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The bacterial and archaeal CRISPR/Cas adaptive immune system targets specific protospacer nucleotide sequences in
invading organisms. This requires base pairing between processed CRISPR RNA and the target protospacer. For type | and
Il CRISPR/Cas systems, protospacer adjacent motifs (PAM) are essential for target recognition, and for type Ill, mismatches
in the flanking sequences are important in the antiviral response. In this study, we examine the properties of each class
of CRISPR. We use this information to provide a tool (CRISPRTarget) that predicts the most likely targets of CRISPR RNAs
(http://bioanalysis.otago.ac.nz/CRISPRTarget). This can be used to discover targets in newly sequenced genomic or
metagenomic data. To test its utility, we discover features and targets of well-characterized Streptococcus thermophilus
and Sulfolobus solfataricus type Il and Ill CRISPR/Cas systems. Finally, in Pectobacterium species, we identify new CRISPR
targets and propose a model of temperate phage exposure and subsequent inhibition by the type | CRISPR/Cas systems.

Introduction

The CRISPR (clustered regularly interspaced short palindromic
repeats)/Cas (CRISPR associated) system has evolved to defend
microorganisms against foreign invading nucleic acids, princi-
pally DNA from bacteriophages (phages), plasmids and other
mobile elements (reviewed in refs. 1-5). CRISPR/Cas systems
have been identified in 47% and 86% of complete bacterial and
archaeal genomes.® Resistance development occurs when a short
sequence is acquired from the phage or plasmid genome and
added, as a new spacer, to the CRISPR arrays (reviewed in ref. 7),
which consist of short repeats separated by spacers. In CRISPR
systems, a CRISPR RNA (crRNA) containing a “spacer” (or
guide®) is generated from a longer precursor (pre-ctRNA)**3 and
incorporated into a ribonucleoprotein complex of one or more
Cas proteins.”'**! These ribonucleoprotein complexes bind to,
and trigger, the destruction of complementary DNA or RNA
from invading elements.?*#*3

Typically, organisms have several CRISPR arrays containing
a range of spacers with different sequences derived from previous
exposure to phages and plasmids. The largest predicted bacterial
array, from Haliangium ochraceum DSM 14365, has 587 spacers,
only two of which are identical.® Despite experimental proof that
CRISPR/Cas systems target phages or plasmids,?>*¢ the targets
of most spacers have not been identified. For example, of 926
spacers identified for E. coli and Salmonella, Touchon and Rocha

were only able to predict the likely targets of 8%;% similarly, a
parallel study discovered the targets of 12% of spacers.?®

There are many contributing reasons for the lack of identi-
fied ctRNA targets. This is partly due to the relative paucity of
studies that investigate the sequences of phages when compared
with their abundance and genetic diversity.”?° Furthermore,
many phage sequences are not easily accessible in databases such
as GenBank, but many more exist in viral metagenome or virome
studies.® Large proportions of phage sequences have no simi-
larity to any known phage or other sequences. Therefore, most
metagenomic data remains unannotated.””?® For example, in
a recent study, the metagenomes of phages purified from ther-
mal ocean vents were sequenced.” The method targeted lamb-
doid viruses and resulted in the sequencing of a new lambdoid
virus; however, 45-55% of sequences had no database matches.*
Another study of marine viromes identified only 10% of genes
related to known phages.?” The lack of identified crRNA targets
in plasmids results from a similar dearth of sequence data rela-
tive to the their abundance and diversity. Like phages, plasmids
are mobile and have mosaic sequence structures and are rapidly
evolving.>* Recent efforts have begun to sequence populations of
plasmids using metagenomics, which should start to improve this
plasmid data shortage.”

