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The global virome

107 viruses per ml in sea water

Viruses outnumber hosts by ~10-fold
In sea water

« 1037 viral particles on Earth

* Numerically most successful
biological entities

Data from Lita Proctor, Forrest Rohwer, Curtis Suttle
and others

Proctor, 1997



The Human Virome

Persistent/latent
infections

Virus g
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EBV 100%

VzVv 95%

Herpes

simplex 80%

HSV1 68%

Papilloma 60%

CMV 59%

HSV2 22%

HIV 1%

HCV 1%
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Endogenous retroviruses
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Virome analysis by deep sequencing

Find new pathogens

Watch viral evolution

Characterize viral DNA integration into genomes
Characterize complex uncultured communties

Solexa/lllumina HiSeq

Rohwer, Suttle, Lipkin, Hahn, Weinstock, Storch, Wang, Virgin, Gordon, Reyes, Proctor, Bushman many others



What is the composition of the human gut
microbiome, and how does it change over time?

Support: HMP demonstration project “Diet, Genetic Factors, and the Gut
Microbiome in Crohn’s Disease”. Pls Wu, Lewis and Bushman

S. Minot, R. Sinha, J. Chen, H. Li, S. A. Keilbaugh, G. Wu, J. Lewis, and F. D. Bushman. (2011) Dynamic
response of the human virome to dietary intervention. Genome Res., 21(10):1616-25.

S. Minot, S. Grunberg, G. Wu, J. Lewis, and F. D. Bushman. (2012) Hypervariable loci in the human gut
virome. Proc. Natl. Acad. Sci. USA 109(10):3962-6.

S. Minot J. Lewis, G. Wu and F. D. Bushman. Conservation of gene cassettes among diverse viruses of
the human gut. PLoS One, epub 2012.

S. Minot, A. Bryson, C. Chehoud, G. D. Wu, J. D. Lewis and F. D. Bushman. Rapid evolution of the human
gut virome. Proc. Natl. Acad. Sci. USA (in press).
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Methods for virus
purification from stool = Homoseniz >

v i 7
Spin down solid waste ol
v ‘\

Filter at 0.2um to remove cells

¢ |
Sample . . . .
m—— |sopycnic centrifugation (CsCl) to isolate 1.35-1.7g/mL
1.15gml™

N\

Chloroform to rupture membranes

J
Degrade unprotected DNA (DNase)

N

Digest proteins to remove capsid

J
Column purify DNA (DNeasy)

Adapted from Thurber, et al. Nat.
Protocols (2009)




Solexa/lllumina HiSeq data
12 subjects, ~40 BILLION bases
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De Novo analysis of gene types discloses cassettes

Only 25% of phage ORFs have
matches to database ORFs
(permissive threshold)

Compare genes for similarity within
the data set without reference to
previous annotation. 58% have at
least one match (30% identity)

Check conservation of gene order
and orientation

Reveals 28 types of cassettes
containing from 2-8 protein coding
families.

Mean proportion of contigs covered
by cassettes is 27%

A
Subject = Phage portal

2 @ Terminase 1

1 T

6

1

6

1

| | | | |

0 10kb 20kb 30kb 40kb
B

Subject

&)

m Family 591

@ S14 CIpP 1

O Family 5218
O Family 4599
®m Phage Mu F
@ Family 1913
O Phage Mu F
O Family 9942

NN&E D= ON W = O

I I I [
0 10kb 20kb 30kb

Minot et al., PLoS ONE, 2012



Gene content in bacterial versus
viral communities

Translation, ribosomal structure and biogenesis g—= i
. ) Transgcription=_. O BaCterla
Signal transduction mechanisms &=—" m Viruses

Secondary metabolites biosynthesis, transport and catabolismp-
RNA processing and modification|
. Replication, recombination and repair e e
Posttranslational modification, protein turnover, chaperones =e—
Nucleotide transport and metabolism =
o Lipid transport and metabolismgF=—-
Intracellular trafficking, secretion, and vesicular transportF—-
Inorganic ion transport and metabolism g—=
Function unknown eete———-————
Energy production and conversion g=—-
Defense mechanisms ="
Cytoskeleton|
Coenzyme transport and metabolismE——-
Chromatin structure and dynamics|
Cell wall/membrane/envelope biogenesis ="
. Cell motility i
Cell cycle control, cell division, chromosome partitioning &>
Carbohydrate transport and metabolism g B
Amino acid transport and metabolism E——=—2
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Viruses are parasites

Sam Minot et al., Genome Res. 2011



How does the human gut virome
change over time?

« Examine change over 2.5 years by dense time-series analysis of a single
individual

» Purified DNA viruses

« 57 billion base pairs of sequence (lllumina HiSeq), assemble with deBruijn
Graph method

« Also HiSeq shotgun data on total stool DNA

» 478 virome contigs, average of 82-fold sequence coverage

Sample Day ¢ <6Lmhs) 180 181 182 183 184 M851 852 853 854 855 MMMy g79 g30 831 832 883
# Replicates 2 11 2 1 2 2 2 1 1 2 2 2 1 1

< >

2 years 5 months

Minot et al., PNAS 2013



Fold coverage

Viral community membership and persistence
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Sixty circular assemblies, suggestive of completed sequences
Most lineages persist over 2.5 years

Rarefaction suggests saturation (by this method)
Minot et al., PNAS 2013



Deeper analysis combining lllumina
and PacBio reads

Acquired 138 Mb of single molecule sequencing data.
Only 30% overlap between lllumina and PacBio data sets.

PacBio contig links two lllumina contigs  lllumina contig links several PacBio contigs
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69 length=156990 circular=FALSE group=69
22222

55555555555

Improved coverage and assembly combining lllumina and PacBio reads



Accumulation of base substitutions:
Rapid evolution of Microviridae in the human gut
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« Some Microviridae species separated by as little as 3.1% substitution
« Evolution of novel bacteriophage species over the 2.5 years studied?

Minot et al., PNAS 2013



Longitudinal changes associated with CRISPRs

Six viral contigs targeted by bacterial CRISPRs
As many as 27 repeats targeting a single viral contig
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Change associated with possible escape mutation
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Hypervariable loci in gut bacteriophages
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~100 bp regions where nearly every read is different from every otherread  jinot ot
Associated with an abundant class of reverse transcriptases al., 2012



Activity of Diversity Generating Retroelements

Contig with Significant change ORF mutagenized

DGR over 2.5 years? Length domain
d23-6_1160627 No 381 Clec (MTD)
38 No 381 Clec (MTD)
42 Yes 351 Clec
d03- 1820004 No 603 Clec (MTD)
166 No 592 lg-superfamily
90 No 365 Clec (MTD)

Compare within time point diversity to between time point diversity.

Compare distances between communities over short time points and long time points, look for
significantly greater distances over longer time points.

Only one DGR clearly active.

What about others? Activity down-regulated?



Why do humans harbor such huge viral
populations?

Why are humans so different from each other?
Bacterial hosts of bacteriophages differ among
individuals.

At least some of the phage are changing really fast
(steady substitution, DGRs, CRISPR, etc).



Gaps, needs and challenges

1) We need better methods for connecting molecular data on
microbes in patients with disease causality.

2) We need much more information on predators (phage) in the gut
microbiome, starting with basic information on predator-prey ratios
and predation rates.

3) The gut virome shows extensive epigenetic features in the form
of DNA modification. These are mostly uninvestigated in
metagenomic data.
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