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Abstract

CRISPR-Cas systems typically consist of a CRISPR array and cas genes that are organized in one or more operons.
However, a substantial fraction of CRISPR arrays are not adjacent to cas genes. Definitive identification of such
isolated CRISPR arrays runs into the problem of false-positives, with unrelated types of repetitive sequences mim-
icking CRISPR. We developed a computational pipeline to eliminate false CRISPR predictions and found that up to
25% of the CRISPR arrays in complete bacterial and archaeal genomes are located away from cas genes. Most of
the repeats in these isolated arrays are identical to repeats in cas-adjacent CRISPR arrays in the same or closely
related genomes, indicating an evolutionary relationship between isolated arrays and arrays in typical CRISPR-cas
loci. The spacers in isolated CRISPR arrays show nearly as many matches to viral genomes as spacers from com-
plete CRISPR-cas loci, suggesting that the isolated arrays were either functionally active recently or continue to
function. Reconstruction of evolutionary events in closely related bacterial genomes suggests three routes of
evolution of isolated CRISPR arrays: (1) loss of cas genes in a CRISPR-cas locus, (2) de novo generation of arrays
from off-target spacer integration into sequences resembling the corresponding repeats, and (3) transfer by
mobile genetic elements. Both combination of de novo emerging arrays with cas genes and regain of cas
genes by isolated arrays via recombination likely contribute to functional diversification in CRISPR-Cas evolution.

Introduction

CRISPR-Cas are adaptive immunity systems, the princi-
pal function of which is to protect bacteria and ar-
chaea from viruses and other mobile genetic elements
(MGE).'"™ A typical CRISPR-cas locus consists of a
CRISPR array and adjacent cas genes that form one or
more operons. The CRISPR arrays consist of two to sev-
eral hundred direct repeats (typically 25-36bp in size)
separated by spacers, some of which are homologous to
segments of virus or plasmid genomes. The Cas pro-
teins mediate the three stages of the CRISPR immune re-
sponse: (1) adaptation (incorporation of new spacers into
CRISPR arrays), (2) processing of pre-CRISPR RNAs
(pre-crRNAs) into mature crRNAs, and (3) interference
when the crRNAs serve as guides to bind and cleave
complementary target DNA or RNA specifically.>® Addi-
tionally, many CRISPR-Cas systems encompass vari-
ous accessory genes that modulate the basic immune
functions.®” The CRISPR-Cas systems show striking

diversity of cas gene composition and genomic loci ar-
chitecture. Based on the presence of signature genes,
cas gene content, and locus architecture, CRISPR-Cas
systems have been classified into two classes, six types,
and more than 30 subtypes.®

Although the majority of CRISPR-Cas systems con-
tain both CRISPR arrays and cas genes, there are many
derived variants that lack major components, in particular
CRISPR arrays.”'! Some of the type III CRISPR-Cas
systems that lack CRISPR arrays have been shown to
utilize, in trans, crRNA produced by arrays adjacent to
type I loci."** Conversely, bacterial and archaeal ge-
nomes encompass numerous isolated CRISPR arrays
that are not adjacent to cas genes.*'> In general, it re-
mains unclear which of the isolated arrays are func-
tionally active and, in particular, whether they can
complement suits of cas genes that lack arrays. However,
multiple lines of evidence indicate that at least some, and
probably many, isolated CRISPR arrays are functional.

'National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health, Bethesda, Maryland, USA; 2Skolkovo Institute of Science and
Technology, Skolkovo, Russia; 3The Hospital for Sick Children, University of Toronto, Toronto, Canada; “Institute of Molecular Genetics, Russian Academy of Sciences,
Moscow, Russia; and *Waksman Institute of Microbiology, Rutgers, State University of New Jersey, Piscataway, New Jersey, USA.

*Address correspondence to: Eugene V. Koonin, PhD, National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health, Bethesda,

MD 20894, USA, Email: koonin@ncbi.nim.nih.gov

535



536

In particular, many isolated arrays are preceded by a
promoter-containing leader sequence that is identical to
the leaders of CRISPR arrays adjacent to cas genes in
the same genome, and some isolated arrays have been
shown to capture new spalce:rs.16’17 Furthermore, produc-
tion of mature crRNAs from isolated arrays has been
observed in several experimental systems.'® ' In some
bacteria, isolated arrays are conserved across the ge-
nomes of numerous strains, which is suggestive of
conserved functionality. For example, somewhat paradox-
ically, in Enterococcus faecalis, an isolated array shows
a broader conservation than any of the cas-adjacent
arrays.”

In certain cases, isolated arrays might perform special-
ized roles. In particular, it has been demonstrated that iso-
lated arrays in some Escherichia coli strains contain
repeats identical to those of subtype I-F CRISPR-Cas sys-
tems that are located in an equivalent genomic position in
other E. coli strains and spacers against subtype I-F cas
genes,” and indeed prevent the uptake of complete I-F
loci on plasmids.?* Furthermore, functionality of isolated
arrays is suggested by the discovery of CRISPR mini-
arrays (i.e., arrays that typically contain a single spacer
flanked by repeats) that have been detected in the ge-
nomes of some bacterial and archaeal viruses.”>~°
These viral mini-arrays typically contain spacers homol-
ogous to genomic sequences from related viruses, and
indeed have been shown to contribute to inter-virus com-
petition by recruiting host Cas proteins and inhibiting the
reproduction of the target viruses.

We were interested in the diversity, evolution, and po-
tential functions of CRISPR arrays that are located away
from cas genes. Here, we report a comprehensive census
of such isolated arrays from complete bacterial and ar-
chaeal genomes, show that these arrays contain many
spacers matching virus genomes, and investigate possible
evolutionary scenarios of their origin. Although many of
the isolated arrays probably evolved through the most
obvious scenario, namely, as a result of the loss of the ac-
companying cas genes, some seem to have emerged via
other routes, namely, de novo origin resulting from off-
target spacer incorporation and dissemination by MGE.