CRISPR/Cas systems are divided into three major types
(I-I1I), and further into subtypes (e.g., types III-A and III-B).%
Different types share similarities, yet can have differences, such
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as in ctRNA generation or the nature of the target (RNA or
DNA). Recent studies have begun to elucidate the process of rec-
ognition of target protospacers in the major types of CRISPR/
Cas systems. From early studies, it was interpreted that exact
pairing along the length of the spacer RNA was required,***’ but
recent results indicate that some mismatches are tolerated, at least
for some systems.”** For type I and II systems, protospacer
adjacent motifs (PAM) are required for recognition,?*3731:42
and a short seed sequence within the match is required in par-
ticular subtypes.”?** For type III systems, it is unclear if a seed
sequence exists and no PAMs have been identified.”! Instead, the
base-pairing potential between the 5' repeat-derived portion of
the ctRNA (termed the 5" handle) and the sequence flanking the
protospacer target is important to enable interference, and disal-
low self-targeting for type III-A systems.*

CRISPR/Cas systems have similarity, yet differences, to
RNAIi in mammals, which can also provide protection from viral
infection.”* RNAI utilizes miRNAs of ~20—22 bases that recog-
nize specific mRNA targets.” However, the key seed determinant
is only six to eight bases. Therefore, predictive tools to discover
functional binding sites have been developed that use the prop-
erties of known sites to predict new ones.”“ The critical factor
is distinguishing true sites from false positives, and there are a
large number of algorithms implemented for miRNA target dis-
covery.”# A number of bioinformatic tools are available for the
identification of CRISPR arrays and their spacer sequences.’*?
In contrast, few approaches have been developed to discover the
targets of CRISPR.”*** For predicted spacers in CRISPRdb,°
(November 2012) the mean length is 36 bases (range: 16-100),
which is consistent with typical lengths for experimentally con-
firmed spacers of 24-37 bases. The input used when searching
for targets using CRISPRFinder is a small number of these spacer
sequences without adjacent repeats.”” These spacers are used
for a BLAST search of the nucleotide sequence database from

5536 The discovery of new

GenBank using the default parameters.
spacer targets would be facilitated by tools that allow flexibility in
these areas and enable searches of recent metagenomic data sets.
Furthermore, the ability to score or visualize PAMs, basepairing
in flanking sequences and define seed regions are not available in
existing tools. These properties assist in biological interpretation
of putative targets. In this study, we have incorporated known
features of the CRISPR/Cas system into a target discovery tool.
We have also allowed flexibility to enable the incorporation of
new features, to generate testable hypotheses as to the targets of
CRISPR systems.

Results

CRISPRTarget: Development of a tool for discovery of
crRNA targets. The lack of tools for prediction of the proto-
spacer targets of ctRNAs led us to develop a web application
called CRISPRTarget. We have summarized the current state
of knowledge about the three major CRISPR/Cas types, their
PAMs, handles and seed regions (Table 1) and used this infor-
mation when developing CRISPRTarget. Users can provide their
input as either spacers in FASTA format, or as CRISPRFinder,*
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PILER-CR> or CRISPR Recognition Tool (CRT)® output
files (following CRISPR prediction via one of these methods).
Putative protospacer targets can be identified, following a
BLASTn search of the spacer input against a number of databases
or user-uploaded sequences. These databases include ACLAME
genes, GenBank-nt, GenBank-Environmental, GenBank-Phage,
RefSeq-Microbial, RefSeq-Plasmid, RefSeq-Viral and parts of
CAMERA. Although default setting allows the sensitive detec-
tion of potential targets, users have the ability to modify the
search parameters, such as E-value, word size and penalties for
gaps and match/mismatch. This flexibility enables the stringency
of targets to be adjusted, depending on the user requirements.
Either on the initial input screen, or following the BLAST search,
targets can be displayed and scored for flanking sequences, PAMs
and filtered by exact matching seed regions. These are impor-
tant parameters when considering biological details about the
predicted target, such as what type of system/CRISPR-type is
involved. This information in Table 1 can assist users in choosing
the appropriate parameters for their particular target search. The
output provided is either visual in HTML format, but can also
be saved as text and opened in a spreadsheet. The target sequence
is typically displayed as an R-loop, depicting a specified part of
the ctRNA, as well as both the target and non-target strand of
the double-stranded target DNA. The target sequence R-loop
can be fully reverse complemented, when users suspect that the
direction of transcription of the CRISPR array starts from the
downstream end instead.

