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Why is microbial diversity so high in soil?

« Current microbes are the product of 3.5 billion years
of evolution, many remaining and adapting to the
soil habitat.

* The soil environment has an almost infinite range of
conditions, complex gradients, multiple resources
and is very protective.

 The pangenome is the rule for microbial “species”
and providing in huge gene diversity within each
“species”.



The Tree of Life: the Microbial World is OLD
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The soil habitat is complex, many niches

Algae 10 um

Soil is a composite of
communities, a complex of
subhabitats.

* microaggregates

* rhizosphere

* mycosphere

« fauna

* pore surfaces

* OM coatings

Its relatively
o stable,
 extensive,
* ancient,

Air—water interface\
<« Diffusion pathway

20 ym - |
Water films 0.02 mm Air filled pore space
(15-21% O,)

« protective
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One example:
E. coli

Size, 5.1Mb
Core, 3,000
Each new genome,
300 genes
16,000 genes explored
(the pan genome)

Konstantinidis et. al

Trans Royal Soc.,
London: B, 2006



Percent of genes conserved

Escherichia is a
broad genus

The phenotypic traits for
E. coli do not distinguish
the environmental Escherichia
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Genes more common 1n environmental vs enteric strains
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What is a species & what is a genus?

In terms of common gene content
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Species > 70%; Genus 20 - 40% common genes

Humans and sea urchins have 707% of their genes in common



Why is microbial diversity so high in soil?

« Current microbes are the product of 3.5 billion years
of evolution, many remaining and adapting to the
soil habitat.

* The soil environment has an almost infinite range of
conditions, complex gradients, multiple resources
and is very protective.

 The pangenome is the rule for microbial “species”
and providing in huge gene diversity within each
“species”.



Growth of Sequencing Output

Kb Sanger technology
Pyrotag 454 Data (RDP pyroseq pipeline, MOTHUR)
Mb 454 Datasets (MEGAN, MG-RAST, CAMERA, IMG)
Time to Analyze? CPU memory
: available?
[Mumina (GAII) Quality of analysis? Consistency of
results?

Filtering? Assembly? What are we
[1lumina HiSeq using/throwing away?




4

Coordinators: - , Paired native prairie and

James Tiedje (MSU), Janet Jansson (LBL) . long.'—termv.agriculture sites:
= Wisconsin (Goose Pond)

Plus many ‘collaborators . . - lowa (Morris Prairie)

at JGI, LBNL,; MSU and thé‘ sites e i 1. £ Kal\lsas (Konza Prairie area)




The US Great (Midwest) Prairie




Reference Great Prairie sampling design

core\
1M @ 1M o

1 cM 10 M

‘ Soil cores: 1 inch diameter 4 inches deep
1M (litter and roots removed)

» Spatial samples: 16S rRNA, nifH

» Reference sample sequenced (small
unmixed sample)

- Y2 titanium plate (0.2 Gb)
- 6 lanes of paired-end lllumina (50 Gb)
- Hi-Seq runs added (150Gb)

* Reference bulk soil: stored for additional
“omics” and metadata

@ ov




Who lives in the Great Prairie’s soil?

% of tags
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lowa — Cultivation

lowa — Native

Kansas —cultivated
Kansas — Native
Wisconsin — Cultivated
Wisconsin — Restored
Wisconsin — Switchgrass

Wisconsin — Native




Do the microbial communities differ
among sites?

® lowa Corn
Iowa Prairie
Kansas Corn
Kansas Prairie

# Wisconsin Corn
Wisconsin Prairie

@ Wisconsin Restored Prairie
J Wisconsin Switchgrass

Non-metric Multi Dimensional Scaling (nMDS) using PCORD v5 software

Bray Curtis distance measure

Final stress for 3-D solution =13.04 Regma Lamende”a’

LBNL




Great Prairie Sequencing Summary

Basepairs of Sequencing (Gbp)
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Total: 1,846 Gbp soil metagenome

- - __ _ _ _ _ _ _ _ _ _ MetaHIT (Qinet. al, 2011), 578 Gbp

| Rumen (Hess et. al, 2011), 268 Gbp

1 Rumen K-mer Filtered

111 Gbp

1 NCBI nr database,

o H37 Gbp[ ]
Iowa, Iowa, Native Kansas, Kansas, @ Wisconsin, Wisconsin, Wisconsin, Wisconsin,

Continuous  Prairie Cultivated Native  Continuous  Native Restored Switchgrass
corn corn Prairie corn Prairie Prairie
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What can we do with lllumina short reads?

