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ABSTRACT

The CRISPR (clusters of regularly interspaced
short palindromic repeats)–Cas adaptive immune
system is an important defense system in bacteria,
providing targeted defense against invasions of
foreign nucleic acids. CRISPR–Cas systems
consist of CRISPR loci and cas (CRISPR-associated)
genes: sequence segments of invaders are
incorporated into host genomes at CRISPR loci
to generate specificity, while adjacent cas genes
encode proteins that mediate the defense process.
We pursued an integrated approach to identifying
putative cas genes from genomes and meta-
genomes, combining similarity searches with
genomic neighborhood analysis. Application of our
approach to bacterial genomes and human
microbiome datasets allowed us to significantly
expand the collection of cas genes: the sequence
space of the Cas9 family, the key player in the
recently engineered RNA-guided platforms for
genome editing in eukaryotes, is expanded by at
least two-fold with metagenomic datasets. We
found genes in cas loci encoding other functions,
for example, toxins and antitoxins, confirming the
recently discovered potential of coupling between
adaptive immunity and the dormancy/suicide
systems. We further identified 24 novel Cas
families; one novel family contains 20 proteins, all
identified from the human microbiome datasets,
illustrating the importance of metagenomics
projects in expanding the diversity of cas genes.

INTRODUCTION

Clustered regularly interspaced short palindromic repeats
(CRISPR) associated (Cas) protein systems are RNA-
guided adaptive immunity system that provides bacteria
with sequence-directed defense against invading DNAs or

RNAs (1–7). CRISPR–Cas systems are present in a
majority of archaeal genomes and in many bacterial
genomes (3,8–10). In general, CRISPR spacer-repeat
arrays consist of 24- to 47-bp direct repeats flanking
unique spacers acquired from foreign DNAs that have
invaded the host and been stored in CRISPR arrays as a
consequence. To affect interference, these arrays are
transcribed as precursor RNAs, and subsequently
truncated to short CRISPR RNAs by Cas proteins, and
then used to guide attacks on the matching protospacers
in invading genomes, using other Cas activities (8,9).
CRISPR arrays consist of from several to a few hundred
repeat-spacer units (11).

It is generally understood that there are three stages in
the silencing of foreign nucleic acids by the CRISPR–Cas
systems: adaptation, expression and interference (12). Cas
proteins—proteins encoded by the cas genes located in the
genomic neighborhood of the CRISPR arrays—are found
to play important roles in each of these stages (6). The
adaptation stage is also referred to as the ‘information
processing’ subsystem, and is likely to involve highly
conserved proteins, including Cas1 and Cas2. The later
two stages (expression and interference) are referred to
as the ‘executive’ subsystem, and involve proteins that
are highly variable among different cas loci (12).

The first widely used Cas protein classification system—
based on 200 complete prokaryotic genomes—included 45
Cas protein families divided into eight subtypes (13). Each
subtype is found in the genome that it was named after
(13). A later study by Makarova et al. divided the major
types of Cas protein families into more subtypes, based on
703 archaeal and bacterial genomes, using a phylogenetic
classification (12). Based on the different participating Cas
proteins, CRISPR–Cas immune systems are now divided
into three main types (types I, II and III)—each can be
further classified into subtypes (e.g. Escherichia coli has a
sub-type IE CRISPR system).

Some core proteins are found to be universally present
in all three types (1,14): Cas1 proteins are involved in the
adaptive integrating of foreign nucleic acids into CRISPR
arrays, as studied in Pseudomonas aeruginosa (15); Cas2 is

*To whom correspondence should be addressed. Tel: +1 812 855 8562; Fax: +1 812 856 4764; Email: yye@indiana.edu

2448–2459 Nucleic Acids Research, 2014, Vol. 42, No. 4 Published online 6 December 2013
doi:10.1093/nar/gkt1262

� The Author(s) 2013. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

47 
,
``
''
``
''
).  
,
E.


a metal-dependent endoribonuclease, whose role in the
CRISPR–Cas pathway remains unclear (16). The
subtype I-E executive system is comprised of five Cas
proteins (including Cas1 and Cas2), which have been ex-
perimentally demonstrated to form a nucleoprotein
complex with CRISPR RNA (crRNA) for antiviral
defense in E. coli K12 (14). On the other hand, a
complex composed of Cas RAMP (repeat associated mys-
terious proteins) superfamily modules (Cmr) and crRNA
is able to target invading RNA (17) (subtype III-B) or
DNA (18) (subtype III-A) sequences in the type III
CRISPR–Cas system. The type II CRISPR–Cas system
from Streptococcus pyogenes is the simplest executive
system, with a single gene encoding Cas9 protein and
two RNAs: a mature CRISPR RNA (crRNA) and a par-
tially complementary trans-acting RNA (tracrRNA) (the
tracrRNA family has no obvious conservation of struc-
ture, sequence or localization within type II CRISPR-Cas
loci (19)). The type II system is sufficient for RNA-guided
silencing of foreign DNAs (20,21). Recently this system
has been engineered to achieve guided genome engineering
in human cells (21,22), Saccharomyces cerevisiae (23), and
zebrafish embryos (24), and to achieve selective repression
of gene expression in E. coli (by cleverly using a catalyt-
ically dead Cas9 lacking endonuclease activity) (25).
However, the role of many types of Cas proteins,
including Cas2 (16), in the defense process is still unclear.