A general model of the match between a spacer and proto-
spacer target as the output from CRISRTarget is shown in
Figure 1 for types I, II and III. The differing features, such as
5" or 3" handles and the presence or absence of PAMs, can be
specified, searched, sorted and displayed in CRISPRTarget.
Furthermore, the parameters can be manually adjusted to incor-
porate new functional information (e.g., a new PAM). For clar-
ity, we use the definition of the protospacer as the DNA strand
complementary to the ctRNA, and PAMs are denoted 5'-3' on
the protospacer DNA (e.g., type I-E PAM is CTT, Table 1).
In addition, we refer to the flanking sequences as being 5' or 3'
of this protospacer and handles as 5' or 3" of the crRNA spacer.
CRISPRTarget enables detection of the most likely complements
of spacers in target sequences (Fig. 2).

Proof of principle: Phage protospacers for Streptococcus ther-
mophilus type II CRISPR/Cas. As an initial test, we used the
well-characterized type II CRISPR1 array from Streptococcus ther-
mophilus DGCC7710. This strain is economically important
in the dairy industry and has active CRISPR/Cas systems.?%
The sequences of arrays with recently acquired spacers are avail-
able WTphi858phi2972+59S10S11S12  (GenBank accession:
EF434477) and, WTphi858phi2972+S13S14 (EF434478),
as are many Streptococcus thermophilus phage sequences (114
sequences of 6,800 in the phage division of GenBank). These
two strains have become resistant to $858 and $2972, whereas
the WT strain is sensitive (EF434469).** We expect that spacers
from the resistant strains will be predicted to target $858 and
$2972, whereas the WT will not, but might target other mobile
elements. Spacers were predicted from these CRISPR sequences

Volume 10 Issue 5



Table 1. Summary of features of CRISPR/Cas systems, including PAMs, repeats, seed regions and handles*

Type Target Representative species PAM (5'-3")8
Type | (PAMs 3' of protospacer)
I-A DNA Sulfolobus solfataricus P2 Protospacer-NGG*0478
1-B DNA Clostridium thermocellum Unknown
ATCC 27405
C. thermocellum ATCC 27405 Unknown
Haloferax volcanii H26 Protospacer-GAA,
AGT, TTA, ATA, CTA,
GTG®
Listeria monocytogenes Protospacer-NGG*
I-C ? Xanthomonas oryzae Protospacer-GAA##!
Bacillus halodurans Protospacer-GAA*
I-D ? Unknown Unknown
I-E DNA Escherichia coli K12 Protospacer-CTT, CAT,
CCT, CTC41,73,74,82
I-F DNA Pseudomonas aeruginosa Protospacer-GG*#
PA14
Pectobacterium atrosepticum Protospacer-GG*'
SCRI1043
Type Il (PAMs 5' of protospacer)
1I-A DNA Streptococcus thermophilus WTTCTNN-
protospacer®®
Streptococcus thermophilus TTTYRNNN-
protospacer®?
1I-B DNA Streptococcus thermophilus CNCCN-
protospacer®8
Streptococcus pyogenes CCN-protospacer?
Type Il (no PAM)
1-A DNA Staphylococcus epidermidis No PAM*
1-B RNA Pyrococcus furiosus No PAM®:
Sulfolobus solfataricus No PAM™

CRISPR
family*®

Seed
region

Typical repeat 5'/3" handles (nt)