- Search for rRNA and ecogenes (will replace tag pyrosequencing)
« Map reads to sequenced genomes
 Target ecofunctional genes

By amplicon targeting (Gene-targeted metagenomics)

* By computational walking to assemble genes of interest
Assemble shotgun reads into contigs and more

* New approaches being developed for the massive data

Each can be used to link to taxonomy
*but is dependent on database, which is deficient for soil
eassumes horizontal gene transfer is minor, but not always the case
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Distribution of detected organisms by their genome recovery
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Best Genome Matches for One Soill

Metagenome sequences map to which sequenced strains?

How much of the genome is present (%), what x’ coverage (%)

How many and where are SNPs and indels

MSRI1
SNP Coverage

Reference  Genome count  Recovery (X)
AE007869  Agrobacterium_tumefaciens_C58 circular chromosome 203 93.79% 4.4
AE007870  Agrobacterium_tumefaciens_C58 linear chromosome 159 92.70% 59
CP000712  Pseudomonas_putida_FI1 141 88.44% 50
CP001635  Variovorax_paradoxus_S110 546 75.41% 7.1
CP001636  Variovorax_paradoxus_S110 plasmid 51 47.17% 5.1
CP002248  Agrobacterium_sp_H13-3 68 84.74% 2.7
CP002249  Agrobacterium_sp_H13-3 77 92.00% 3.9
CP002505  Rahnella_sp_Y9602 120 97.33% 384.0
CP002506  Rahnella_sp_Y9602 plasmid 17 91.81% 327.0
CP002585 Pseudomonas_brassicacearum NFM421 338 94 91% 24 .3




What genes were most commonly affected by

sequence changes?

Annotation (unique organisms affected) Syn. SNP Non-Syn. SNP Indels
Hypothetical protein (61) 29 16 258
Conserved hypothetical (46) 17 11 226
DNA replication initiator dnaA (40) 86 7 6
gyrB (13) 20 4 0
gyrA (9 ) 12 1 4
DNA recruitment ATP binding cassette DNA binding Consgrved
region
Linker
Peeooooocee Eecocllececccccccccccccccce Wecoooleoocccccccccce [}
o o o ° o ® Syn.
-J 4 -0 -é .* “... .~. L = 4 4 ° N-Syn
® indels
0 100 200 300 400 500 600
dnaA E.coli position (aa)




What can we do with lllumina short reads?

- Search for rRNA and ecogenes (will replace tag pyrosequencing)
« Map reads to sequenced genomes
 Target ecofunctional genes

By amplicon targeting (Gene-targeted metagenomics)

* By computational walking to assemble genes of interest
Assemble shotgun reads into contigs and more

* New approaches being developed for the massive data

Each can be used to link to taxonomy
*but is dependant on database, which is deficient for soil
eassumes horizontal gene transfer is minor, but not always the case
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he nifH gene is a key gene in nitrogen fixation

Example: Trichodesmium thiebautii

Forward
—
Start: 112 Amp“con ~ 360 bp End: 471 >
—
Reverse
|‘ """"""""" ~882bp ~TT T T T T T T o T TS |

Zehr et al., 1989. Forward TGYGAYCCNAARGCNGA
Reverse ADNGCCATCATYTCNCC

Poly et al., 2001. Forward TGCGAYCCSAARGCBGACTC

Reverse ATSGCCATCATYTCRCCGGA
http://rdp.cme.msu.edu



Gene-Targeted Metagenomics Pipeline

Seqguence reads,

primers, keys

.

a-Diversity:
Shannon & Chao

Initial Process
(sorting, trimming,
quality filtering)

v

N

Index

B-Diversity:

Frameshift
Correction
(FrameBot)

Reference
Dataset

|

Fungene Match
(closest match in
reference set

Jaccard &
Serensen Index

N

Rarefaction

$

N

Output

HMMER
Aligner

Cross Validate
(targeted and
shotgun
metagenomics)
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Formatters

Clustering
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Phylum Level NifH FunGene Match
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How to find genes from short (lllumina) reads?

Two versions of the same theme: assemble:

1. Target genes of interest (ecofunctional genes) &
assemble, e.g. Xander

 Focus resources early on genes of interest

e Use more of the data

2. Assemble and then search for genes of interest

Xander developers

Jordan Fish Jim Cole



Xander: Gene-Targeted

Metagenome Assembler

N

Combined Graph\

Search

A* best first
K shortest path

1

Start State
Heuristic

10 AA matches to
reference sequences

Y,

-

atgactaaaa
acttcgcaaa
ggctgcgate
gtgcttgatce
tccteecgget
tgcgecaggcee
gatgtggata
ccgatccgeg

\2fgtacgcag

aactgagaca
acaccctgge
cgaaagccga
ttgcecgecaa
tcggaggtat
gggggatcat
tcgtctecta
agaacaaagc
ccaacaatat

