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S1 Additional methods

S1.1 Cas subtype annotation from Haft et al. 2005.

To annotate the early Cas subtypes from Haft et al. [1], we followed the procedure given in Kunin et
al. [2]. More specifically, we downloaded the single cas gene models created by Haft et al. from the
TIGRFAM database. Using the HMMER program with the TIGRFAM models (same as for the single
cas gene annotation), we searched the 20 kb of nucleotides up- and downstream of the array locus and
annotated a cas gene if it was found with an E-value ≤ 0.001. We used a strict annotation of Cas
subtypes, whereby all cas genes of a subtype were required.

S1.2 Webserver input: adding new repeat sequences to the existing CRISPR clustering

The user of our CRISPRmap webserver can enter any CRISPR sequences and they will be assigned to
our sequence families and structure motifs, if possible, and integrated into the hierarchical CRISPRmap
tree. Thus, information on conservation is available for not only sequences in our dataset, but also novel,
yet unsequenced, CRISPRs. In the following, we describe the procedure for one input sequence, many
sequences are done simultaneously in the same way:

1. Is the repeat sequence in our database? If the given repeat sequence is in our database, in either
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orientation, we highlight this sequence (or one if many copies exist) in our CRISPRmap cluster tree,
and automatically assign it to the corresponding structure motif and/or sequence family and stop
here.

2. What is the correct orientation? If the user is not sure about the correct repeat orientation, i.e.
the checkbox for repeat orientation has been activated, we first predict the orientation with our
model described in the methods section of the main manuscript. The orientation should then be
consistent with our data.

3. Is it structured or unstructured? The RNA structure prediction algorithm, RNAfold [3] is used to
determine whether the repeat sequence is structured or unstructured. If the minimum free energy
structure is the unstructured sequence, i.e. contains no base-pairs, it remains unassigned to a
structure motif and we continue with Step 5.

4. Does it belong to a structure motif? Albeit a structure being predicted, the repeat does not
necessarily belong to a conserved structure motif. We add the repeat sequence to all repeats
assigned to one of our structure motifs and re-run RNAclust [4] with a modified UPGMA algorithm
(see following section “Constrained Clustering”). In short, the modification allows the generation
of the cluster tree by keeping the motifs intact, i.e. non-overlapping. If a repeat falls into or next
to one of the existing structure motifs, we assign it to the motif by the following: (1) The repeat is
folded by RNAfold [3] with the option -p to calculate a structure dotplot. (2) This dotplot is aligned
with the consensus dotplot of the structure motif using LocARNA. (3) The repeat is assigned to be
a member of the motif if it is able to fold into the consensus structure of that respective motif with
at most one base-pair missing. We ensure that the new consensus structure contains at least four
base-pairs and is at the same position as previously. A comparison of the new and old consensus
structures and alignments is given on the web server results page.

5. Does it belong to one of our conserved sequence families? We assign the repeat to a conserved
sequence family by comparing it to the previously calculated ClustalW sequence profiles [5], see
Methods section “Clustering of repeat sequences into conserved sequence families”. Let sim(F, r)
be the profile score of a repeat r compared with the profile of the family F , where r 6∈ F . For each
family, the minimum Fmin and maximum Fmax profile similarity was determined by removing each
sequence from the family, re-calculating the profile for the remaining sequences, and determining the
similarity score of the respective repeat to the profile. A repeat r was then assigned to a sequence
family F if (1) sim(F, r) is greater or equal to Fmin and (2) the distance between sim(F, r) and
Fmax is the minimum for all families.

6. Where is it located in the CRISPRmap cluster tree? With a final run of RNAclust on all repeat
sequences, we get the updated CRISPRmap cluster tree and we highlight the input sequence location
in this tree. Any additional annotations (outer rings), such as Cas subtype, are not displayed for
novel repeat sequences.

S1.3 Constrained Clustering

We consider the general problem to cluster a set of taxa hierarchically based on their distances. Addi-
tionally, we constrain the clustering such that certain, e.g. a priori known, clusters are prevented from
mixing with each other.

Given is a set of taxa, indexed from 1 to n, together with all pairwise distances between the taxa;
furthermore, a set X of disjoint clusters of these taxa, i.e. X is contained in the powerset of {1, . . . , n}
and all non-identical clusters c and d in X do not intersect. Commonly, X covers only a subset of all taxa;
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therefore, we distinguish constrained taxa (that are contained in some element of X ) and the remaining
unconstrained taxa.