Seed adjacent to PAM

GATAATCTCTTATAGAATTGA  CRISPR-7 Unknown 8/16-17'¢
AAG'
GTTTTTATCGTACCTATGAGG  CRISPR-6  Unknown 8/4,10-127°
AATTGAAAC!
GTTGAAGTGGTACTTAGT CRISPR-9 8/2-6"°
AAAACAAGGATTGAAAC!
GTTTCAGACGAACCCTTG CRISPR-61
TGGGDTTGAAGC!
GTTTTAACT CRISPR-1
ACTTATTATGAAATCTAAAT
GTC GCGTCCTCACGGGCG  CRISPR-3  Unknown
CGTGGATTG AAAC*
GTC GCA CTCTTC ATG GGT  CRISPR-3 11/21"
GCG TGG ATT GAA AT
Unknown  Unknown
GWG TTC CCC GCG CCA CRISPR-2  1-5,7-8% 8/21017
GCG GGG ATA AAC CG*
GTTCACTGCCGTGTAGGC CRISPR-4 1-8" 8/20'01%
AGCTAAGAAA?
GTTCACTGCCGTACAGGC CRISPR-4
AGCTTAGAAA'
Seed adjacent to PAM
GTTTTTGTACTCTCAAGAT CRISPR-10  Unknown
TTAAGTAACTGTACAAC
GTTTTTGTACTCTCAAGA CRISPR-10
TTTAAGTAACTGTACAAC
GTTTTAGAGCTGTGTTGT CRISPR-10
TTCGAATGGTTCCAAAAC
GTTTTAGAGCTATGCTGT CRISPR-10 1320 None/19-22"
TTTGAATGGTCCCAAAAC!
GATCGATACCCACCCCGA CRISPR-8  Unknown 8/(37/43 entire
AGAAAAGGGGACGAGAAC! length)*7°
GTTCCAATAAGACTAAAA CRISPR-6  Unknown 8/(39/45 entire
TAGAATTGAAAG' length)'8#
GATTAATCCCAAAAGGAA CRISPR-7  Unknown 8/uncertain
TTGAAAG'

*Adapted from Westra et al., 2012. SPAM and protospacer are denoted as sequence on target strand that base pairs with crRNA. 'Direction of CRISPR
transcription confirmed. tDescribed as CRISPR-9,%° but length and sequence suggests degenerate CRISPR-6.

using CRISPRFinder,* CRT*" and PILER-CR.>* CRISPRFinder
is the most cited CRISPR prediction tool; however, a combina-
tion of CRT and PILER-CR are used in the DOE-JGI standard
pipeline for bacterial genome annotation.””

CRT and CRISPRFinder predicted the published array
of 32 spacers in the WT and an additional two or four spac-
ers in the resistant strains, whereas PILER-CR with default
parameters split the array into two consisting of 22 and three
spacers. The CRT predictions were used as input (Fig. 3), as
these include information about small variations in the repeats
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(all inputs in this study are provided in Fig. S1). These spac-
ers were searched against the phage division of GenBank and
plasmid division of RefSeq. With the default settings, there
were matches from 24 of 32 spacers to 84 sequences of mobile
elements in the initial output, of which 81 were Streprococcus
spp phages (supplemental file heml output in Fig. S1, text in
Fig. S3). This has been designated a type II-A system with a
requirement for a PAM 5' of the protospacer (5-WTTCTNN-
protospacer-3');>® 38/84 had the consensus PAM. The addi-
tional spacers in strains WTphi858phi2972+S9510S11512
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A Typel Pseudomonas aeruginosa PA14

5" handle spacer 3’ handle )
5 CUAAGAAAAUAUCAGUUUGCAUGGUUUGCUCCUACCAAGCGUUCACUGCCGUAUAGGCAG 3 crRNA

detected arrays, which belong to the CRISPR-7 (and pos-
sibly CRISPR-11)*° families. Putative protospacers were
discovered using CRISPRTarget with the default settings

3’ A‘('Talnlc‘m nnnr‘r"rntr‘r‘nnr‘ ch;ﬁﬁﬁﬁzﬁﬁw 5' Pseudomonas and all predicted S. mlﬁztricus CRISPRs as input (Flg Sl)

5 TCTTGGCCATATCAGTTngl?Ttg;ing?lggcTACCAAGCCGCGCAGCTGCGCGTTTTCC 3 phage JBD67 Of the 254 unique spacers used, 517 hits were detected

PAM for 57 spacers from five of the seven arrays (Fig. S4; 471

B Type Il Streptococcus thermophilus DGCC7710 hits when E-value lowered to 0.1). An earli'er study identi-

spacer % handle fied the targets of 29 spacers.® The top hit was a perfect

5’ AACACAGCAAGACA JGAUGCUAL UCUC 3 crRNA match from spacer 28 in IOCUS Il\14 (NC_002754_3_28

(RRRARRRRNARRRRRARRR AR | [N . .. . .