Several studies have been conducted to better under-
stand the CRISPR–Cas system in metagenomes collected
from, for example, hot spring microbial mats (16), the
Sorcerer II Global Ocean Sampling expedition (26), and
the Human Microbiome Project (27), but have focused on
the CRISPR arrays—few studies have analyzed Cas
protein families using metagenomic data. In this article,
we utilized the large collection of human microbiome
project (HMP) datasets (28,29) to identify potential cas
genes (and their proteins) in the HMP datasets. Our
approach to identifying cas genes takes advantage of the
existing classification of Cas proteins and the fact that cas
genes are usually found clustered in genomes (the cas loci),
adjacent to CRISPRs. Similarity searches using known
Cas proteins are used to find seed cas regions in
complete or draft bacterial genomes and in metagenome
assemblies (contigs); the seed cas regions are then
expanded to include putative cas genes in their genomic
neighborhoods. We find genes in cas loci which encode
other functions, for example, toxins and antitoxins, con-
firming the recently discovered potential of coupling
adaptive immunity and dormancy/suicide systems in
bacteria. Our study resulted in a large collection of cas
genes (and their proteins) with many new families, and
provided a more comprehensive view of the cas genes
and their distributions in different microbial communities.

MATERIALS AND METHODS

Identification of cas genes from complete/draft genomes
and metagenome assemblies

We obtained Cas protein family Hidden Markov Models
(HMM) from the TIGRFAMs database (version 13.0)

(30) (www.tigr.org/TIGRFAMs), since it is the common
database used for studies of Cas proteins (12,13). We also
included PFAM (31) families that are annotated as Cas
families (downloaded from ftp://ftp.ncbi.nih.gov/pub/
wolf/_suppl/CRISPRclass/crisprPro.html). In total, we
collected 130 known Cas protein families: 99
TIGRFAMs and 31 PFAM Cas families; we used these
known Cas families as the reference for the identification
of Cas proteins based on similarity searches.
Complete and draft genomes, and their gene predic-

tions, were downloaded from the NCBI ftp website (ftp.
ncbi.nlm.nih.gov). We downloaded the whole
metagenome assemblies and gene annotations for the
HMP datasets from the DACC website (http://hmpdacc.
org).
We first identify genes that encode putative Cas proteins

based on similarity searches using known Cas protein
families. We used hmmscan in the hmmer package
(version 3.0) (32) (using the gathering cutoff) to assign
proteins to known TIGRFAM families. These genes are
used as seeds to recruit more putative cas genes that share
only weak similarities with known Cas proteins (with E-
value� 0.001), in the genomic neighborhood of the seed
genes (within a three-gene-distance on either side of any of
the seed genes). We used three genes to define the neigh-
borhood since most of the known cas loci have at least
three genes (12). Recruited genes are used as seed genes for
further recruitment; this recruitment of neighborhood
genes is repeated until no more genes can be recruited.
Thus, the final set of genes includes the seed known cas
genes, nearby known cas genes of low similarity (re-
cruited), and genes without known cas-gene affinities
that fall between cas genes. For the recruited genes that
encode proteins sharing no similarities with known Cas
proteins, we searched their proteins against the entire
TIGRFAM and PFAM databases to annotate their po-
tential functions. PFAM database (version 27.0) was
downloaded from the ftp site (ftp://ftp.sanger.ac.uk/pub/
databases/Pfam/). We considered proteins that could not
be annotated to any of the TIGRFAM and PFAM
families as putative novel Cas proteins.

Type/subtype classification

We assigned types/subtypes to predicted cas loci and
therefore to the novel cas families found in these loci. A
cas locus is assigned to a type (or subtype) if the corres-
ponding signature gene is found in the locus. We used all
three main types (types I, II and III) and 11 subtypes as
defined in (12,13) [see Table 2 in the reference (12)], and
subtype IC-variant from (33). We note that for type II, we
considered all three subtypes II-A (with subtype signature
gene csn2), II-B (with subtype signature gene cas4) and
II-C (which only has cas9, cas1 and cas2 genes) (42)
when assigning subtypes to the cas loci found in
complete genomes; in contrast, we only considered II-A
and II-B for the cas loci found in draft genomes or the
HMP assemblies, as an incomplete cas locus may be in-
correctly assigned to subtype II-C.
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Clustering of novel putative Cas proteins using
Tribe-MCL