Methods

Genomic database and CRISPR arrays data set

The previously assembled data set of complete prokary-
otic genomes was used for all searches.® This database
contains genomes that were available in GenBank?’ in
March 2019. For the data set of 13,116 genomes,
14,585 potential CRISPR arrays were found using the
minCED tool with default parameters (https://github
.com/ctSkennerton/minced). Altogether, 7,916 CRISPR-
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Cas systems were identified and analyzed in the genomes
contained in the screened database using the previously
compiled collection of profiles for Cas protein families.®
As a result of the profile search, CRISPR-Cas subtypes
were assigned for 9,732 CRISPR arrays located in the
previously described CRISPR-cas loci® (1,816 CRISPR-
cas loci contained two or three arrays), and the remaining
4,853 arrays were isolated.

All protein sequences annotated in these genomes
were clustered using MMSEQ2?® with a similarity
threshold of 0.75. The fraction of proteins in shared clus-
ters was obtained for all genome pairs. Genome-to
genome distances were calculated as —In[max(f}.f5)],
where f| and f, are the fractions for each genome in the
pair. An UPGMA tree was constructed from the genome
distance matrix using the hclust() function of the R pack-
age (R Foundation for Statistical Computing, Vienna,
Austria). For a given subset of genomes, weights were
calculated from the corresponding subtree, as previously
described? (briefly, the total weight allocated to a [sub]-
tree is distributed between all its subtrees proportionally
to the sum of branch lengths).

CRISPR leader prediction

The CRISPRIleader prediction tool®® was used to search
for potential leader sequences in the vicinity of identified
CRISPR arrays. Arrays and 600 bp flanking regions were
used as input sequences for CRISPRIleader with the de-
fault parameters, except that partial genomes was turned
on. Two types of outputs were parsed from the results:
potential leader sequences, that is, sequences with simi-
larity to the repeats,30 and predicted leaders, that is,
potential leaders with similarity to any previously iden-
tified leader. These leader sequences were used as
BLASTN queries to search the genomic database, with
the word size cutoff set to 50. Coordinates for BLASTN
hits were added to the leader set for arrays without poten-
tial leader predicted by CRISPRIeader if hit was inside
of 600 bp flanks of the array.

Virus database

Accession numbers were downloaded from the nuccore
NCBI database®” for sequences that are annotated as
viral and have bacterial or archaeal hosts on 16 December
2019. Non-prokaryotic viruses and nonviral sequences
were manually filtered out. A nucleotide sequence data-
base containing 21,285 sequences and 843,956,625 bp
was assembled using sequences left after the filtration.

Protospacer search
From the 274,663 spacers present in all acquired CRISPR
arrays, the set of 191,790 unique spacer sequences was
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used as a query for BLASTN search against the assem-
bled viral database, using a word size of eight and with
low complexity filtering turned off.>' The results were
filtered for 95% identity and 95% coverage against the
query spacers set. Altogether 29,938 protospacers were
found for 4,289 spacers.

Validation of CRISPR arrays

All 9,732 CRISPR arrays adjacent to cas genes (separated
by no more than five open reading frames [ORFs]) were
considered true positives. The remaining 4,853 isolated
arrays were processed with a filtering pipeline (Fig. 1).
Among the isolated arrays, 574 contained at least one
spacer with a possible protospacer in the viral database.
DNA sequences of detected possible CRISPR arrays
were translated in six frames to find possible protein cod-
ing sequences inside. ORF coverage for CRISPR arrays
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(as length of largest ORF divided by length of the
CRISPR array) was calculated to compare CRISPR arrays
with known types and isolated arrays (Fig. 2A). Isolated
arrays >400 bp and ORF overlap >0.95 were filtered out.
All ORFs detected in six frames translation of CRISPR
arrays were annotated with Conserved Domain Data-
base (CDD)** profiles using PSI-BLAST’® with a 10~*
e-value cutoff (Fig. 2B). Isolated arrays with <850bp
that had BLAST hits were filtered out. For each isolated
array, pairwise distances between spacers were calculated
as the number of matches in the longest BLASTN™* hit
(word size of six, e-value threshold 100, no filtering)
divided by the length of the smaller spacer in the pair.
Spacers within a CRISPR array were clustered using
single linkage clustering with a cutoff of 0.3. A spacers
similarity index was calculated for each CRISPR array
as the number of clusters divided by number of spacers

Filtering pipeline

4279 | ~°

Array size < 400 or
ORF coverage < 0.95

yes

\‘ 1,000

no

\‘ 269

no

Spacer hits into
prokaryotic viruses

3,279

No hitin CDD or
Array size > 850

466 I/

1,735

False positive

FIG. 1.

Predicted array 14,585

Cas genes nearby 9,732

yes

\i 574

3,010

2,544

Fraction of unique
spacers to all spacers
>0.85

yes

12,850

CRISPR array

Computational pipeline for analysis of CRISPR arrays. The filtering pipeline was designed to eliminate

spurious arrays. The rectangular shapes show input and output, and the diamond shapes show filtering criteria. The
numbers at the bold vertical lines show the number of arrays processed at each step.
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in the array (index value of 1, meaning that all spacers are
different; Fig. 2C). Altogether, 1,735 isolated arrays were
filtered out as false-positives (Fig. 1).

Spacers clustering

A total of 191,790 unique spacer sequences (274,663
spacers) were used to calculate pairwise similarities be-
tween each pair of spacers as the number of matches in
the longest BLASTN hit (word size of six, e-value thresh-
old 100, no low complexity filtering) divided by the
length of the smaller spacer in the pair. Similarities
were converted to distances (d=-In s); spacer clusters
were constructed from the distance matrix using the sin-
gle linkage clustering method (Supplementary Fig. S1)
with a clustering threshold of 0.1. As a result, 187,863
spacer clusters were formed.

