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Introduction
About 10^31 viruses exist on Earth 

The evolution and origin(s) of viruses are poorly understood 
We need a lot of genomic sequences from variety of viral lineages

CRISPR-Cas is prokaryotic adaptive immune system

Phage

Bacterial or archeal cell

Chromosomal DNA

Phage DNA

The three stages of CRISPR-Cas immunity 
1. Adaptation 
2. Expression 
3. Interference

Cas complex or Cas9

+
2

31nuclease
Cas1 and Cas2

CRISPR

CRISPR serves as a record of infection history

We use CRISPR, prokaryotic adaptive immunological memory!

Using CRISPR spacers, we can infer viral genomes from metagenome!
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Using CRISPR spacers to detect invasive DNA contigs

Collect 
spacers

Pool of spacers

Metagenome sample 1

Metagenome sample 2

Assembly

Assembly
Search 

protospacers

The contigs that contain protospacers are positively invasive genomes

Method Host prediction with CRISPR

Refseq databaseAssembled contigs

Host-virus relationship

CRISPR loci
spacers direct repeats

bbmap.sh slow=t k=8 ambiguous=all secondary=t 
maxsites=1000 sssr=0.8 maxindel=0 minid=1

aligned clustered manner 
(>5 alignment in 100bp windows)

bbmap.sh slow=t k=8 ambiguous=all secondary=t
maxsites=1000 sssr=0.8 maxindel=1 minid=0.93

Loose alignment Strict alignment

11,817 human gut metagenome datasets (50.7 Tb) were analyzed 
180,068,349 assembled contigs (767.7 Gb) 

11,223 unique CRISPR direct repeats 
1,969,721 unique CRISPR spacers 

11,391 unique nearly complete CRISPR targeted sequences 

Including, 257 crAssphages, 11 genomes larger than 200 kb, 766 Microviridae, 
114 Inoviridae and many entirely novel genomes 

Result 1
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Escherichia phageaID21

Alces alces faeces associated microvirus MP12 5423

Lepus americanus faeces associated microvirus SHP1 6472

Microviridae Fen418 41

Gokushovirinae Bog5712 52
Gokushovirinae Fen7875 21

Alces alces faeces associated microvirus MP3 6497

Gokushovirinae Bog1183 53

Microviridae Fen7918 21

Escherichia virus phiX174

Chimpanzee faeces associated microphage 3

Microviridae Fen4707 41

Gokushovirinae Bog8989 22

Parabacteroides phage YZ-2015a

Microviridae Bog9017 22
Microviridae Fen2266 11

Microviridae phi-CA82

Alces alces faeces associated microvirus MP15 5067

Alces alces faeces associated microvirus MP10 5560

Escherichia phage St-1

Alces alces faeces associated microvirus MP11 5517

Microviridae Fen7940 21

Microviridae Bog1249 12

Spiroplasma virus SpV4

Escherichia phage EC6098

Chlamydia phage 2

Microviridae Fen7895 21

Chimpanzee faeces associated microphage 1

Chlamydia phage CPG1

Bdellovibrio phage phiMH2K

Microviridae Fen7786 21

Chlamydia virus Chp1

Marine gokushovirus

Gokushovirinae Fen672 31

Eel River basin pequenovirus

Microviridae Fen685 11

Chimpanzee faeces associated microphage 2

Alces alces faeces associated microvirus MP21 4718

Parabacteroides phage YZ-2015b

Microviridae IME-16

Microviridae Bog5275 51

Lynx canadensis associated microvirus CLP 9413

Escherichia phage G4
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Bacteroidetes

Firmicutes
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Result 2
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Majority of genomes longer than 20 kb are likely tailed phages

The host composition is analogous to microbe composition in human gut  Microviridae species might have encountered cross-phyla host-switching 

Length distribution of CRISPR targeted genomes

Predicted targeting hosts composition

Molecular phylogeny of Microviridae major capsid protein

Result 3

Result 4



Result 5 Gene contents based clustering of CRISPR targeted genomes

Most of large genomes were already in virus or plasmid databases 
In contrast, majority of small genomes were novel



Result 6 Result 7
DGR locus and phylogeny of discovered crAssphage genomes
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KP06_gp56 KP06_gp57

Baboon19.1

64 k

Baboon19.1_30

Baboon19.1:25837-25939 TAATAGTAGTCAGACTGACAATGGGTCTCGGGTTAGTCTTCTTTATCTTAATGCTAATAATGCTGTTAGTAACGCTAAGTCTAATAATGGGTTTACTAAAATG
                       |..|.||.|||..||||.|.||||||||||||||.|||||||||.||||..||||..|..|||||||.|||.||||..||||.||..|||||||.||||..||
Baboon19.1:25486-25588 TGTTGGTGGTCGTACTGTCGATGGGTCTCGGGTTGGTCTTCTTTTTCTTGCTGCTTCTGGTGCTGTTGGTAGCGCTGGGTCTGATGGTGGGTTTGCTAAGGTG

Variable repeatTemplate repeatReverse transcriptase
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crAssphage DGR is orthologous, however recently lost multiple times

50.69%

29.18%

20.13%

Mapped to complete genomes
Mapped to incomplete genomes
The source is unknown

Majority of the source of CRISPR spacers still not investigated

The contribution of discovered genomes to CRISPR spacers