3 TTGTsmcc-rfrcwstwmccmcmcsnmc_cwcmnmsam 5" Streptococcus in output) to an Acidianus two-tailed virus (AJ888457).
RRRRARRRAARR RN o H ;

5 AACACAGCAL A ren TG TATCACAGARCAGARGTTAARCTAK 5 phage 5003 Th‘e majority of top hits are to Sulfolobus, Stygiolobus aITd

PAM Acidanus viral sequences, but there are examples of plasmid

C Type lll  Staphylococcus epidermidis RP62a

-5’ handle spacer )
5 ACGAGAACACGUAUGCCGAAGUAUAUAAAUCAUCAGUACARAG 3 CrRNA
RN AR AN AR RR AR
3" AAATCTCTTGCATACGGCTTCATATATTTAGTAGTCATGTTTC 5
FITHTTT protospacer \
5' BTTAGAGAACGTATGCCGAAGTATATAAATCATCAGTACAAAG 3’

plasmid pGO1

matches (e.g., Sulfolobus pPNOBS8). One spacer in locus B"
(spacer 23 from leader end; NC_002754_4_73 in output)
accounts for 393 hits, due to a very A-rich sequence. Since
for Cmr no PAM has been identified and self-DNA cannot
be targeted, as this system targets RNA, penalizing flank-
ing matches or searching for PAMs was not required. If

analyzing type III-A, rather than B, systems, mismatches

Figure 1. Example annotated CRISPRTarget outputs of representatives

of type |, Il and Ill CRISPR/Cas systems. The protospacer is the DNA target
complementary to the crRNA spacer. The crRNA is displayed as RNA 5' to 3'
and the base paired protospacer is 3' to 5'. (A) The predicted spacer 6 crRNA
from the type I-F CRISPR1 (CRISPR1_6) in P. aeruginosa PA14 targets Pseudo-
monas phage JBD67.% The output visualizes the 5'-protospacer-GG-3' PAM*
and the crRNA with 8 and 20 nt 5' and 3' handles, respectively.”® (B) The

between the 5' crRNA handle and the 3' flank of the pro-
tospacer DNA are important for interference®® and can be
scored appropriately. However, in either case, the ability
to view the pairing between the handle and protospacer
flanks allows matches to different CRISPR arrays to be eas-
ily distinguished.

The P. atrosepticum type I-F system targets a pro-

CRISPR1_15 from the type Il system from Streptococcus thermophilus DGCC7710
WTphi858phi2972+513514?* matched to Streptococcus phage 5093. The output
shows the predicted length of the 3" handle, based on Streptococcus pyo-
genes,” and the 5'-WTTCTNN-protospacer-3' PAM.*® (C) Spacer 1 from the type
II-A system from Staphylococcus epidermidis RP62a targeting plasmid pGO1.2°

phage in Pectobacterium carotovorum. Members of the
genus Pectobacterium are economically important phyto-
pathogens that cause a range of plant diseases.® CRISPR/

The output was adjusted to display the 8 nt 5" handle with an entire mature
crRNA length of 43 nt and no PAMs were scored.” Yellow sequences include
spacer and protospacer, blue indicates flanking sequences and PAMs are
shown in green.