Target Gene Sequences

aatcgcattt
tcagctggece
ctccactcge
actcggaagt
tctectgegtg
tacgtcgatc
tgacgtgctg
gcaggaaatc
cgcececgegge

~

tacggcaaag
gtcaatttcg
ctgattctga
gtagaagatc
gaatccggag
aattttctgg
ggcgacgttg
tatatcgtct

attctgaéi:/




Targeting the N-Cycle; a Key Process in Most Ecosystems
Example; nifH of Nitrogenase

A key standards issue:
Claims based on unproven

reference data

Od S5 A90496,, s
0,
750y,

Group V
Pigment biosynthesis

4

o
000

%y,
%

7 €089,
<
%,

7
%,

N7 smeBuoiL

BN
p o Mo-dependent
o 1 nitrogenase (I & II)
.Q:%—/@ S s Group I
sﬂb""oz 2 § v'i(’?
R.capsulatus XY =\ ,3‘% . 33; §E » hé‘ @x,\m
100 \‘_‘..{é%g
- Five phylogenetic groups from
. = concatenated phylogenetic tree
Oieentiirezs g e composed of NifH and NifD homologs
S - found in complete genomes.
R.P*""strl519 ;;::1 - 400
ot
PY = 20 NS
e““eﬂﬁe‘ 5"969 o 2 Oy :
& 911 o & . N %%%Group II
N‘" \6"’6 @s Q?s : £ i %’o
& @9" <, e""x,‘%
’ é’“‘, 5‘\".%33 ':‘)4:. [
o «""’:f $ o
ofo g’ Group III
Group v f Mo-independent
Uncharacterized i nitrogenase
Raymond J et al. Mol Biol Evol 2004;21:541-554 MOLECULAR BIOLOGY
anp EVOLUTION

© Society for Molecular Biology and Evolution 2004; all rights reserved



Group-1 nifH genes found using Xander (single-
path search) in four soil metagenomes

6209574|1|Novosphingobium_nitrogenifigens

2620478|1|Bradyrhizobium_japonicum
170939030|1|Cupriavidus_taiwanensis
91691301|1|Burkholderia_xenovorans
120594213|1|Polaromonas_naphthalenivorans
182633352|1|Beijerinckia_indica

nr 332110764|1|Rubrivivax_benzoatilyticus
T —189186745|1|Methylacidiphilum_infernorum

e 142416|1|Azospirillum-brasilense_Fe
— ‘ 209538336|1|Rhizobium_leguminosarum

/ & 115520469|1|Rhodopseudomonas_palustris
221160756|1|Rhodobacter_sphaeroides

251772925|1|Leptospirillum_ferrodiazotrophum

305390405|1|Paenibacillus_sabinae

1256030|1|Frankia_alni

Total 2,780 .
m—71846668|1|Dechloromonas_aromatica “ Miscanthus #1
Group 1 226717356|1|Azotobacter_vinelandii
288787846|1|Hydrogenobacter_thermophilus « Miscanthus #2

75704170|1|Anabaena_variabilis

‘E 89419978|1|Geobacter_lovleyi Switchgrass #1
[

—L 152029459|1|Anaeromyxobacter_Fw109-5
8504577|1|Pelobacter_propionicus Switchgrass #2




ATGTCCAAACTTCGTCAGATCGCCTTCTATGGCAAGGGCGGTATCGGCAAGTCCACCACCTCGCAGAACACGCTCGCGGCGCTGGCCGAGATGGGGCAGA
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Soil Assembly Obstacles — New solutions

Scalability
Diversity of soil
Non uniform coverage

Availability of computational resources

Lack of reference genomes

New assembly approach
* Memory efficient

* Digital normalization

* Partitioning

 Artifact removal

« Assembly C. Titus Brown, Adina Howe,

s pyoen Asst Prof of Computer Sci, Brown/Tiedje Labs -
)V ENERGY B Rovcarcn tomers MSU MS U CFEAT LAKES BIOENERGY ﬂ




The Basic Idea of the Assembly Solution

Separate disconnected (non-overlapping) sets of
reads into different bins

v

Bin 1 Bin 10 Bin 50

Assembling these bins independently => identical to global assembly

No kmer filtering to discard less common sequences

e
0 ENERGY BYpociiomersy GREAT LAKES BIOENERGY




Summary of New Assembly Method Applied to Corn
Soil Metagenome (1.8 billion reads)

Artifact removal
Combine assemblies

Y

‘ Normalize (Coverage = 10) ’ 1.3 billion reads, 84 hours
‘ Partition (K=32) ’ Disconnected Partitions, 200 hours .
7 The Major Advances
Small Partitions — 1. Memory efficient Bloom filter
(246 million partitions, Large Partition 2. Digital normalization
varying sizes) (1 partition, 380 million reads) 3. Partitioning
4.
5.