Arrays clustering by spacer content
CRISPR arrays were clustered based on their spacer con-
tent with single linkage clustering and zero clustering
thresholds. Distances between CRISPR arrays were cal-
culated as minus log of Jaccard similarity for the set of
spacer clusters (as described above) present in each pair
of arrays. In cases where all spacers for one of CRISPR
arrays were a subset of another, the distances for these
clusters were set to zero (identical arrays). As result
9,338 clusters were formed, with 2,333 of them contain-
ing more than one isolated CRISPR array. For each
content cluster, initial weight (value 1) was evenly dis-
tributed between all CRISPR arrays present in the cluster.
The array weights are essential for obtaining meaning-
ful statistics on features of arrays because arrays with
highly similar spacers are clearly non-independent and
should not be counted separately. The clustering scheme
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replaces array counts with sums of weights; the sum of
weights across the whole data set is equal to the number
of clusters (effectively, the number of independent ar-
rays). Unlike reducing the complete set of arrays to a
set of cluster representatives, the weighting scheme pro-
vides for members of the same cluster to contribute indi-
vidually to the calculated characteristics, such as, for
example, distribution of isolated arrays across the taxa
or CRISPR-Cas types.

Repeats clustering

A total of 5,766 unique repeat sequences (obtained from
filtered CRISPR arrays) were used to calculate pairwise
distances. Distance was calculated as the number of
matches divided by the minimal length of repeat in the
pair for the longest BLASTN hit (word size of six,
e-value threshold 100, no low complexity filtering) for
hits where the length of aligned sequences was >15 and
the number of mismatches in the aligned sequences was
<3. To obtain the random expectation, the same proce-
dure was applied to the set of 36,360 repeat sequences
retrieved from our previous study,” where nucleotides
were shuffled inside of each repeat sequence (Supple-
mentary Fig. S2).

Entropy for each repeat cluster was calculated as
E.= — W) plog(p) for each CRISPR-Cas type present
in the cluster, where p=w,/ Ww, is spacer content weight
of the CRISPR arrays of the CRISPR-Cas type ¢, and W is
the total weight of the arrays represented by the re-
peat cluster. Entropy for all clusters was calculated
as Ez(ZEc) / W, for all repeat clusters, where W,s the
total weight of all CRISPR arrays (Supplementary
Fig. S3A). Entropy per CRISPR-Cas subtype was cal-
culated for all well-represented CRISPR-Cas subtypes

>

FIG. 2. Characteristics of isolated CRISPR arrays and arrays adjacent to cas genes before and after filtering.

(A) Coverage of CRISPR arrays by ORFs. The 2D density plots of the fraction of an array covered by an ORF versus
the array length (in bp). The density scale shows the 2D kernel smoothed number of arrays. The red lines show
the filtering cutoffs (isolated arrays >400 bp and covered by an ORF >0.95 of their length were removed). The left
panel shows cas-associated arrays; the middle panel shows the unfiltered isolated arrays; the right panel shows
the isolated arrays after filtering. (B) Presence of PSI-BLAST hits from the CDD database profiles into translated
arrays. The normalized counts of arrays with CDD (hits per bp) versus the array length (in bp). The red line shows
the filtering cutoff (isolated arrays <850 bp with CDD hits were removed). The left panel shows cas-associated
arrays; the middle panel shows the unfiltered isolated arrays; the right panel shows the isolated arrays after
filtering. (C) Fraction of unique spacers in arrays. The 2D density plots of the ratio of the number of unique
spacers to the total number of spacers in an array versus the number of spacers in the array. Arrays where all
spacers are different (the fraction of unique spacers is equal to 1) are not shown. Density scale shows the 2D
kernel smoothed number of arrays. The red line shows the filtering cutoff (isolated arrays with the fraction of
unique spacers <0.85 were removed). The left panel shows cas-associated arrays; the middle panel shows the
unfiltered isolated arrays; the right panel shows the isolated arrays after filtering. ORF, open reading frame; CDD,

Conserved Domain Database.
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(weight of the arrays >25) using the same formula, how-
ever only for the clusters where selected CRISPR-Cas
subtype was assigned at least to one CRISPR array (Sup-
plementary Fig. S3B).

Single linkage clustering with clustering thresholds
of 0.1 and 0.16 was applied to find repeat clusters and
permissive repeat clusters, respectively (Supplementary
Table S1).

Analysis of unique orphan arrays

A total of 303 repeat sequences from unique orphan
arrays were used as BLASTN queries against the nucleo-
tide collection (nt) database>® using a word size of 15.
Blast hits were filtered by size (>19 nt) and by co-location
(minimum distance >50bp for start positions of the
hits). Repeat hits were aggregated into pseudo-arrays if
they were within a 500 bp vicinity of each other. Arrays
with fewer than four repeats as well as arrays that oc-
curred in more than 10 instances (arrays with same repeat
sequence) in a genome were discarded. For the final set
of 10,136 pseudo arrays, 5 kb upstream and downstream
regions were annotated with CRISPRCasTyper (https://
github.com/Russel88/CRISPRCasTyper) to fetch coding
sequences and annotation for potential cas genes. Coding
sequences were also annotated with the CDD?* using
PSI-BLAST.”

Calculation of clusters of orthologous gene

categories distribution for genes flanking isolated
arrays

All of the genomic database was annotated separately
with clusters of orthologous genes (COGs)*” and all
CDD profiles using PSIBLAST with an e-value cutoff
of 10~*. For each isolated array in the genome, one
gene was randomly selected from the self-genome for
the following gene sets: housekeeping genes (Supple-
mentary Data S1), non-housekeeping genes, and non-
cas defense genes. Additionally, for each isolated array,
a random position in the self-genome was selected. For
each coordinate retrieved, plus coordinates for isolated
arrays and coordinates of cas loci,® five flanking genes
from each side were retrieved. For each flanking gene
(excluding the initial gene that was used to identify
loci), the COG category was identified by COG anno-
tation and summed using the weight of the genome
(Supplementary Table S2). Genome weights were calcu-
lated using the tree of genomes hosting all Cas loci and
CRISPR arrays.

