db

‘ Rise of CPR
and Metaproteome 'righton, Brown, Hug
Venter ANMD
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A new view of the tree of life

Laura A. Hug', Brett J. Baker?, Karthik Anantharaman’, Christopher T. Brown?, Alexander J. Probst’,
Cindy J. Castelle’, Cristina N. Butterfield’, Alex W. Hernsdorf?, Yuki Amano?, Kotaro Ise?,
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IDBA-UD: a de novo assembler for single-cell and metagenomic sequencing data with highly
uneven depth.

Peng.Y', Leung HC, Yiu SM, Chin FY. 2012

SPAdes: A New Genome Assembly Algorithm
and Its Applications to Single-Cell Sequencing naturemethods |
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Microbial community transcriptional networks are
conserved in three domains at ocean basin scales

Frank O. Aylward?, John M. Eppley?, Jason M. Smith®, Francisco P. Chavez®, Christopher A. Scholin®,
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Some guestions- choose a method- many work
16S rRNA, unbinned, binned

0

O«

O«

O«

If you wanted to address the who is there and relative changes in diversity
across thousands of samples?

If you wanted to rapidly profile the nitrogen fixing capacity in a community,
and account for the recovery of novel genes (hint may not be picked up by
primers)

If you wanted to profile metabolic interdependencies between different
organisms

If you wanted to profile the archaeal and bacterial dsDNA viruses in your
community



Terminology review: Word choice matters

0

O«

O«

O«

Microbiota [NOT MICROFLORA]: assemblage of organisms
present in a defined environment

16S rRNA gene analyses [NOT METAGENOMICS]: Survey
of 16S rRNA genes present in an environment

Metagenome: collection of genomes and genes from the
microbiota

Microbiome: entire habitat, including microbes (bacteria,
archaea, euks, viruses), their genomes, and surrounding
environment can include metabolome or chemistry data too.

From Microbiome Journal 68



Session 1 Learning object

O«

What is microbial dark matter, why does it exist?

What is metagenomics and how has it changed our understanding of
microbial diversity (to uncover dark matter

What is the difference between 16S and metaG when to use each method
What is the value of the unbinned metagenome approach- know example
What is the value of the binned metagenome approach- know example

Since these original papers, where is the field today

[Fun discussion- where are we going? Areas for improvement? Challenges? ]

O«

O¢ O« O¢ O¢ O«