We first derived a set of redundant proteins, with 90%
identity, using the CD-HIT program (34). We then per-
formed an all-to-all BLASTP search of our non-redun-
dant novel putative Cas proteins and selected pairs with
BLAST bit scores greater than 60 (35). Subsequently, we
applied Tribe-MCL (36) to cluster the putative novel Cas
proteins into groups based on their sequence similarity.
We used 1.4 as the inflation parameter, and default
values for the other parameters for the clustering—we
tried different inflations parameters, including the ones
suggested by the Tribe-MCL website (http://micans.org/
mcl/man/clmprotocols.html), and the clustering results
were most reasonable (based on manual checking) when
an inflation of 1.4. Cytoscape (37) was used to visualize
the clustering results. We manually checked the genomic
contexts of the cas genes in each cluster.

Phylogenetic tree reconstruction

We utilized MUSCLE (38) for protein alignment, and
MEGA (http://www.megasoftware.net/) to construct
phylogenetic trees, using neighbor-joining and 500 boot-
strap replications for the novel putative Cas families. For
Cas9 proteins, the FastTree program (39) with default
parameters was used to reconstruct the neighbor-joining
tree.

Building profile HMMs for novel putative Cas proteins

We built a profile HMM for each of the 24 families of
novel putative Cas proteins. We excluded short sequences:
those two standard deviations or more away from the
mean of each family’s length distribution. The remaining
sequences of each family were then aligned using
MUSCLE (38) and used as the initial seed sets for
HMM building using hmmbuild from the HMMER
package. We then iteratively refined the HMM of each
family by recruiting sequences from the bacterial
database (40) that scored higher than the worst scoring
seed sequence. For each iteration, a new HMM was
built with the additional sequences added and the worst
seed sequence removed. The iteration was terminated
when no additional sequences were detected. For all 24
families, the HMM refinement procedure was completed
within three iterations. The lowest score of the final seed
set was recorded as the gathering and trusted cutoff, and
the highest score of a sequence that was not in the seed set
was recorded as the noise cutoff.

Estimating Cas gene percentages in different
body habitats

We selected 65 subjects who had cas genes in all stool and
sub-oral habitats. For each sample, the cas gene percent-
age was calculated by the number of annotated cas genes,
including the cas genes annotated by similarity searches
and our newly discovered cas genes, divided by the total
number of all genes collected from each body habitat. To
compare the difference of the cas gene percentage between

the stool and oral habitats, we utilized a two-tail paired
t-test.

Availability of the Cas proteins and their genes

Predicted cas genes and their proteins are available for
download at our website http://omics.informatics.
indiana.edu/mg/CAS. Other information, including the
genomic contexts, phylogenetic trees and profile HMMs
of all 24 novel Cas families are also available at the
website.

RESULTS

Identification of putative cas genes

Our approach starts by collecting genes encoding proteins
that share significant similarities to known Cas proteins,
and then expands the collection by including genes within
three genes of these cas genes that are already in the
known cas collection, even though they may share only
weak similarities with known Cas proteins. In total we
identified 13 182 known cas genes (with significant
similarities or weak similarities, recruited because they
are close to the significant ones) from complete genomes,
18 318 from draft genomes, and 131 117 from the HMP
assemblies (see Supplementary Tables S1 and S2 for a
breakdown of the identified genes for selected Cas
families, including core and type/subtype specific
families). We also classified the cas loci we identified
into different types/subtypes of CRISPR–Cas systems,
based on the presence of type-specific Cas families (see
Table 1 for details). Overall, the type-I CRISPR–Cas
system is more prevalent than the other two types in
human microbiomes, similar to the distribution inferred
from reference genomes.

We collected an additional 5812 genes from identified
cas gene clusters, which do not share similarities with pre-
viously identified Cas families. After removing redundant
sequences (at 90% a.a. sequence identity) 2836 proteins
remain. Among these 2836 proteins, 843 (29.7%) can be
assigned to known TIGRFAM or PFAM families, and the
remaining (1993; 70.3%) are considered to be putative
novel Cas proteins. In the following, we analyzed known
TIGRFAM families that have newly discovered associ-
ations with the CRISPR–Cas immune system, and novel
putative Cas families that we identified by clustering the
putative sequences based on their sequence similarities,
combined with an examination of their genomic contexts.

New Cas9 proteins

We focused on the analysis of Cas9 proteins, considering
the importance of cas9 genes to the recent applications of
the CRISPR–Cas systems to genome engineering and gene
regulation (22,24,25), even though type II CRISPR–Cas
systems are not the prominent form in our collections.
From the initial collection of Cas9 proteins, based on simi-
larity searches, we kept only non-redundant sequences
(using 90% a.a. sequence identify as the cutoff) that
contain the reported catalytic residues: D at position 10
(as in the Cas9 protein from the S. pyogenes), and H at
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position 840. Experiments have shown that when D10 is
mutated to A, the target DNA strand non-complementary
to the crRNA is not cleaved, and when H840 is mutated to
A, the target DNA strand complementary to the crRNA is
not cleaved (41). This resulted in 497 Cas9 proteins.