Cas systems in plant pathogens have not been well exam-
ined to date (reviewed in ref. 62). Previously, we analyzed
the type I-F system of P. atrosepticumm SCRI1043 (previ-
ously known as Erwinia carotovora subsp atrosepticum),'**

and WTphi858phi2972+S13S14 targeted $2972 and $»858 as
expected.”® Interestingly, the WT has a spacer (CRISPR1_14,
uniquely identified as EF434469_1_14 in the text output Fig. S3)
with just one mismatch (protospacer +7) to bases 31869-31897
of $2972. Additionally, the 5' region of the target differs by one
base from the PAM consensus (WTcCTNN) (Fig. 4; Fig. S2).
Experimentally, this strain is sensitive to $2972,** so the system
appears to have a functional requirement for the conserved con-
sensus PAM and/or an exact match near the 5' end of the pro-
tospacer, which corresponds to the 13 nt seed region in type 11
systems (Table 1).%° In summary, CRISPRTarget can accurately
identify protospacers for crRNAs and display these with details
of match/mismatch and PAMs.

Identification of targets for the RNA-targeting Sulfolobus
solfataricus type II1 CRISPR/Cas system. The S. solfataricus P2
CRISPR/Cas system has been well characterized and, recently,
the structure of the type III-B ribonucleoprotein Cmr complex
was published.” This study also demonstrated that crRNAs
derived from all six CRISPR arrays are detected in the Cmr com-
plex, which targets RNAs complementary to the ctRNA spacer
sequences. CRISPRdb lists a total of 255 spacers from seven
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which causes soft-rot and blackleg disease in potato.*
The cas genes and CRISPRs are transcribed and crRNAs
generated by the Cas6f endoribonuclease.'* Furthermore, the
P. atrosepticum Csyl, Csy2, Csy3 and Cas6f proteins form a
complex, which interacts with the Cas2-Cas3 nuclease.®® Casl
and the Cas2-Cas3 hybrid protein also interact, suggesting a
role in acquisition.”®® The P. atrosepticun SCRI1043 type I-F
system contains three CRISPR arrays with a consensus repeat
belonging to CRISPR-4 type (Table 1).”” These arrays contain
41 spacers with 28, 10 and three spacers present in CRISPR1,
2 and 3, respectively (Table 2). Our previous analyses using
BLAST failed to identify potential viral targets of the 41 spac-
ers. However, spacer 6 in CRISPR2 showed 100% identity to
the eca0560 gene in its own genome.'? To test CRISPRTarget,
we searched for potential targets of all spacers. CRISPRFinder
output files for each array were searched against ACLAME,
GenBank-Environmental, GenBank-Phage, RefSeq-Microbial,
RefSeq-Plasmid, RefSeq-Viral and a subset of the CAMERA
metagenomic databases in CRISPRTarget (default settings, but
-1/1 match/mismatch scores to penalize self matches with the
8 nt handles).

The CRISPRI array identified by CRISPRFinder was in

the incorrect orientation, so CRISPRTarget was adjusted for a

Volume 10 Issue 5



reverse complemented output (e.g., see Fig. 4). S | 7
CRISPRTarget gave 67 hits from 13/28 spacers BLAST %RR-I;SF;;'Eﬁ-‘g: Additional User
from CRISPRI1 (Fig. S4), compared with only two Databases FASTA Fammsiers input
hits when CRISPRFinder was utilized. Selection | ~—— ]-l*‘/ ‘L -
of the I.F PAM in CRISPRTarget enabled visu- y _
alization and scoring of targets that contained a Reference Procacs
consensus CRISPR-4/I-F PAM.* Furthermore, Sif]b“e""e User Input
. . . a
the site of ctRNA processing by Cas6F in type I-F il i
systems is known,'’ so 8 nt of the 5' (handle) and Sequence v Procees
20 nt of the 3' flanking region displayed for Extraction L Sequence
h of the 3 fla . & ﬂeglc() ° \fvire SII gye © And Extension > MainProcess — 3 BLAST
the ctRNAs. By scoring flanks with penalties (e.g., Sequence — screen
-1/1 match/mismatch), self-targets can be penal- T =
ized and moved down the output list. Usually the ¥ _
default cut-off score of 20 eliminates the self-match- Yes Score
. lts when default 8 nt handl d (with Apply Process Scoring Above Post-
ing results when default 8 nt handles are used (wit Models? Model Brocaie process
-1/1 match/mismatch scores), while allowing bona
fide targets. Using the same databases and increas- No -
ing the E-value to 10, increased the number of hits =
to 406, which resulted in the identification of puta- Text, HTML Report Output
tive targets for 19 of the 28 spacers. A search with e .
CRISPR1 against the GenBank-nt database with —
the same settings identified 21 hits for eight spacers
when an E-value of 1 was used. When the E-value Figure 2. Flowchart of the steps in CRISPRTarget (details are in the Materials and
was increased to 10, 24 spacers gave 85 hits scor- Methods). Input is predictions of the CRISPR arrays, selected databases and initial pa-
ing 20 or more, but there were some false positive rameters. This input is processed and the spacers screened using BLASTn for matches
k ic) against the databases. The flanks of these matches are extended and PAMs and
sequences (eukaryotic). . handles analyzed in an interactive manner. Output is as a text/spreadsheet format, or
CRISPR1_19 matched a putative phage gene | a5a graphical display (HTML).