We aim to construct a cluster tree of the taxa, i.e. a rooted binary tree T with n leaves corresponding
to the n taxa. First, this tree should reflect the given distances. Second it has to support the clustering
given by X such that clusters in X are grouped together but unconstrained taxa can be interspersed
freely. For this purpose, we require that no subtree of T contains leaves from two different clusters in X
unless both clusters are completely contained in the subtree. We call this condition X -cluster constraint.
(Formally: for each subtree with leaves L and each pair of non-identical clusters c and d in X , c ∩ L ⊂ c
implies d ∩ L = ∅.)

Our novel constrained clustering algorithm is based on the unweighted pair group method UPGMA.
The original algorithm UPGMA starts from n singleton clusters corresponding to the n taxa. Until all
clusters are combined, it iteratively merges the two nearest clusters. For the latter, the cluster distances
are initially derived from the input distances and distances to new clusters are computed after each merge
of clusters. The sequence of merges determines the cluster tree. The novel algorithm modifies UPGMA,
such that, in each iteration, it merges the nearest pair of clusters that can be merged without violating
the X -cluster constraint. To check this condition efficiently, we keep track for each cluster whether it
contains some elements of a cluster in X and whether it includes such a cluster completely. Merging two
clusters does violate the constraint if and only if each cluster overlaps some cluster in X but does not
cover it completely.

S1.4 Horizontal gene transfer between bacteria and archaea

Although archaeal CRISPRs are generally well-separated from bacterial ones in general, we observed a few
instances where an archaeal CRISPR is located within a bacterial-dominated region and vice versa. To
investigate whether these mixed regions could arise from potential horizontal transfer, we applied BLAST
to search for homologous Cas1 (or Cas2) protein sequences (Cas1 and Cas2 are the most ubiquitous Cas
proteins and exist in both bacteria and archaea). We identified 24 archaeal and 8 bacterial repeats that
were assigned to sequence families or structure motifs dominated by the opposite domain. For 75% (18
out of 24) of the archaeal repeats, we identified Cas1 or Cas2 homologs in bacteria in the top five BLAST
hits (E-value ≤ 2× 10−10); the same was true for only one of the four bacterial repeats.

S2 Supplementary tables

S2.1 Number of Cas subtype annotations

We annotated each CRISPR in our dataset according to the closest Cas subtypes as described in the
methods of the manuscript. The two major Cas subtype annotation systems were considered [1, 6]; the
number of CRISPRs we annotated with each subtype is given in Table S1.

S2.2 Summary tables of sequence families and structure motifs

Supplementary Tables S2–S19 summarise the sequence families and structure motifs, sorted according
to the superclass they belong to. The numbering of the families is according to the number of repeats
belonging to that family. The annotations in each column is done manually with respect to the majority of
repeats in that family (see other supplementary file for the full list). For the Cas subtype, an annotation is
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Subtype Archaea Bacteria Total
10 subtypes from Makarova et al. 2011 [6]

I-A 134 203 337
I-B 89 293 382
I-C 14 322 336
I-D 49 38 87
I-E 8 447 455
I-F 1 155 156
II-A 0 50 50
II-B 9 95 104
III-A 148 223 371
III-B 108 149 257
% CRISPR 87 % 68 % 72 %

8 subtypes from Haft et al. 2005 [1]
Apern 65 0 65
Dvulg 1 184 185
Ecoli 8 369 377
Hmari 15 36 51
Mtube 8 9 17
Nmeni 0 27 27
Tneap 89 254 343
Ypest 0 120 120
% CRISPR 29 % 35 % 34 %

Table S1: The number of identified Cas subtype annotations for our REPEATS dataset. There were
double as many annotations using the more recent classification from Makarova et al., however, we
did not require that all cas genes from the respective subtype to be present; whereas the annotations
performed for Haft et al. were more strict, since we used full subtype models (see methods). In general,
Dvulg, Ecoli, Hmari, Mtube, Nmeni, and Ypest correspond to I-C, I-E, I-B, III-A, both type II, and I-F,
respectively. Structured repeats with very stable and conserved hairpin motifs, mainly found in bacteria,
are written in bold. Note that the 9 subtype II-B CRISPRs in archaea are likely to be incorrect as we
did not identify an RNase III in these organisms. Automated annotation of subtype II-B was especially
difficult as it contains no subtype-specific Cas protein.

only given if this is more or less clear. If there is a complete mix of subtypes, no information is given. The
Cas subtypes are summarised according to the cas genes that are found in the majority of chromosomes
which contain the CRISPRs of each family or motif. More details of the majority cas genes is given on
the web server. Archaeal families and motifs are highlighted in blue. If the CRISPRmap webserver is
updated in future, then these tables supply a record for sequence families and structure motifs that are
referred to in this work. The secondary structures of the motifs and sequence logos of the families are
also provides in the tables.
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Table S2: Summary for the bacterial sequence families in Superclass A.