Guilt by association analysis
Analysis was performed using the previously developed
pipeline®® with the following parameters: five flanking
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genes from the baits (isolated arrays), 0.3 sequence sim-
ilarity for permissive protein clustering, and ab e-value
cutoff of 10~* for PSIBLAST search. Base on these
data, an effective number of proteins in the vicinity of
the isolated arrays and entire genomic database was cal-
culated for each permissive protein cluster, as well as
effective median distance and level of association
(Supplementary Table S3).

Alignable Tight Genome Clusters analysis
The genomes from the Alignable Tight Genome Clusters
(ATGC) collection® that were present in assembled
genomic database were surveyed for the presence of iso-
lated arrays. The top 3 ATGCs with the highest fraction
of genomes containing isolated arrays were studied in
detail. DNA sequences of the isolated arrays and 3 kb
flanking regions were used as a BLASTN query to the ge-
nomic database (with dust no parameter). BLAST hits
with a coverage length of <3kb were filtered out. For
each hit, 20 ORFs upstream and downstream were re-
trieved and annotated using CDD profiles and custom
Cas protein proﬁles.6 Phylogenetic trees were down-
loaded from the ATGC Web site (http://dmk-brain
.ecn.uiowa.edu/ATGC/atgc.html). All loci retrieved with
the BLAST search were connected to tree leaves and
visualized using ETE3 python.*

Sequence alignments of the protein sequences encoded
by the selected genes were constructed using MAFFT*!
with the adjustdirectionaccurately parameter turned on.

Results

Detection and classification of isolated CRISPR arrays
The database of completely sequenced prokaryotic ge-
nomes available as of March 1, 2019, was searched for
CRISPR arrays. Of the 13,116 genomes in the database,
CRISPR-like arrays were detected in 6,001. Previously,
cas genes were identified in 5,689 genomes from the
same data set.® Cas genes were identified in the vicinity
(15 genes in each direction) of 9,732 of the 14,585
detected CRISPR arrays. The remaining 4,853 arrays
were located in gene neighborhoods with no identifiable
cas genes and thus were classified as putative isolated
arrays. In order to filter out false-positive CRISPR-like
sequences (Methods) that could come from proteins
with repetitive structures or various intergenic regions
and might contaminate the set of isolated arrays (Supple-
mentary Data S2), a dedicated computational pipeline
was constructed (Fig. 1), where filtering parameters
were obtained from bona fide CRISPR arrays (Fig. 2).
After running this pipeline, 1,269 arrays that overlapped
protein-coding genes and thus likely corresponded to
protein repeats erroneously recognized as CRISPR were
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discarded, and 466 more were discarded because they
contained multiple identical spacers. The remaining
3,118 arrays were considered to be bona fide isolated
CRISPR arrays.

All 12,850 detected CRISPR arrays (after eliminating
false-positives), including both isolated arrays and arrays
adjacent to cas genes, were analyzed in detail (Supple-
mentary Table S1). Using sequence identity to define
the similarity between repeats, two clustering thresholds
(0.1 and 0.16; see Methods) were employed to identify
strict and permissive clusters of CRISPR. For the strict
clustering threshold of 0.1, clusters were found to repre-
sent CRISPR arrays of distinct CRISPR-Cas subtypes
(Supplementary Fig. S3). The permissive threshold of
0.16 was found to be the upper bound value at which ran-
domized CRISPR sequences started to form clusters
(Supplementary Fig. S2). Repeats from Class 1 CRISPR-
Cas systems typically clustered at higher thresholds
(greater sequence similarity) than those from Class 2 sys-
tems, especially of subtypes II-A, B, and V-A. CRISPR
arrays were also clustered based on the spacer content
to identify arrays with overlapping spacer sets. The set
of 12,850 arrays formed 9,338 clusters with distinct
spacer contents at the zero clustering threshold. Weights
were assigned to the arrays based on spacer content clus-
ters to account for the non-independence of arrays with
similar spacers (see Methods). These weights were
used to assess the distribution of isolated CRISPR arrays
across CRISPR-Cas types, using repeat clusters that
included both isolated and cas-linked CRISPR arrays
based on their sequence similarity (Supplementary
Table S4). The taxonomic distribution of the arrays
was calculated in a similar manner (Supplementary
Table S5). These analyses showed that almost 25% of
the class 1 arrays are isolated, whereas among the class
2 arrays, only about 7% are isolated. Comparison of the
repeats in isolated arrays with the cas-linked repeats
showed that 60% of the isolated arrays belonged to
class 1 systems and 3% to class 2 systems, whereas the
remaining 37% could not be classified by their repeat
sequences. A taxonomic survey of the isolated arrays
demonstrated the highest fractions in Methanococci
(0.70), Aquificae (0.67), Archaeoglobi (0.67) Thermo-
cocci (0.58), and Thermotogae (0.52) classes of archaea
and bacteria. Most of the genomes in these classes harbor
type I and type III CRISPR-Cas systems (Supplementary
Table S1). Notably, all these organisms are hyperther-
mophiles. No taxa showed a conspicuous lack of isolated
arrays.

Repeat length distribution for the isolated arrays fol-
lows the length distribution for the cas-adjacent ar-
rays, with small excess of short repeats (Supplementary
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Fig. S4). However, the isolated arrays tend to be shorter
than arrays adjacent to cas genes (Supplementary Fig. S5).

Among the isolated arrays, 15% are present in ge-
nomes that lack CRISPR-cas loci; 6% account for the
only CRISPR arrays in genomes that contain an appar-
ently functional cas operon without an adjacent array;
and the rest are in genomes that also carry cas-adjacent
arrays (Supplementary Tables S1 and S6).