in Pectobacterium carotovorum subsp carotovorum
PCC21. Note that we denote spacer 1 as the leader-
proximal spacer, but the spacer numbers in the CRISPRTarget
output are numbered according to the input file. For example,
since CRISPRI was reversed in the output, spacer 19 of 28 (rela-
tive to the leader) is numbered spacer 10 in the CRISPRFinder
input file. Comparing P. carotovorum PCC21% and P. atrosepti-
cum SCRI1043°4%¢ revealed that the spacer 19 target is within a
45 kb prophage containing 54 predicted coding sequences (here
designated ®PCC21_1; Fig. 5A and B). ®PCC21_1 is inserted
in ryeAB, but is absent in P. atrosepticurn SCRI1043. The ryeAB
genes are two overlapping small non-coding RNAs. In Salmonella,
this locus is an important insertion site for prophages that have
influenced this pathogen’s evolution.” Interestingly, CRISPR1
spacer 2 also matched ®PCC21_1, albeit ~32 kb from the spacer
19 target (Fig. 5A). Mismatches in the predicted RNA-DNA
hybrid suggest that these spacers might no longer target this par-
ticular prophage, but it is also possible that they derived from a
related phage. We propose that P. atrosepticum has been exposed
to this, or a related, phage in the past, but lysogenization has been
inhibited by CRISPR/Cas.

The remaining spacers had matches to a variety of phage,
prophage, microbial genome and metagenome samples (Fig. S4).
For example, a protospacer target for spacer 11 was identified in
Salmonella enterica epsilon 15 serotype-converting phage.®®

Pectobacterium carotovorum ctRNAs match prophages in
P. atrosepticum and P. carotovorum. As P. atrosepticum spacers
matched a prophage in a related strain, we examined CRISPR
targets in other representative Pectobacterium genomes. First,
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we uploaded the genome of P. carotovorum subsp carotovorum
PCC21% into CRISPRFinder and identified five arrays; three
CRISPR-4/type I-F arrays containing 38, 3 and 3 spacers and
two CRISPR-2/type I-E arrays with 14 spacers each (output in
Fig. §4).

Two spacers in CRISPR1 (type I-F with 38 spacers) matched
different regions of e¢ca2627 in the P. atrosepticum SCRI1043
PECA29 prophage® (also termed HAI9;% Fig. 5C). Comparison
of P. carotovorum subsp carotovorum PCC21 and P. atrosepticum
SCRI1043 demonstrated the absence of a ®ECA29 prophage in
PCC21 (Fig. 5D). Spacer 34 also matched a putative prophage
(here designated ®PC1_1) in P. carotovorum subsp carotovorum
PC1 (Fig. 5E and F). The two type I-E arrays are separated by
76 bp, so it is possible that these are one large array with 29
spacers. Spacer 8 within CRISPR4 was self-matching to its own
®PCC21_1 prophage, but this will be non-targeting due to a
position 2 seed mutation.”” Spacer 3 in CRISPR4 matches a trans-
posase gene in Pectobacterium wasabiae WPP163 (Pecwa_0911),
which is not predicted to be part of an island.”