# Sequence Logo Size Motifs Taxonomy Subtypes
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Table S3: Structure motif summary for bacterial motifs in Superclass A.

# Structure Motif Size Families Taxonomy Subtypes
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Table S4: Summary for the archaeal sequence families in Superclass A.

# Sequence Logo Size Motifs Taxonomy Subtypes
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Table S5: Structure motif summary for archaeal motifs in Superclass A.

# Structure Motif Size Families Taxonomy Subtypes
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Table S6: Sequence family summary for Superclass B.

# Sequence Logo Size Motifs Taxonomy Subtypes
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Table S7: Structure motif summary Superclass B.

# Structure Motif Size Families Taxonomy Subtypes
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Table S8: Sequence family summary for Superclass C.

# Sequence Logo Size Motifs Taxonomy Subtypes
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Table S9: Structure motif summary for Superclass C.

# Structure Motif Size Families Taxonomy Subtypes
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Table S10: Sequence family summary for Superclass D.

# Sequence Logo Size Motifs Taxonomy Subtypes
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Table S11: Summary for structure motifs in Superclass D with sequence conservation.

# Structure Motif Size Families Taxonomy Subtypes
M3

G U C

G

C

A

C

C

C

C

A
C

G

C

G

G

G

U

G

C

G U G G A U U G A A A C

1

10

20

30 32

195 F3 mixed bacteria I-C

M9

G U U G C

A

C

C

C

G

C

C

C

U
A C

A

G

G

G

C

G

G

G

U

G A G G A U U G A A A C

1

10

20

30 37

52 F3
F32
F37

mixed bacteria I-C
I-A
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Table S12: Summary for structure motifs in Superclass D without sequence conservation.

# Structure Motif Size Families Taxonomy Subtypes
M19

G U U U C

C

C

G

C

C

C

C

G
A A

A

G

G

G

G

C

G

G

G C C C C A U U G A A G C

1

10

20

30 36

28 unassigned mixed bacteria I-A
II-B
III-B

M25

G U U U C A A U C

C

C

C

U
U A

A

G

G

G

G A A G A A U C U U U U G C A A C

1

10

20
30 36

19 unassigned mixed bacteria III-A
III-B

M30

G U U U C A

A

U

C

C
C

C

U
U G

C

G

A
G

G

A

U

U C A U U A A U U A G A A A C

1

10
20

30 37

13 unassigned Cyanobacteria
Chloroflexi

I-E
II-B

M33

A A C

U

U

U

A

G

U
U

G

U

U

A

G

G

G G C U C U U A U G C A

1

10

20 28

10 unassigned mixed bacteria II-B
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Table S13: Sequence family summary for Superclass E.