Among the non-redundant set of 497 Cas9 proteins, 176
(35%) were identified from complete or draft bacterial
genomes, and many more (321; �65%) were identified
from the HMP datasets, showing the important contribu-
tion of metagenomic sequencing in enriching the sequence
diversity of known Cas9 genes, even with thousands of
complete bacterial genomes and several thousand draft
genomes available. Figure 1A shows that Cas9 proteins
belonging to different subtypes of type II CRISPR–Cas
systems (subtypes II-A, II-B and II-C) form separate
branches in the phylogenetic tree (II-B is the rarest
subtype), which is consistent with a previous study (42).
One exception is a subtype II-B Cas9 protein (identified
from Wolinella succinogenes; NC_005090), which is found
to be more similar to subtype II-C Cas9 proteins on the
tree (see Figure 1A).

Figure 1B shows the phylogenetic tree of Cas9 proteins,
colored based on the taxonomic distribution of the se-
quences and the sources of the sequences: metagenomic
Cas9 sequences (in red) are broadly distributed across
the tree. The figure shows that sequences from
Bacteroidetes form a separate branch, but sequences
from Firmicutes and Proteobacteria have various
affinities, indicating frequent horizontal transfers of cas9
genes among different bacterial species—even among dif-
ferent phyla. In the clade highlighted in Figure 1B, a
group of Cas9 proteins identified from Firmicutes
species are more similar to those identified from
Proteobacteria species than compared to other
Firmicutes (see Figure 2 for more details). By contrast,
we do not observe sequences segregating by body site in
the tree, as shown in Supplementary Figure S1.

The expanded collection of cas9 genes has enlarged not
only the sequence diversity of Cas9 proteins (see

Supplementary Figure S2), but also the diversity of
genomic contexts of these genes. We observed co-occur-
rence of cas9 genes (type II signature gene) with types I
and III CRISPR–Cas system signature genes.
For example, a cas9 gene is found in a subtype III-B
cas loci in Haliscomenobacter hydrossis (NC_015510)
(Supplementary Figure S3A). In another example, a cas9
gene is co-located with subtype I-F signature genes in
Actinobacillus ureae (NZ_GL831080) (Supplementary
Figure S3B).

Assorted functions associated with the CRISPR–Cas
immune system

843 putative Cas proteins can be assigned to known
TIGRFAM or PFAM families, but are not currently
annotated as CRISPR-associated protein families. There
are 21 such families, each containing at least 10 proteins
encoded by genes in cas loci. Detailed information for
these families and their phylogenetic trees are available
at our website. Here we focus on a few families.
Among the 21 functions frequently found encoded by

genes in cas gene clusters, three are related with
transposases: 20 proteins are assigned to DDE_Tnp_1
(this family contains transposases for many IS elements,
including IS4, IS421, IS5377, IS427, IS402, IS1355 and
IS5), 14 proteins are assigned to Transposase_mut
(Transposase, Mutator family) and 13 are assigned to
Transposase_20 (Transposase IS116/IS110/IS902 family).
Other transposase families that are found in our collection
of proteins include DDE_Tnp_1_6 (four proteins),
DDE_Tnp_ISL3 (two proteins), DDE_Tnp_2 (three
proteins), DDE_Tnp_1_3 (two proteins), DDE_Tnp_IS1
(two proteins) and DDE_Tnp_1_4 (one protein). It is
likely that most (if not all) of these transposase genes
have been randomly inserted into cas loci, as about half
of the transposase genes are observed on the strand
opposite to the cas genes. But the actual percent of inser-
tions on the opposite strand differs among different

Table 1. Distributions of major types and subtypes of CRISPR-Cas systems in reference genomes and human microbiomes

Type Number
complete
genomes

Number
draft
genomes

Number
HMP
contigsa

Subtype Number
complete
genomes

Number
draft
genomes

Number
HMP
contigs

I 909 2051 10 497 I-A 165 240 849
I-B 209 205 932
I-C 214 418 4139
IC-variantb 59 44 512
I-D 56 30 5
I-E 280 941 2851
I-F 125 221 305

II 209 437 5244 II-A 71 117 524
II-B 12 16 28
II-C 127 -c - c

III 403 307 5207 III-A 249 149 3270
III-B 190 105 576

aContigs with at least two cas genes for this statistics are included.
bSubtype IC-variant is from the reference (33).
cThe subtype II-C in draft genomes or HMP contigs did not quantified, considering that a cas loci may be falsely assigned to this subtype when the
loci (of other types/subtypes) is incomplete due to the fragmented assemblies.
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transposase families: 69% (nine out of 13 genes) for the
Transposase_20 family (e.g. a transposase_20 gene
between 3 043 455 and 3 044 651 of the Shigella sonnei
Ss046 chromosome, NC_007384, is on the strand
opposite to the cas genes), 36% for the
Transposase_mut family and 43% for the DDE
families—perhaps due to some target-site specificity.
19 proteins share significant similarities with the