Potential leader sequences were predicted (see Meth-
ods) for 74% of CRISPR arrays that are adjacent to cas
genes and 70% of the isolated arrays (Supplementary
Tables S1 and S6).

We classified all CRISPR arrays with respect to their
adjacency to cas genes and, for the isolated arrays, their
similarity (or lack thereof) to cas-adjacent arrays and
presence in genomes that possess or lack CRISPR-Cas
systems (Fig. 3). Among the isolated arrays, the vast ma-
jority are significantly similar (as defined in the permis-
sive clustering procedure; see Methods) to cas-adjacent
arrays. The remaining 303 are unique isolated arrays
that appear to be of greatest interest from a functional
standpoint because they either can function with a heter-
ologous suite of Cas proteins or represent novel CRISPR-
Cas types. On a different plane, among both the unique
isolated arrays and those that are similar to cas-adjacent
ones, the majority reside in genomes that carry cas oper-
ons (with or without adjacent arrays) that might be func-
tionally linked to the isolated arrays. By contrast, the
remaining 562 arrays (112 unique and 450 similar to

CRISPR arrays 12,850

All CRISPR
arrays

Isolated

~ i 0y
Cas-adjacent 9,732 (75.8%) 3,118 (24.3%

M

Isolated
CRISPR
arrays

N

Unique
Similar to cas-adjacent 2,815 (21.9%) 303 ]
(2.4%)

In genomes
without
CRISPR-Cas
450 (3.5%)

In genomes with CRISPR-Cas 2,365 (18.4%)

Unique
CRISPR
arrays

N\

)

In genomes In genomes with CRISPR-cas

without CRISPR-Cas 191 (1.5%)
112 (0.9%) ‘ Additional filtering

[ 116 - True

FIG. 3. Classification of CRISPR arrays: cas-adjacent,
isolated, unique isolated and orphan arrays. The
schematic illustrates the partitioning of CRISPR arrays
into distinct categories according to their adjacency to
cas operons or lack thereof and, for isolated arrays,
similarity to cas-adjacent arrays.

104 - False

83- Unknown]
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cas-adjacent ones) are orphans that were found in ge-
nomes lacking CRISPR-cas loci (Fig. 3). The unique
orphan arrays are the best candidates for the discovery
of unknown CRISPR types.

Virus-specific spacers in isolated CRISPR arrays

Among the spacers from the isolated arrays, we identified
reliable similarity to viral sequences in 13% compared
to 18% for spacers from cas-adjacent arrays (Supple-
mentary Table S6). Most of the viral spacer matches
(Supplementary Data S3) come from isolated arrays in
Bacilli and Gammaproteobacteria (48% and 41% of the
matches, respectively). Most of the viruses matching
spacers from isolated arrays are incompletely classified
(42% have no genus-level taxonomic assignments).
Among those that are properly classified, the most com-
mon genera are Casadabanvirus (Pseudomonas virus
D3112 and its relatives; 15%) and Moineauvirus (Strep-
tococcus virus DT1 and its relatives; 14%).

Analysis of the spacers in the isolated arrays in closely
related species showed variability of spacer content for
the arrays found in the same position in the genomes.
Thus, in ATGC072, the 16 identified isolated arrays
had a weight of 14, which is equivalent to 14 arrays
with unique spacer content (see Methods for details). In
ATGC108, 29 isolated arrays had a weight of 12; and
in ATGC127, the 72 isolated arrays had a weight of 18.
These findings are most compatible with the possibility
that the majority of the isolated arrays are functionally
active.

Gene neighborhoods of isolated arrays

Flanking genes of isolated arrays were annotated using
COG profiles.”” For comparison, the same number of
gene neighborhoods were randomly selected for house-
keeping genes, non-housekeeping genes, non-cas defense
genes, and random loci from the set of genomes in which
isolated arrays were found. Additionally, flanking genes
of CRISPR-cas loci® were analyzed using the same pro-
cedure. Analysis for COG categories showed similar dis-
tributions of flanking genes for isolated arrays and cas
loci (Supplementary Table S2). One of the distinctive
features of these two groups was the enrichment for the
“X” COG category (mobilome: prophages, transposons)
by a factor of 3.7-3.9 compared to random loci (95%
confidence interval for enrichment is 1.96—4.43 and 1.92—
4.13 for the isolated and cas-adjacent arrays, respec-
tively, Fig. 3 and Supplementary Table S2).

We further investigated the genes in the isolated array
neighborhoods by relative enrichment (“‘icity’’) analysis
in an attempt to identify genes that might be specifically
associated with isolated arrays.”® The proteins from
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these neighborhoods were clustered by sequence similar-
ity, and for each cluster, a PSIBLAST search was per-
formed to identify genes of the same families elsewhere
in the entire genomic database. Protein clusters that
were highly abundant in the vicinity of isolated arrays
and strongly associated with the latter (a strong associa-
tion was defined as No/N>0.5, where No is the number
of proteins from the given cluster in the vicinity of iso-
lated arrays, and N is the total number of such proteins
in the database) were analyzed in detail (Supplementary
Table S3). Most of the protein-coding genes that were
found to be strongly associated with isolated arrays are
not annotated in the current databases and encode short
(typically, <100 aa) putative proteins, which seems to
indicate false protein predictions or disrupted genes
(Fig. 4). Otherwise, the distribution of the functional clas-
ses of COGs in the vicinity of isolated arrays closely
tracked the distribution around CRISRP-cas loci. In
both distributions, MGEs were far more abundant than
genes from any other functional class (Supplementary
Table S3 and Fig. 3). Thus, we did not identify any func-
tional classes of proteins to be specifically and signifi-
cantly linked to isolated CRISPR arrays. However,
these observations show that isolated arrays are embed-
ded in the same type of genomic neighborhoods that
are strongly enriched with mobile elements as bona fide
CRISPR-Cas systems. On the one hand, such neighbor-
hoods can be genomic junkyards where insertion of
mobile elements is easily tolerated. On the other hand,
some of these elements actually might play a role in the
dissemination of CRISPR-Cas systems and isolated
arrays (see below). These two interpretations are not
mutually exclusive.