# Sequence Logo Size Motifs Taxonomy Subtypes
F39

WebLogo 3.3

0.0

1.0

2.0

b
it
s

T AGCTAG
5

T

G

C
A
C

T
A
C
A
T
T
A
T
A

10

ATCAA

C
A
T
C
T

15

A
TGATG

20

T

C
T

CG
G

A
T
A
T

25

AA

GGCG
30

TTGATG
35

CAC T T

13 M5 mixed bacteria I-A
I-B
II-B

F31

WebLogo 3.3

0.0

1.0

2.0

b
it
s

GTCTG
5

CAA C AG
10

A
G
A

C
G
T

G

C

A
G
A
T
G

A
T

15

C
A
G
T
A
T

A
G
A

CC
20

T

C
T

C
C

G
G

C
T
C

T
A

25

AAGAGGG
30

ATTGA
C

35

A
GAC

19 M5 Deinococcus-
Thermus

III-A

F12

WebLogo 3.3

0.0

1.0

2.0

b
it
s

A

G
G

TCC
G

5

TCAAGA
10

CCC
C

AA
15

A T C AC
20

C
T

CCGA
25

GAGGG
30

GACGG
35

AAAC

45 M5 Actinobacteria II-B
III-A

F23

WebLogo 3.3

0.0

1.0

2.0

b
it
s

A AGTT
5

C

A

T

G

T
A

C
T
AACT

10

C

A
T
T
C
A
G

T

C

A
A

T
C
T

C
A

15

C
T
A
G

T
AAAAT

20

CC
T

CTA
25

TGTCAGG
30

GATTG
35

AAAGC

24 M12 Cyanobacteria I-D
II-B

F20

WebLogo 3.3

0.0

1.0

2.0

b
it
s

A CGCTACT
5

G

A
T
C
A
GAGACAT

10

G

T

C

A

A

C

G

T

A
C
G

A

C
T
T

C
A

15

T
G
ATCCA

20

G

C

A
T
C

A

TAGCAA
25

ATCAAG
30

GATTGA

G
35

C
A
G
AAC

28 M13
un-
structured

Euryarchaeota
mixed bacteria

I-B

F26

WebLogo 3.3

0.0

1.0

2.0

b
it
s

C

G
A
C

A
T
C
T
T

A

G
C

5

T

C

A
G
T

C
A
A

G
G

C

T
AG

10

T

A

G

C
G

C

T
A
G

T
A
A

C
G
T
A

15

TCCAGTC
20

G
TAGCAAA

25

G

T

CAAGG
30

ATTGA
35

AAC

23 M13
un-
structured

Euryarchaeota -

F35

WebLogo 3.3

0.0

1.0

2.0

b
it
s

GTTT
5

TAGAG
10

T

C
C

TAGTG
15

T

CTGTT
20

TATCGAA
25

TGCGTACT
30

CCAAA
35

AC T

15 un-
structured

Firmicutes II-A

F27

WebLogo 3.3

0.0

1.0

2.0

b
it
s

A GTT
5

TTG
T

G
G

T
A

10

AGCCAT
15

TCTAGATA
20

ATCAGAC
25

ACTGAAGC
30

TCTAA
35

AAC

22 M14
un-
structured

Firmicutes II-A
II-B
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Table S14: Summary of bacterial structure motifs in Superclass E with sequence conservation.

# Structure Motif Size Families Taxonomy Subtypes
M5

G U U G U C A G A C C C A A A A C

C

C

C

G
A G

A

G

G

G

G A C G G A A A C

1 10

20

30 36

106 F12
F31
F39
unassigned

Cyanobacteria
mixed bacteria

II-B
III-A

M12

G U U A C A A U U A A A A A A A A U C

C

C

U

A
U

U

A

G

G

G A U U G A A A C

1 10

20

30 37

40 F23
unassigned

mixed bacteria -

M14

G U U

U

U

C

G

A

A
U C

A

U

U

G

G

A

A A C A A C A U A G A U U G G A A A C

1

10

20 30 36

35 F27
unassigned

Firmicutes
Cyanobacteria

II-A
II-B
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Table S15: Summary of bacterial structure motifs in Superclass E without sequence conser-
vation.

# Structure Motif Size Families Taxonomy Subtypes
M23

G C U U C A A U G G G G C

C

G

C

G

G

C

U

U
U

A

A

G

C

C

G

C

G

G A A G A C

1 10

20

30

36

23 unassigned mixed bacteria -

M26

C C C U C A A U G A A G C U C

C

G

A

A

G
C

C
G A

G

A
C

U

U

C

G

G A G A U

1 10

20

30

36

19 unassigned Actinobacteria -

M28

G U U U C A A U C A C C G C

C

C

C
G

A

U
A A

C

G

A
G

G

G

G A C U G A A A C

1 10

20

30 37

16 unassigned mixed bacteria I-C
III-A

M24

G U U U C A A U C

C

C

C
U

U

G
A C

A

U

C
G

G

G

G C A G U C G G U G C A A C

1

10

20

30 37

21 unassigned mixed bacteria -
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Table S16: Summary of archaeal structure motifs in Superclass E.

# Structure Motif Size Families Taxonomy Subtypes
M13

G U U C G A A A G C A U A

A

U

C

C
A

U

U
A

A A
A
C

A

A
G

G

A

U

U G A A A C

1 10

20

30

37

37 F20
F26

Euryarchaeota I-A

M31

G U U U C A U U A

C

C

C
G

U

A
U

U U
U
U

U

C
G

G

G

U C A A U U G C A A C

1

10

20

30 36

11 unassigned Euryarchaeota
mixed bacteria

-

M29

G U C G C A A A U U A A

C

C

C

G
C

A

A
A A

A

U

A
C

G

G

G

U A U U G A A A C

1 10

20

30 37

14 unassigned Euryarchaeota
mixed bacteria

II-B
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Table S17: Sequence family summary for Superclass F.