DUF2276 family (PFAM ID: PF10040; an
uncharacterized conserved protein family with an
average length of 316 a.a.). Out of 19 genes encoding
this protein family 17 were collected from bacterial/draft
genomes and all these genes themselves had no specific
functional annotations. This family shares similarity
with Cas6 proteins based on the comparison of their
HMMs (http://pfam.sanger.ac.uk/family/PF10040). The
proteins we identified share a G-rich motif similar to
that of Cas6 proteins: the G-rich motif is on a loop near
the C-terminus, with a consensus of GhGxxxxxGhG,
where h is hydrophobic and xxxxx should have at least
one lysine or arginine (13,43), confirming the similarity
between DUF2276 and the Cas6 family. Genomic
contexts of the genes encoding for DUF2276 proteins,
however, are different from Cas6: eight genes (out of 19)
encoding DUF2276 proteins were found next to the cas

gene encoding protein VVA1548 (TIGR02620; the gene
symbol is csx16 provided by TIGRFAM database) (but
the other gene neighbor varies); however, Cas6 was found
to be next to Cas VVA1548 only in 34 out of 3958
(�0.86%) genomes (and if a DUF2276 gene is next to
Cas VVA1548, its other neighbor is likely to be Cas
RAMPs).

It has been reported that cas loci often include genes
that encode toxins (44). We found 10 genes that encode
toxins belonging to the Fic/DOC family (PF02661 in
PFAM); the average length of this family is 256 a.a..
Among these 10, four sequences were from the HMP
datasets (Figure 3). All the cas loci containing this gene
from complete or draft genomes have cas3 gene, a feature
of type I CRISPR–Cas systems (12), suggesting that the
CRISPR–Cas systems containing this toxin-encoding gene
belong to type I. Two (ZP_24024090.1 and
YP_006890383.1 from bacterial genomes) of the 10 se-
quences contain the Fic/DOC motif HPFxxGNG,
whereas the other eight sequences contain a slightly dif-
ferent motif (see Figure 3B for a sequence logo). We also
checked the genomic contexts and found that, in
Geobacter sulfurreducens (NC_017454), the Fic-encoding
gene is located next to a gene that encodes an antitoxin
(YP_006890382.1; the hmmsearch shows that it is similar

A B

Figure 1. Phylogeny of Cas9 sequences expanded by the HMP datasets, colored by subtype (A) and taxonomy (B). (A) A circular view of the tree
with sequences (identified from complete genomes) highlighted based on their subtypes: subtype II-A (red), subtype II-B (green) and subtype II-C
(blue); sequences identified from draft genomes or HMP datasets are in gray. This figure shows that Cas9 proteins of different subtypes form separate
branches in the phylogenetic tree, with one exception (Wolinella succinogenes; NC_005090) highlighted by a red triangle in the graph. (B) A circular
view of the Cas9 tree with sequences derived from the HMP datasets highlighted in yellow, and sequences from draft/complete genomes shown in
other colors: Firmicutes in red, Proteobacteria in blue, Bacteroidetes in green and others in gray. We highlighted the Cas9 proteins identified from S.
pyogenes, S. thermophiles and N. meningitides in the tree with arrows. We note that S. thermophiles contains two CRISPR–Cas subtypes: II-A and II-
C, and the corresponding Cas9 proteins are grouped with other Cas9 proteins of the same subtype. The bracket highlights a branch including a
group of Firmicutes that are more similar to Bacteroidetes than other Firmicutes (see details in Figure 2).

2452 Nucleic Acids Research, 2014, Vol. 42, No. 4

9 
,
,
19 proteins identified 
17 
http://pfam.sanger.ac.uk/family/PF10040
,
8 


to TIGRFAM family TIGR02612). This is an example
of cas loci with both toxin and antitoxin, indicating
potential coupling between immunity and dormancy/
suicide defense systems in prokaryotes, and is the
first-reported antitoxin-encoding gene reported in cas
loci (44).