‘Artifact removal + Partition (K=32) ’

Y

Small partitions
(18 million partitions)

J 314 million reads, 300 hours

By Titus Brown, Adina Howe
and more of Titus’ group

Y Y

{Assemble (K=1 9—45),} {Assemble (K=1 9-45),} Fssemble (K=1 9—45),}

dereplicate, & merge | |dereplicate, & merge| |dereplicate, & merge

Final Assembly, 25 days, 274 Gb Memory



Problem: more sequence, less assembly

Why?
2 .

- ? Visualizing the tangle

J O

&
B
. B 8 "
i 5 -
5 i |

U C

lllumina sequencing error causes more reads to link



Successful assembly of lowa corn and prairie
metagenomes

For ~$10,000 of sequencing:

454 Titanium [1lumina HiSeq
(300 bp raw reads) (>300 bp contigs assembled)
166 Mbp 2,545 Mbp
179 Mbp 3,522 Mbp

Putting it in perspective: Assembly equivalent of:
e ~1200 bacterial genomes
e Human genome (~3 billion bp)



Largest Soil Metagenomes Assembled To
Date: lowa Corn and Prairie

Assembly | Reads Used rplB genes % of Lump % GC
Length for remaining after
(bp)* Assembly artifact removal
391

lowa Corn 2.5 bill 19%

73% 62%

lowa Prairie 3.5 bill 23% 466 84% 59%

« Putatively identified rp/B genes cover diversity of existing
rpIB references and indicate several novel clades.
* Longest contigs 69,000 and 104,000 bp, respectively

*Contigs > 300 bp



Rhizosphere enrichment

95% confidence intervals

Acidobacteria |5 : < le-15
Proteobacteria ¢ ' I < le-15
Nitrospirae | Q < le-15
OTHER B o I < le-15
Chlorobi | o) < le-15
Actinobacteria g @) I < le-15
Planctomycetes k @) : < le-15
Chloroflexi § o < le-15
Bacteroidetes == | @) < le-15
Verrucomicrobia b 0 < le-15
unassigned B4 @) | < le-15
Cyanobacteria f ol < le-15
Firmicutes B @) 4.57e-5

L | | | ] | | | | | |

0.0 64.9 -10 -5 0 5 10 15 20 25 30

Proportion (%)

All subsystems = yellow Only N metabolism = blue

Difference between proportions (%)

p-value (corrected)



Soil is very diverse, so how much
sequence is needed for “good” assembly

Currently we see < 10x coverage
for deepest contig. That is insufficient

for good short-read assembly! @

Depth estimates, based on linear
extrapolation from k-mer mark/recapture

analysis:

Iowa prairie (136 GB): est 1.26 x
Iowa corn (62 GB): est 0.86 x
Wisconsin corn (190 GB): est 2.17 x

*Need 1-2 TB of sequence to see majority of current critters @ ~5-10x
coverage. Compare with rumen at avg 56x coverage, ~300 GB.

*Need 2-5 TB of sequence to get good read content on top 80%
Q: What is the size of the soil sample? An aggregate vs an area composite



Commonality of individual aggregrate communities
over 500 km distance of US midwest prairie soil

A Phylotypes
100% cluster

D Sequences
in OTUs




Summary

~1-1.5 mil 16S rRNA sequences/ sample

«~20,000 OTUs (97% cluster distance)/ 0.25 g soil

*But, ~ 40% are singletons

3,900 OTUs are common for all samples, contain 74% of sequences
4,700 phylotypes are common and contain 56% of the sequences.
*646,585 total phylotypes and 54,000 OUT’s in 5 soil samples

*There are a huge number of phylotypes and OTUs/ 0.25 g so soil,
but they are very rare and mostly unique to one sample and make up
a very small portion of the total sequences.



Estimated sequencing effort for 1 x coverage,
not considering pangenomes

5> 500, —CO, 200 Gb to cover 80%

< — PR, , the least common

~ PRy, bacterium at 1x

©
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3— Wi
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S 20 Tb for perhaps
=1 50% assembly
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GSC Metadata standards (MIMARKS): Also SRA Prepkit [At RDP}

Google docs

File Edit

=g

View

o~ By $ % 123>

Insert Format

Form Tools Help
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What is Needed?

*Greater resolution of community composition, faster clock gene(s)
More computational tools especially for short reads
*More reference genomes AND improved annotation/reference data

*Ability to sample and analyze at soil community scale

*Delineating the active from the inactive
*Ability to link sequence to function

Much longer reads

A question: how important is it to know in which
microbe (species) a ecofunctional gene resides?



Resources / Effort

Possible Shifts in Emphasis as
the Field of Metagenomics Develops

Single cell

Years
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