# Sequence Logo Size Motifs Taxonomy Subtypes
F24

WebLogo 3.3

0.0

1.0

2.0

b
it
s

A GCTCCGA
5

A

GAAAT
10

CAAAA
15

GATAG
20

TATGAA
25

AGC

23 un-
structured

Crenarchaeota III-A
III-B

F15

WebLogo 3.3

0.0

1.0

2.0

b
it
s

A

G
T

G
A
T
A
T
A
G

5

T

C
A
T

C
A
C
TCTC

10

T
A

C
T

C
A
T
A
G

AA
15

A

G
A

GA
G
G
A
A
G
T

20

TAGGAG

AA
25

C

A
G

T

G
T
A T

42 M22
un-
structured

Crenarchaeota I-A
III-B

F13

WebLogo 3.3

0.0

1.0

2.0

b
it
s

C

G T TCAGT
5

AATCCT
10

C
T
A
T
C
C

A
TAT

15

G
AGAGAT

20

TGAAA
25

G

44 M17
un-
structured

Crenarchaeota I-A
III-B

F11

WebLogo 3.3

0.0

1.0

2.0

b
it
s

G T A
G
T

G
A

5

T

C

A
A

G
T
A

T
C
C
T
G

A

T
C

10

T

C
A
C

G

T
A
C

G
A
T

G
A

T
A
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T
G
G
AGA

G
T

A
20

C

T
G

A
TG

C
AA

25

G

A
C

G G T C

49 M11
un-
structured

Crenarchaeota III-B

F14

WebLogo 3.3

0.0

1.0

2.0

b
it
s

A A GGAT
5

T

A
T

G
A
A

T

CACA
10

A

T

C
T
C
A
G

C

A

T
G

C

T
A
T

A

G
15

G
AATAA

G
C
A

20

G

A
C

TTGA
25

AGAG C
T T

30

A C T A

44 un-
structured

Crenarchaeota I-A
I-D
III-A

F38

WebLogo 3.3

0.0

1.0

2.0

b
it
s

T C
A

G
A

C
T
G

C
5

C
TCA

GACT
10

GTAAAA
15

G
G
AGGA

20

C
T
G
TGAA

25

AG A

13 un-
structured

mixed archaea I-A
III-B

F36

WebLogo 3.3

0.0

1.0

2.0

b
it
s

A
TTTGGA

5

ATGGT
10

AAAAA
15

ATATT
20

ACTTT
25

A A T

15 M20 Firmicutes -

F40

WebLogo 3.3

0.0

1.0

2.0

b
it
s

A T TA
5

AATGATGT
10

ATAAG
15

TGCCCT
20

TGATT
25

GAA G
A

13 un-
structured

Proteobacteria I-B

F17

WebLogo 3.3

0.0

1.0

2.0

b
it
s

G C
T

CCG
5

T

C
G

C
T

C

G
A

G
T
G

T
C

10

C

A
GCCCGTC

15

G

CCGGCTCGTCAG
20

T

A

G

C
G

C
C

G
G

C
G

A

C
25

G
C C G

39 un-
structured

Actinobacteria -
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Table S18: Summary for archaeal structure motifs in Superclass F.

# Structure Motif Size Families Taxonomy Subtypes
M22

G A A A

A

U

C

C

C

A
A A

A

G

G

G

A

U

U A G A A A G

1

10

20 25

24 F15 Crenarchaeota I-A
III-B

M17

G A U A A U

C

U

A

C
U

A

U

A

G

A A U U G A A A G

1

10

20 24

29 F13 Crenarchaeota I-A
III-B

M11

G A A U

C

U

C

A

A
A

A

A

G

A

G

G A U U G A A A G

1

10

20 24

45 F11
unassigned

Crenarchaeota III-A
III-B

M20

U U G A A U G

G

U

A

A
A

A
A A

U

A
U

U

A

C

U U U

1

10

20

24

27 F36
unassigned

Firmicutes
Crenarchaeota

-

Table S19: Final structure motif unassigned to a Superclass.

# Structure Motif Size Families Taxonomy Subtypes
M32

G U U G U G A C C A A U C G C A A A A A U A A U A A A A

U

U

U

G

A
A A

G

C

A

A

A

U C A C A A C

1 10 20

30

40

47

10 unassigned Becteroidetes II-B
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Table S20: Published CRISPR-Cas systems with experimental evidence of the processing mechanism.
In particular, these are systems for which the Cas endoribonuclease is characterised and/or the repeat
structure has been verified. Published results are consistent with our data. The IDs, a–o, are marked, in
order, as red lines on the CRISPRmap tree in the manuscript in Figure 1.