Additionally, we found three other antitoxin families in
CRISPR–Cas loci: PhdYeFM_antitox (eight sequences),
Antitoxin-MazE (eight sequences) and Unstab_antitox
(three sequences). For all three antitoxin families, we
found cas loci containing both antitoxin and toxin
genes, providing further evidence that immunity and
dormancy/suicide defense systems are coupled in
bacteria. For example, the cas locus in the genome of
Nostoc sp. PCC 7107 contains an antitoxin gene belonging
to the PhdYeFM_antitox family (YP_007050591.1
between 3 305 426 and 3 305 662 bp), and a toxin gene
(between 3 305 659 and 3 306 078) encoding a protein
(YP_007050592.1) similar to the PIN family: the
majority of PIN-domain proteins found in prokaryotes

are the toxic components of toxin–antitoxin operons,
providing a control mechanism that helps free-living pro-
karyotes cope with nutritional stress (45). See Figure 4 for
more examples of toxin–antitoxin gene pairs in cas loci. In
most of the cases we found, the antitoxin genes are located
upstream of their cognate toxin genes—such an organiza-
tion appears to promote production of the antitoxins at
higher levels than that of their cognate toxins (46)—and
most of them are located on the same strand as the cas
genes, with exceptions (as shown in Figure 4). We note
that toxin–antitoxin systems were only found in type I
CRISPR–Cas systems in our collection (see
Supplementary Figure S4).
Another interesting function we observed is

23S_rRNA_IVP, a family consisting of bacterial proteins
encoded within an intervening sequence present within
some 23S rRNA genes (47). We found 18 genes in cas
loci that encode proteins belonging to this family. We
observed a conserved motif with a consensus of
GxxRxxxSxxxNxxE, which was also observed in the

Acidovorax ebreus

Bibersteinia trehalosi
Kingella kingae

Neisseria wadsworthii 
Neisseria bacilliformis

Pasteurella multocida 
Actinobacillus succinogenes 

Actinobacillus suis 

Bacillus smithii 

Bacillus smithii 
Bacillus cereus 

Brevibacillus laterosporus 

Clostridium cellulolyticum 

Lactobacillus coryniformis 

Phascolarctobacterium succinatutens 

Alicyclobacillus hesperidum 

Roseburia intestinalis 

Figure 2. A clade of Cas9 sequences with mixed Firmicutes (highlighted in red) and Proteobacteria (blue) sequences. The species names are shown
after the protein IDs. The branches with new Cas9 proteins identified from stool samples are shaded in gray and the branches with new Cas9 proteins
identified from oral samples are shaded in blue. Some branches are collapsed for clarity.
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alignment of Xcc0516 homologs built by Lin et al. (48). By
analyzing the genomic contexts of this gene, we found that
23S_rRNA_IVP genes often co-occur with genes encoding
nucleases such as Cas4 (exonuclease) or/and Cas6
(endoribonucleases). 23S_rRNA_IVP genes are found in
all three types of CRISPR–Cas systems (including I-B, I-
E, II-A and III-B). For example, one gene-encoding
23S_rRNA_IVP (YP_007081119.1 between 2 412 782 and
2 413 162 bp) is found between a gene-encoding Cmr3
(YP_007081118.1 between 2 411 515 and 2 412 696 bp;
cmr3 genes are unique to subtype III-B CRISPR–Cas
systems) and a gene-encoding Cmr2 (YP_007081120.1
between 2 413 168 and 2 416 287) in Pleurocapsa sp. PCC
7327 chromosome (NC_019689).

Novel Cas families

We clustered the remaining 1993 putative Cas proteins
(1266 proteins were predicted from bacterial/draft
genomes and 727 from the HMP datasets) that were not
assigned to known Cas proteins or other TIGRFAM/
PFAM families, using the MCL approach, hoping to
infer putative novel Cas protein families. Overall, we
obtained 31 clusters, each containing at least five
proteins with at most 50% identity (see Figure 5 and
Supplementary Figure S5); smaller clusters (including
844 singletons) were not considered in further analyses.

We further confirmed the associations of the putative
Cas proteins by checking the genomic contexts of their
genes: we found that genes in the same cluster of
putative Cas proteins tend to share similar neighboring
cas genes. We note that weak similarities were observed
between seven putative novel families and known Cas
proteins based on BLASTP searches, using loose criteria
(E-value� 1e – 5 and sequence identity 30%), and by com-
parisons of their profile HMMs; these seven clusters were
excluded from our collection of novel Cas families. As a
further quality control, we searched the remaining 24
clusters against AntiFam (which collects suspicious
ORFs) and CRISPR array repeats, and no matches were
found; we also checked reads coverage for the cas genes
identified from HMP datasets, all indicating a low chance
of misassemblies (see Supplementary Figure S6). We
therefore only consider the remaining 24 clusters as
putative novel Cas protein families.

We assigned the types (and subtypes) to the Cas families
based on genomic context analyses (see Supplementary
Table S3 for details). We named three families Cmr7,
Cmr8 and Cmr9 (as they are found to be in type III-B
CRISPR–Cas systems), and the remaining as cash1–
cash21 (in which ‘h’ is for ‘hmp’). Taxonomic assignments
of our novel Cas proteins by MEGAN4 (49) show a taxo-
nomic distribution that is typical to human microbiomes
(see Supplementary Figure S7), with more genes assigned
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to Actinomycetaceae, Coriobacteriaceae, Prevotella
[found in all nine oral subsites including soft palate and
tonsils (50)] at family level, and Leptotrichia buccalis
[which is commonly found in subgingival plaque
microbiome (51)] at species level. Below we present
detailed analyses of several of these novel families.