Unique isolated arrays

Among the 3,118 isolated CRISPR arrays, 303 contained
repeats that did not share sufficient sequence similarity
with repeats from the arrays adjacent to cas genes (here-
inafter, unique isolated arrays). Such unique arrays ap-
pear to be of particular interest because they might
confer function jointly with heterologous Cas proteins,
revealing unusual CRISPR-Cas functionality or belong-
ing to novel CRISPR-Cas systems. We clustered the
repeats from the unique isolated arrays by sequence sim-
ilarity to form 197 permissive clusters that were exam-
ined on a case-by-case basis. Among these, 34 clusters
were found to have similar spacer sequences or diverse
repeat sequences, a small number of spacers with differ-
ent lengths, to contain small ORFs inside, or to pos-
sess other features that appear to be incompatible with
CRISPR arrays, such as replication initiation genes adja-
cent to the repeats (in this case, direct repeats could
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FIG. 4.

Functional classes of genes in the vicinity of CRISPR-Cas systems and isolated arrays. The box plot shows

the enrichment/depletion ratios of genes from different functional classes of COGs in the genomic regions
upstream and downstream of CRISPR-cas loci (red boxes) and isolated arrays loci (blue boxes) relative to genes
randomly sampled from the same genomes (1,000 bootstrap replications). The boxes shows the 25th/50th/75th
percentiles, and black dots shows outliers that fall above 1.5 x interquartile range (IQR). x-Axis: functional classes of
COGs (“-" indicates genes that were not recognized by any COG profiles); y-axis: enrichment/depletion ratio.
Functional classes of genes are as follows: —, not recognized; C, energy production and conversion; D, cell cycle
control, cell division, chromosome partitioning; E, amino acid transport and metabolism; F, nucleotide transport and
metabolism; G, carbohydrate transport and metabolism; H, coenzyme transport and metabolism; |, lipid transport
and metabolism; J, translation, ribosomal structure, and biogenesis; K, transcription; L, replication, recombination,
and repair; M, cell wall/membrane/envelope biogenesis; N, cell motility; O, posttranslational modification, protein
turnover, chaperones; P, inorganic ion transport and metabolism; Q, secondary metabolites biosynthesis, transport,
and catabolism; R, general function prediction only; S, function unknown; T, signal transduction mechanisms;

U, intracellular trafficking, secretion, and vesicular transport; V, defense mechanisms; X, mobilome: prophages,
transposons; Z, cytoskeleton. COG, clusters of orthologous gene.

be part of the replication origin****). Apparently, these

false-positives were missed by our procedure for array
identification with the parameters defined above as opti-
mal (Supplementary Table S7). At least 89 clusters in-
cluding 116 individual arrays appeared to represent
bona fide CRISPR arrays because they consisted of re-
peats in the typical length range (26—36nt) and/or con-
tained more than five unique spacers (Supplementary
Table S7). It remains unclear whether the remaining
unique isolated arrays are actual CRISPR. Only two iden-
tical arrays in two Streptococcus oralis genomes contain
spacers matching a virus genome that confirms their
functionality (Supplementary Table S7). For 90% of the

unique isolated arrays, potential leader sequences were
predicted (see Methods), suggesting that these arrays
might be functional.

Notably, among the 89 clusters of unique isolated ar-
rays inferred to be bona fide CRISPR, 21 were contained
within MGEs, such as plasmids, prophages, and some
specialized elements.***® Whether these arrays are in-
volved in the maintenance of these mobile elements or
transferred by these vectors to new hosts—or both—
remains to be experimentally studied.

Analysis of flanking genes for six unique isolated array
clusters resulted in the identification of diverged homo-
logs of effector proteins of subtypes V-K, V-F, and VI
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that were overlooked in the recent CRISPR-Cas tally®
conceivably because of the low similarity to the respec-
tive sequence profiles (Supplementary Table S7). These
findings confirm that analysis of unique isolated arrays
can lead to the discovery of new CRISPR-Cas variants.
However, among the proteins encoded by flanking genes,
we failed to identify any candidates for new CRISPR-Cas
types, that is, proteins unrelated to currently known Cas
proteins but containing domains (primarily, nucleases)
that could be implicated in CRISPR functionality. It should
be noted, however, that in case such novel Cas proteins are
encoded elsewhere in the respective genomes and employ
isolated arrays in trans, a new CRISPR-Cas type would
have been missed by this analysis.

For the remaining clusters of unique isolated arrays,
we did not identify any strongly linked protein-coding
genes. Nevertheless, several of these arrays appear to
be promising candidates for further investigation. In
particular, these include 12 orphan arrays found in ge-
nomes that encode no known CRISPR-Cas systems and
in genomes that encompass multiple unique isolated ar-
rays. Among the latter, Ktedonobacterales bacterium
SCAWS-G2 stands out, with 10 unique isolated arrays
(four clusters).

Origins of isolated CRISPR arrays

Multiple, non-exclusive hypotheses for the origin of iso-
lated arrays can be proposed (Fig. 5). The isolated arrays
potentially could emerge: (1) from a complete CRISPR-
Cas locus as a result of elimination of the cas genes, (2)
from insertion of a MGE carrying an array followed by the
loss of the MGE, or (3) de novo through insertion of spacers
into a random genome location followed by repeat forma-
tion as a result of duplication of the flanking sequence. For
the isolated arrays with similarity to cas-adjacent ones, the
first route appears to be by far most likely, but the situation
could be different for the unique arrays.

To trace possible mechanisms producing isolated
CRISPR arrays, we investigated in detail the evolution of
these arrays in three ATGCs with the highest content of iso-
lated arrays. For each isolated array and its flanking genes,
a BLASTN search was run against all the genomes of the
corresponding ATGC in order to identify all instances of
the flanking genes, with or without CRISPR arrays.