ID Organism Family Motif Cas Subtype Summary

Superclass A

a Clostridium thermocellum
ATCC 27405

F1 - I-B Unstructured; 8-nt-5’-tag; biochemical
evidence to show Cas6b activity [7]

b Pyrococcus furiosus DSM
3638

F10 - III-B Unstructured; 8-nt-5’-tag; cleavage by
Cas6; crystal structure of repeat
wrapped around Cas6 [8]

Superclass C

c Escherichia coli K12 sub-
str. W3110

F4 M2 I-E Structure predicted, but stable; 8-nt-5’-
tag; cleavage by Cas6e, biochemical ex-
periments [9]

d Thermus thermophilus
HB8

F4 M2 I-E Structured; 8-nt-5’-tag; cleavage by
Cas6e; crystal structure of repeat hair-
pin in Cas6e (Cse3) [10,11]

e Pseudomonas aeruginosa
UCBPP-PA14

F5 M4 I-F Cleavage by Cas6f (Csy4); 8-nt-5’-tag;
crystal structure and mutational analy-
ses of repeat hairpin in Cas6f [12–14]

Superclass D

f Bacillus halodurans C-125 F3 M3 I-C Cleavage by Cas5d; 11-nt-5’-tag muta-
tional analysis of hairpin structure [15]

g Thermus thermophilus
HB27

F37 M9 I-C Cleavage by Cas5d; 11-nt-5’-tag bio-
chemical experiments [16]

h Nanoarchaeum equitans
Kin4-M

- - I-A Biochemical evidence to show Cas6b
activity; 8-nt-5’-tag [17]

Superclass E

i Synechocystis sp.
PCC6803

- M5 I-D & III-variant Cleavage by Cas6; 8-nt-5’-tag; bio-
chemical experiments, extended struc-
ture prediction of hairpin motif [18]

j Methanosarcina marzei
Gö1

F26 M13 I-B & III-B Cleavage by Cas6b; 8-nt-5’-tag; struc-
ture probing experiment of hairpin [19]

k Clostridium thermocellum
ATCC 27405

F20 - I-B Biochemical evidence to show Cas6b
activity; 8-nt-5’-tag [7]

l Staphylococcus epider-
midis RP62A

- M28 III-A Cleavage by Cas6; 8-nt-5’-tag; hairpin
structure as in M28 verified by muta-
tional analysis and sequence specificity
around cleavage site [20]

m Methanococcus mari-
paludis C5

- M29 I-B Cleavage by Cas6b; 8-nt-5’-tag; bio-
chemical experiments [7]

n Synechocystis sp.
PCC6803

- M14 III-variant Biochemical analysis of Cmr2 impli-
cate its involvement in either cleavage,
crRNA stabilisation, or array expression
regulation; 13-nt-5’-tag [18]

o Streptococcus pyogenes
SF370 (M1 serotype)

F35 - II-A Cleavage with tracrRNA, host RNase
III and Cas9, biochemical experi-
ments; 22-nt-5’-tag [21]
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S3 Supplementary figures
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clustering

Figure S1: Pairwise similarities for repeats. We plotted the distribution of pairwise percent identi-
ties (x-axis) of Needleman-Wunsch [22] alignments for all repeats to determine a cutoff for the Markov
clustering. Here we see that 65% is a reasonable cutoff in comparison to the background distribution.
Repeats with a similarity below 65% are set to zero. Because of the short repeat length and conserved
sequence motifs, it is necessary to choose such a high cutoff.
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Figure S2: Verifying repeat families with sequence profiles and re-assigning individual re-
peats. All repeats were clustered into families using Markov clustering [23,24]. We verified these families
using an independent method of sequence profiles, see Methods section “Clustering of repeat sequences
into conserved sequence families”. After the generation of one profile per family, we caculated the profile
scores for each repeat in the REPEATS dataset. We plotted the profile scores (y-axis) for each repeat
assigned to one of the families (x-axis) as red-coloured dots in Supplementary Figure S2. Subsequently,
we used this range of profile scores to re-assign repeats to one of the existing families as stated in the main
text of the manuscript. Profile scores for re-assigned dots are in blue (73 repeats). These profile scores
are also used to assign new input repeat sequences from the webserver to one of our existing families.
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Figure S3: Distance of cas genes in the annotation of subtypes from Makarova et al. 2011.
Distance of signature subtypes is in blue and the distance of signature types is in red; the cutoff is
indicated with the green line. The plot shows the distribution of the closest signature genes to the
CRISPR array. A signature gene is one that is unique to either the subtype or the type, respectively.
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Taxonomy:

Bacteria ArchaeaSuperclasses: A B C D E F

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

Sequence 
families:

Structure 
motifs: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

Chloroflexi
Crenarchaeota

Actinobacteria
Aquificae Deinococcus-Thermus

Cyanobacteria Proteobacteria
Spirochaetes

Bacteroidetes
Chlorobi

Eurarchaeota
Firmicutes

Tenericutes
Thermotogae

Domains:

CAS subtypes 2005:
Apern Dvulg Ecoli Hmari Mtube Nmeni Tneap Ypest I-A I-B I-C I-D I-F II-A II-B III-A

2011:
I-E III-B

CAS1:
1 2 3 4 5 6 7 8 9 10 11 12 14 15 16 1713 18

10

Figure S4: CRISPR of repeat conservation including all annotations. CRISPR repeats cluster
into 33 structure motifs and 40 sequence families. Here we show the cluster tree with all annotation
rings—the “alltogether” option in the webserver—colour coding starts from inside to outside, see the
legend. The branches of the tree are labelled according to the origin of the repeat: blue-green for archaea
and dark brown for bacteria. Ring 1 (inner-most) 33 structure motifs, ring 2 40 sequence families, ring
3 Haft 2005 subtype annotation, ring 4 Makarova 2011 subtype annotation, ring 5 18 cas1 clusters,
ring 6 taxonomic phyla annotation and ring 7 (outer-most) the six superclasses for general orientation.
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A B C D E F

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

Ring 1 - motifs
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

Ring 2 - families

Ring 3 - Kunin clusters

Ring 5 - superclasses

1 2 3 4 5 6 7 8 9 10

Figure S5: Comparison of our clustering with previous domain-wide repeat clusters or fam-
ilies on our CRISPRmap tree. The branches of the tree are labelled according to the origin of the
repeat: blue-green for archaea and dark brown for bacteria. Ring 1 (inner-most) shows our structure
motifs, ring 2 shows our sequence families. After the white ring, we show ten of the twelve clusters from
Kunin et al. [2,25] in Ring3; clusters 11 and 12 contain fewer than ten repeats and to be consistent with
our cluster minimum size, we have removed them here. Ring 4 contains those sequences of the Rfam [26]
database that are also contained in REPEATS (since we have all sequenced genomes to-date) and only
families (16 out of 65) with at least ten sequences. We do not mark the family names here, but just
want to show the relative locations of sequences in the CRISPRmap tree. Ring 5 (outer-most) shows the
six superclasses for general orientation. In summary, we clearly see that our data is significantly more
comprehensive than previous work.
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10

A B C D E F

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

Ring 1 - motifs
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

Ring 2 - families

Ring 3 - thermophiles

Ring 4 - superclasses

Figure S6: CRISPRs found in thermophilic organisms. Ring 3 shows the number of CRISPRs that
were found in thermophilic organisms (taken from ExtremeDB, http://extrem.igib.res.in, March
2013). At leat 17% of our CRISPRs stem from thermophiles. Of these CRISPRs, 81% are in superclasses
A and F, which are associated with diverse types I-A, I-B, I-D, III-A and III-B. In contrast, only 7% of
the bacterial CRISPRs in superclasses B, C, and D—with strong Cas subtype associations—stem from
thermophiles. The same is true for bacteria only: 60% of the CRISPRs from bacterial thermophiles are
in superclass A. 25
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Figure S7: CRISPRmap tree—a use-case study. This is the CRISPRmap cluster tree after re-
clustering 150 repeats from a human metagenomic studies [27] together with our REPEATS data. The
new 150 repeats are maked with red lines. Interestingly, many repeats have been assigned to superclass
E and cluster together to potentially form new classes of motifs or families.
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Bacteria ArchaeaSuperclasses: A B C D E F Domains:

Spacer length: >=30 & <=31<=29 >=32 & <=34 >=35 & <=38 >38

Repeat length: >=24 & <=27<24 >=28 & <=34 >=35 & <=38 >38

No. of repeats <5 >=5 & <=32 >32

Inner to outer rings

Figure S8: Analysis of array, repeat and average spacer sizes. First, we see the very small arrays
containing less than 5 repeat instances (red-brown) are mostly located in the more divergent parts of the
CRISPRmap tree; most are within the bacterial part of superclass F. Many of these arrays may not be
functional CRISPR-Cas systems, but other repetitive elements instead. Second, superclass F contains
both some unusually short and unusually long repeats, which also may not represent functional CRISPRs.
In addition repeats in superclass F and half of D are longer than those in superclasses A to the first half
of D. Third, repeats in superclasses A and F are longer than ones in B-D; this means the Cas subytpes
I-C, I-E, and I-F associate with shorter spacers than the others. Spacers in Crenarchaeota are unusually
long with most longer than 38 nt. Interestingly, shorter repeats seem to pair with longer spacers. Cutoffs
were choses according to the distribution of each array characteristic.