Three families of novel cas genes share similar genomic
contexts, and are found to co-occur with type III-B

specific genes (and therefore are likely to be involved in
bacterial defense against RNA molecules), so we named
them Cmr7, Cmr8 and Cmr9 (Cmr families are unique to
type III-B CRISPR–Cas systems). Genes of cmr7 and
cmr8 are only found in oral microbiomes (not in stool
samples) and only one gene of cmr9 family is identified
from a stool sample. The largest novel family, Cmr7, has
69 non-redundant putative Cas proteins of average length
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Figure 4. Examples of the toxin–antitoxin systems found in cas loci. Antitoxin genes are shown as open arrows, and toxin genes as filled arrows.
Genes are orientated such that known cas genes in the same locus are transcribed from left to right (thus, a toxin/antitoxin gene oriented from right
to left is on the opposite strand of the cas genes).

Figure 5. MCL clustering of 1993 putative Cas proteins. Several families are highlighted in the figure, including Cmr7 (the largest family containing
69 proteins), Cmr8 containing 34 and Cmr9 containing 21; Cash2 containing 22 proteins. We only show a few large families in this figure—detailed
families are shown in the Supplementary Figure S5.
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194 a.a.; Cmr8 contains 34 proteins of average length 142
a.a. and Cmr9 contains with 21 proteins of average length
138 a.a. 61 (88%) of the cmr7 genes were collected from
HMP data (mostly the tongue dorsum samples) and the
remaining eight sequences were identified from either
complete or draft genomes, all belonging to the
Actinobacteria phylum. Genes of this family are found
between RAMP (66 cases, among which 12 are
cas_cyan_RAMP genes) and TIGR03986 genes (40
cases; TIGR03986 is described as a ‘CRISPR-associated
protein’ but without further details); a representative
genomic context, SRS047824_WUGC_scaffold_47587, is
shown in Figure 6A. Similarly, most of the genes in Cmr8
(30, 88%) and Cmr9 (20, 95%) are located between
RAMP and TIGR03986 genes, or two RAMP genes (see
an example in Figure 6A). These three families of cas
genes are exclusively found in cas loci (no additional
proteins outside of our collection were identified by
searching their HMMs against bacterial genomes for
Cmr7 and Cmr8; and only two additional proteins were
found for Cmr9). The lack of sequence similarity among
these three families was further confirmed by a compari-
son of their HMMs by HHalign (52). All suggests that
while these three novel families share a similar CRISPR-
associated function, they do not share sequence similarity.
Family Cash2 contains 22 proteins of average length

404 a.a.. In this family, 13 (�59%) of the genes were col-
lected from bacterial/draft genomes. From this family, 21
(95%) of the genes are located next to cas3_core genes:
cas3_core genes encode nucleases that degrade invader
DNA in type I CRISPR–Cas systems. The genes down-
stream of cash2 genes are Cst2_DevRas members, as
in Desulfobacula toluolica (NC_018645), or MJ0381
(TIGR01875; CRISPR-associated auto-regulator DevR
family) as in Porphyromonas gingivalis (NC_010729) (see

Figure 6B). We note that Cst2 family proteins [also
annotated as Cas7 (12)] are found in type I CRISPR–
Cas systems, and their function was originally described
as COG1857 and COG3649 (both are uncharacterized
proteins predicted to be involved in DNA repair) (http://
www.ncbi.nlm.nih.gov/COG) (53). Similarity searches
using the HMM of Cash2 proteins against bacterial
proteins did not recruit any additional proteins, nor any
encoded by genes located outside of cas loci, indicating
that cash2 genes are exclusively found in cas loci. As
cash2 genes tend to be found together with cas genes
from the type I CRISPR–Cas system, cash2 genes are
likely to be involved in the type I CRISPR–Cas systems,
which provide defense against DNA molecules.

Family Cash3 contains 20 proteins of average length
158 a.a., all identified from the HMP datasets: nine
proteins from supragingival plaque microbiomes and
nine proteins from tongue dorsum microbiomes. This
family is likely to be involved in type III CRISPR–Cas
systems, since all cash3 genes are located between
RAMPs genes, and type III signature genes are found in
the neighborhood. Proteins of this family share a
conserved motif that is phenylalanine and tyrosine rich
(Supplementary Figure S8A), and are likely to form
helical structures [as predicted by I-TASSER (54)] and
bind DNA molecules [as predicted by iDBPs server (55)]
(see Supplementary Figure S8B for a model of the
complex structure).