In ATGC127 (Yersinia), two isolated array loci were
detected, both with repeat sequences identical to those
in the array associated with type I-F CRISPR-Cas system
present in the Yersinia genomes. The functionality of
at least one of the isolated arrays in the Yersinia pestis
genome manifested in its ability to acquire new spacers
has been demonstrated in the classic 2005 work of
Pourcel er al.'® Isolated arrays with flanking genes
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a Synthesis of CRISPR array de novo

Adaptation module
with a spacer

\ Insertion of spacer in trans

Repeat-like sequence
orphan array

b Transposon mediated synthesis

Possible integration site

insertion of mobile element with orphan array as passenger

v

mobile element moved leaving passenger

c Excision of cas genes

- - _l.<>l.-

cas genes with CRISPR array
cas genes moved
leaving array

FIG. 5. Three scenarios for the origin of isolated
CRISPR arrays. CRISPR arrays are shown with dark gray
rectangles (repeats) and diamonds (spacers). Flanking
non-cas genes are shown with light gray block arrows,
transposable elements are shown with orange blocks,
and cas genes are shown with green blocks. (a) de novo
formation of a CRISPR array; (b) formation of a CRISPR
array mediated by transposon insertion; (c) excision of
cas genes leaving an isolated array.

were used as a BLASTN query that retrieved other loci
in ATGC127 genomes that contain the query genes but
not the isolated arrays (Fig. 6a and Supplementary
Fig. S6A). Loci containing an isolated array flanked by
rpiR and yagU genes were found in that unique configu-
ration only and thus were not informative with regard
to the origin of the isolated array. Another locus that con-
tained an isolated array flanked by sbcB and potE genes
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was present in three configurations (Fig. 6a): flanking
genes and the array; flanking genes without the array;
flanking genes, array, and an IS200-like transposable
element  (Yersinia  pseudotuberculosis  PA3606
GCF_000834945.1). The sequences between sbcB and
potE that lack the CRISPR array (in genomes within
the ATGC127 branch that is otherwise enriched with ar-
rays) nevertheless contained a complete or partial single
repeat sequence (Supplementary Data S4a), which might
be the precursor of the array. The locus containing an
IS200-like transposable element has the same DNA se-
quence as the loci containing isolated arrays except for
the sequence of the transposase. These findings are com-
patible both with de novo formation of an isolated array
with a single repeat-like sequence serving as a precursor
(even if this precursor itself is in turn a remnant of an ear-
lier array) and with acquisition of an isolated array as a
passenger of a mobile element.

Two isolated arrays were identified in ATGCI108
(Listeria), both with repeat sequences identical to those
in the CRISPR array associated with a subtype I-B
CRISPR-Cas system present in these genomes. One iso-
lated array is present in most genomes and is located
between prsA and an uncharacterized gene (Fig. 6b).
Several genomes from this group contain a single repeat
sequence located between these genes, which might be a
precursor for the formation of the isolated array (see se-
quence alignment for Listeria ivanovii londoniensis
GCF_000763495.1 and GCF_000763475.1 in Supple-
mentary Data S4b.1). Another isolated array was detected
near the first one in two genomes (Fig. 6b and Supple-
mentary Fig. S6B). These arrays are located between
His Phos I and araJ or proP, where different CRISPR-
Cas systems or cas operons lacking CRISPR arrays
were apparently inserted or/and excised on multiple oc-
casions (see sequence alignment in Supplementary Data
S4b.2). Analysis of the sequence alignment for these
loci shows identical array sequences between Listeria
ivanovii WSLC3009, Listeria ivanovii sub ivanovii
WSLC 3010 (isolated arrays), and Listeria ivanovii sub
ivanovii PAM 55 (complete type I-B system), which indi-
cates excision of cas genes, leaving the isolated array.

Two isolated arrays were found in ATGC072 (Pseudo-
monas) genomes. One of these is located between YHI9
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and an uncharacterized gene, along with two additional
short uncharacterized genes (Fig. 6¢c and Supplementary
Fig. S6C). The same configuration of these flanking
genes without a CRISPR array was observed in another
strain. Arrays in these loci have the same repeat sequence
as type I-F loci present in the same genomes, and most of
the isolated arrays have different spacer sets (Supplemen-
tary Data S4c.1), which might indicate insertion of arrays
with transposable elements or/and formation of isolated
arrays de novo from a precursor repeat-like sequence.
Another isolated array is located between SphA and
COG3617 genes. Four possible configurations can be
found in this gene neighborhood (Fig. 6¢ and Supple-
mentary Fig. S6C). In two cases, there is an IS3-like
transposable element between these genes, which might
indicate insertion of a CRISPR-Cas system as a passen-
ger. However, according to the sequence alignment
(Supplementary Data S4c.2), these two acquisitions of
transposable elements are likely independent events
(the IS elements are located in different specific positions
in the neighborhood), suggesting prior presence of a
CRISPR array in the locus. The sequences of the cas
genes in the loci are identical, but the content of CRISPR
arrays is different. These observations suggest a scenario
for insertion of a CRISPR-Cas system and further exci-
sion of cas genes. However, pre-existence of an isolated
array followed by insertion of cas genes (with or without
a second array) cannot be ruled out either.

In an attempt to gain some insight into the origins of
unique CRISPR arrays, these repeat sequences were addi-
tionally searched against the NT database (see Methods).
Altogether, 1,190 arrays identical or closely similar to
the unique ones were detected. Analysis of the flanking
genes identified 16 arrays that belonged to I-A, I-C,
I-D, I-G, II-A, HTI-D, V-J, and VI-B2 CRISPR-cas loci
(Supplementary Table S7). These observations suggest
that some unique isolated arrays originate from rare
CRISPR-Cas variants but for the majority of these arrays,
the de novo route of origin appears more likely.