27



F27

F17

F20

F26

F18

F2

F4
F3

F32

F36
F35

F40F39

F30

F18 F7
F29

F38

F13

F9
F12

F33

F6

F1

F8

Figure S9: Sequence families separated on a two-dimensional plane. The 40 sequence famlies are
mapped onto a two-dimensional plane by BioLayout [28] according to their percent identity scores. We
have marked only those families that are clearly visible. The families are divided into two main groups
with some that are more separated from the rest.
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Figure S10: Conserved structured CRISPRs fit well to published cleavage sites and display
various patterns of sequence conservation. The sequence family logos correspond to the depicted
structure motifs. Potential cleavage sites are indicated as observed in the literature [?, 7–13, 15–18, 20].
a.-b. Superclasses B and C contain stable structure motifs of the subtypes I-E and I-F. The difference is
that the structures in superclass B are closer to the 3’ end of the repeat and that the potential cleavage
site is in the double-stranded region of the stem instead of the 3’ side of its base. c. Superclass D contains
members of the I-C subtype with relatively long hairpin motifs. Note that the potential cleavage site
leads to an 11 nt instead of an 8 nt tag in the mature crRNA and we also see the well-conserved 3’ end
of the repeat (ATTGAAAC); this 3’ sequence is found in many CRISPRs, also in archaea. d. Examples
of structure motifs found in archaeal repeats in superclasses A and F. These are smaller and less stable
than the bacterial motifs.
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-GGUUCAUCCCCACGUGUGUGGGGAACUCMethanosalsum zhilinae DSM4017
.........(((((....)))))......Structure motif  M1

CGGUUCAUCCCCACGCUUGUGGGGAACUCMethanosphaerula palustris E1-9c
CGGUUCAUCCCCGCGCCUGCGGGGAACACAcidiphilium cryptum JF-5
GGGCUCAUCCCCGCGUGCGCGGGGAGCACNocardia farcinica IFM10152

** ******** **   * ***** * *
-GGCUCAUCCCCGCGUGCGCGGGGAGCACNocardia farcinica IFM10152

( )

GAGUUCCCCACAAGCGUGGGGAUGAACCGMethanosphaerula palustris E1-9c
.....((((((....))))))........Structure motif  M2

GAGUUCCCCAUGCAUGUGGGGAUAAACCGMethanococcoides burtonii DSM6242

GAGUUCCCCGCAGAUGCGGGGAUGAACCGPelobacter carbinolicus DSM2380
GUGUUCCCCGCGUAUGCGGGGAUAAACCGErwinia pyrifoliae DSM12163

    ** **        ** * * *****

( )

AAAGUCCCCACAGGCGUGGGGGUGAACCGMethanocella arvoryzae MRE50
GAGUUCCCCGUGUGUAUGGGGAUGAACCGMethanospirillum hungatei JF-1
GUGUUCCCCGCGUAUGCGGGGAUAAACCGErwinia amylovora ATCC49946

GUGUUCCCCGCGUGAGCGGGGAUAAACCGErwinia pyrifoliae DSM12163

GAGGUCUCCGUAGGUACGGAGAUAAACCGXenorhabdus nematophila ATCC19061

)(( )

GUCGUGCCCCCCGUGGGCACGUGGAUUGAAAUMethanocorpusculum labreanum Z
..(((((((.....)))))))...........Structure motif  M3

GUCGCACUCCUUGUGAGUGCGUGGAUUGAAAULactobacillus helveticus H10
GUCGCACUCCUCGUGAGUGCGUGGAUUGAAAUExiguobacterium sibiricum JF-5255-15
GUCGCUCCUCUCGUAGGAGCGUGGAUUGAAAUClostridium cellulolyticum H10

****  *  *  **  *  *************
GUCGCUCCUCUCGUGGGAGCGUGGAUUGAAAUEubacterium rectale ATCC33656

( )( )(( ))

superclass B, subtype I-E

superclass C, subtype I-E

superclass D, subtype I-C

Figure S11: Selected alignments showing evidence of horizontal transfer of structured
CRISPRs from bacterial to archaeal genomes. Archaeal CRISPRs are indicated in bold type-
face. The secondary structure from the respective motif is written above in dot-bracket format: brackets
and dots corresponds to base pairs and unpaired nucleotides, respectively. The highlighted brackets and
squares show that the secondary RNA structure has been conserved by compensatory base pair mutations.
These compensatory base pair mutations give excellent evidence for the conservation and importance of
the respective structure motifs.
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