The last example Cash6, is found associated with the
CRISPR–Cas subtype IC-variant, and shares similar
genomic contexts with cas4 genes; for example,
Figure 6C shows the cash6 gene in Propionibacterium
avidum (NZ_JH165054.1), which has a subtype
IC-variant signature gene (GSU0054 or GSU0053) (33)
in the neighborhood (see Figure 6C). We hypothesize
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Figure 6. Representative genomic contexts for selected putative novel cas genes. (A) cmr7 genes, cmr8 genes and cmr9 do not share sequence
similarity, but have similar genomic contexts: 96% of the cmr7 genes are next to a RAMP gene (and 40 also have a flanking TIGR03986); 82%
of the cmr8 genes and 95% of the cmr9 genes are found between RAMP and TIGR03986 genes. (B) About half of the cash2 genes are located
between Cas3_core and Cst2_DevRas, while another half of them have Cas3_core and MJ0381 proteins (non-Cas protein) as neighbors. (C) A cash6
gene that shares similar genomic contexts as cas4 genes.
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that Cash6 is likely to be a non-homologous replacement
of the known Cas4 family: these families share similar
genomic contexts but not detectable sequence similarity.

Oral microbiomes carry more cas genes than stool
samples

The microbial communities collected from healthy volun-
teers are particularly diverse in oral and stool habitats
(28). Previous studies, including one of our own (27),
investigated the CRISPR composition of human micro-
bial communities, especially in the oral habitat, focusing
on CRISPR arrays (56,57). In this study, we examined the
frequency of cas genes in the microbial communities of
each body habitat: not surprisingly, most cas genes were
collected from the two most complex body sites: 27 532
(20.5%) cas genes from stool samples and 100 721 (75%)
from the three sub-oral sites (tongue dorsum, buccal
mucosa, supragingival plaque). Most Cas families are
found in both stool and oral microbiomes, whereas a
few are found exclusively (or dominantly) in a specific
body site (for example, we only identified Cmr7 and
Cmr8 in oral microbiomes, as mentioned above; and
88% of the CasA_cse1 proteins are found in stool
datasets).

We further selected samples from 65 subjects, in all of
whom cas genes were found in all stool and sub-oral
habitats. As shown in Figure 7, the percentage of cas
genes (see Methods section) in stool samples was remark-
ably lower than the percentage in tongue dorsum and
supragingival plaque (P-value< 2.2e – 16, paired t-test).
Additionally, within the oral habitat, the cas gene percent-
age in tongue dorsum samples was significantly greater
than the percentage in supragingival plaque samples
(P-value=8.939e – 6, paired t-test), while the percentage
in buccal mucosa samples was significantly lower than in
supragingival plaque (P-value=1.158e – 15, paired t-test).
This trend of cas gene distributions is consistent with our
analysis of invasive mobile genetic elements: we found that
oral sites carry more invasive MGEs as compared to stool
samples (58). However, there is not a correlation (as
measured by Pearson correlation coefficient) between the
abundances of cas genes in stool samples and in oral sites

within individuals, indicating that the abundance of cas
genes in the oral habitat does not mean a higher abun-
dance of the cas genes in the stool habitat of the same
subject.

DISCUSSION

Using an approach that combines similarity searches and
genomic context analysis, we were able to significantly
expand the collection of known cas genes, and also to iden-
tify putative novel Cas protein families. Metagenomics
projects have resulted in a daunting number of hypothet-
ical proteins, and one of the computational challenges
raised by metagenomics is to annotate these hypothetical
proteins. Here we show that targeted analyses of general
metagenomic datasets can be rewarding, resulting in the
identification of new instances of known Cas families, and
novel Cas proteins that may play various functions in the
bacterial immune systems.
Our analysis of cas9 genes suggests that there are

horizontal transfers of cas9 genes between different
species, even across different phyla. It will be interesting
to test if the transfers involve whole cas loci or individ-
ual cas genes, by comparing the evolutional history of
the different cas genes. Another direction we will take is
to study the diversity of cas9 genes and correlate this
diversity with the invasive DNA elements that they
attack, hoping to identify cas9 genes that have different
preferences for PAMs (Protospacer Adjacent Motifs),
which will enhance cas9’s applications in genome
engineering.
Bacteria have developed various types of defense mech-

anisms to protect against invaders. Emerging evidence
suggests these different mechanisms can be coupled,
including the coupling of immunity and dormancy/
suicide defense systems (44,59), to orchestrate a cell’s
response to attack. Better defining functions associated
with each of these defense units, such as our finding of
numerous toxin and antitoxin genes within CRISPR–Cas
loci, will continue to improve our understanding of bac-
terial immunity.
We have used different approaches to confirm that the

novel Cas families we identified are not similar to known
families. It is still possible that some of our novel Cas
families (especially small families with relatively few se-
quences) will turn out to be remote homologs of known
Cas families as more sequences become available, bridging
the sequence-similarity gap between our families and
known ones, or when new computational tools for more
sensitive similarity detection are available. However,
we think our collection of novel families (even if some
of them are actually sub-families to known ones) is still
a valuable addition to the current collection of Cas
families.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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