Discussion

The CRISPR-Cas systems show a remarkable and grow-
ing variety of cas gene compositions and genomic
arrangements, which translate into functional diversity

FIG. 6.

>

Evolution of isolated CRISPR arrays. Multiple configurations of gene neighborhoods containing isolated

CRISPR arrays and the orthologous loci lacking the arrays are shown for three ATGCs. Flanking non-cas genes are
shown as light gray block arrows, with the gene name indicated below the block; mobile elements are shown as
orange blocks; cas genes are shown as green blocks; leader sequences shown as blue boxes. An example
organism name and locus coordinates in the genome are shown to the right of the schematic depiction of each
gene locus. (a) ATGC127: Yersinia; (b) ATGC108: Listeria; (c) ATGC972: Pseudomonas.
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that remains to be fully characterized. In addition, how-
ever, numerous CRISPR arrays are not associated with
cas genes. Repetitive sequences adjacent to cas genes
can be assumed to represent functional CRISPR arrays.
By contrast, analysis of the (putative) isolated arrays
requires much greater caution because in the absence of
supporting evidence in the form of the presence of cas
genes, artifacts—that is, other types of repetitive struc-
tures masquerading as CRISPR—are likely. Here, we
developed a dedicated computational pipeline to elimi-
nate most of the false-positives and produced a more
accurate census of isolated CRISPR arrays. After elimi-
nating the artifacts, isolated were found to comprise up
to 25% of all CRISPR arrays detected in bacterial and
archaeal genomes.

Isolated CRISPR arrays are of interest from both func-
tional and evolutionary standpoints. A substantial major-
ity of the isolated arrays consist of repeats that are
identical in sequence to the repeats in arrays from the
same genomes that are adjacent to cas genes. Therefore,
these arrays are likely to be functional and can be
employed in trans by the adaptation and effector ma-
chineries of the respective CRISPR-Cas systems. When
examining the distribution of isolated arrays across the
taxonomic diversity of bacteria and archaea, we detected
a notable excess of such arrays in several groups of
hyperthermophiles—organisms that possess complex
repertoires of CRISPR-Cas systems, in particular those
of type III that are known for their ability to utilize
CRISPR arrays in trans. The excess of isolated arrays
in these genomes apparently reflects this feature of
type III systems.

However, about 10% of the isolated arrays were found
to be unique, with repeat sequences dissimilar from those
in known CRISPR-Cas systems. An in-depth examina-
tion of these unique isolated arrays identified some addi-
tional apparent false-positives, for example repeats that
seem to be associated with origins of replication. These
cases can be used to refine methods for array identifi-
cation further. Nevertheless, many clusters of unique iso-
lated arrays possess multiple features of regular CRISPR
and thus are likely to be functional. One possibility is
that arrays are utilized by promiscuous Cas1 (adaptation)
and/or Cas6 (processing) endonucleases.”"*” A more in-
triguing alternative is that some of the unique isolated
arrays, especially unique orphans that are present in ge-
nomes lacking any known CRISPR-Cas systems, belong
to unknown CRISPR-Cas types that are unrelated or ex-
tremely distantly related to the previously described ones.
However, the results of the present analysis indicate that
if such novel CRISPR-Cas systems exist, they are quite
rare. Although we did identify a few variants that have
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been missed previously, presumably due to the low sim-
ilarity between the respective Cas proteins and their
homologs from known CRISPR-Cas systems, no new
types have been discovered. Nevertheless, unique iso-
lated arrays and especially orphans could be a source of
novel CRISPR-Cas variants that, although uncommon,
might possess unique properties.

The repeats in the majority of isolated arrays are iden-
tical in sequence to the repeats in arrays that belong to
complete CRISPR-Cas systems in the same or closely re-
lated genomes, implying a common origin. Arguably, the
default scenario for the emergence of an isolated CRISPR
arrays is the loss of the adjacent cas genes. Our compar-
ative analysis of loci containing isolated arrays in closely
related bacterial genomes supports this route of evolu-
tion, but suggests that two other scenarios might contrib-
ute as well: de novo origin of CRISPR arrays and their
transfer by MGEs. Off-target spacer integration by
CRISPR-Cas adaptation module into sites resembling
CRISPR repeats in sequence indeed has been shown to
occur in bacteria.*® Our current analysis supports the pos-
sibility that this process can generate CRISPR arrays de
novo and thus could be an important source of generation
of new types of repeats. The third route of isolated array
evolution, via transfer by MGE, also appears plausible,
given the detection of transposable elements in the vicin-
ity of isolated arrays and the wide presence of CRISPR-
Cas systems as well as CRISPR mini-arrays in various
MGE. In general, the origins of unique isolated arrays re-
main uncertain. Further searches in growing genomic and
metagenomics databases will show how many of these
might be adjacent to known or novel cas genes in some
genomes. However, the lack of such adjacency in the ge-
nome collection analyzed here suggests that de novo
emergence might be the principal route of origin for the
unique arrays.

The results of the comparative genomic analyses pre-
sented here indicate that isolated arrays are in a dynamic
equilibrium with functional CRISPR-Cas systems. On
multiple occasions, cas genes are lost, leaving isolated
arrays behind. Conversely, arrays emerging de novo or
transferred by MGE can become associated with cas
genes. Regain of cas genes by an isolated array also ap-
pears likely. These processes can contribute to the emer-
gence of new combinations of cas genes with repeats
and thus to the functional diversification of CRISPR-
Cas systems.

The presence of spacers matching virus genomes, in
only a slightly lower proportion than among the arrays
from complete CRISPR-cas loci, and the differences in
spacer content between orthologous isolated arrays
in closely related bacterial genomes suggest that most
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of the isolated arrays were functionally active recently
and at least some remain functional through in trans
utilization by Cas proteins, which is in accordance with

several previous observations.
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