P. wasabiae CRISPRs have targets against multiple pro-
phages. Next, the CRISPRs of P. wasabiae WPP163 were ana-
lyzed (Fig. S4). P. wasabiae has four CRISPRs, two CRISPR-4/
type I-F with 17 and 25 spacers and two CRISPR-2/type I-E
containing 16 and six spacers (Table 2). Spacers 2 and 10 from
CRISPR1 (I-F array with 17 spacers) match $PCC21_1 (Fig. 5G
and H), which is also targeted by the P. atrosepticum type I-F
system (Fig. 5A and B). ®PCC21_1 is absent in P. wasabiae, but
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‘W CRISPRTarget
— A tool to explore targets of CRISPR RNAs

1. CRISPR RNA (crRNA) sequences to analy

developed in 2007-2009°* and, thus, do not
incorporate recent refinements. These current
CRISPR predictions do not take into account the
direction of CRISPR transcription and errors that
can occur when defining spacer and repeat bound-

A. Upload a file containing the entire CRISPR array (supported formats are CRT, PILER-CR and CRISPRFinder ):
OR
A. Paste entire content of a CRISPR array file (sample CRISPR array files CRT, PILER-CR and CRISPRFinder) :

Bases: 2225
CRISPR 1  Range
POSITION

1 38 - 2184
REPEAT SPACER

38 S TeT {36, 30 ]
o ﬁ CARGATT: [ 36, 30 ]

T T TIT
434 GITT! = T [ 36 30 )
500 GITIT [ 36, 30 ]

A. Upload just the spacers in FASTA (multiFASTA) format: owse.

B. Remove redundant spacer sequences from your uploaded/pasted CRISPR(s): @
C. Optional: Upload the FASTA sequence file which was used for generating the CRISPR: (7)

[ Browse... |

ORGANISM: gi|134103876|gb|EF434469.1] Streptococcus thermophilus strain DGCCT710 CRISPRL locus genomic sequence

aries. CRISPRTarget enables the user to search for
& matches in either or both orientations of a given
input and display adjacent PAM and flanking
sequences. These features provide the flexibility to
discover targets with PAMs and also any adjacent
pairing potential, ensuring greater power in pre-
4 dicting biologically relevant protospacer targets.

The initial screen for database matches in

CRISPRTarget is done by BLASTn, with a range

of parameters able to be defined. The defaults

(2. Select target

Select database(s) from the list containing the target/protospacer sequences: () [ACLAME genes
G

RefSeq-Viral
CAMERA

OR
Upload a file containing putative target sequence(s) in FASTA/MultiFASTA format:

chosen penalize gaps with -10. We know of no
publications that indicate that insertions/dele-
tions are permitted in the RNA/DNA hybrid,
although in some systems, mismatches are

3. Parameters for the initial BLAST

tolerated.?>?*%° The use of BLASTn allows for a

| Gap open: - 10 | extend: -2 | Nucleotide match: |1 | Nucleotide mismatch: (-1 |

smaller exact hit match of wordsize 7, compared

]—A,Mmmmm(mumm after the output is g d)

| with MegaBLAST (minimum word size of 28).

| Submit | | Reset

However, BLASTn is slower.”" Specific databases

are provided; the use of databases of mobile

is obtained.

Figure 3. CRISPRTarget input. Several formats are accepted. The BLASTn parameters
for the initial screen are defined at this step. They default to values that favor a gapless
match, but some mismatches. The output may be refined and reordered (Fig. 4) after it

elements (e.g., phage, plasmid, ACLAME)

reduces the execution time and increases the
number of biologically relevant positives. Hits

that might have high expect (E) values (e.g., >

in this location is Pecwa_2124 (a pseudogene homologous to the
®PCC21_1 integrase) and Pecwa_2125-9. Remarkably, spacers
3, 4, 5 and 6, from the CRISPR2 (I-F array with 25 spacers),
targeted genes PC1_3175, PC1_3187, PC1_3191 and PC1_3182,
respectively, in a putative prophage in P. carotovorum subsp caro-
tovorum PC1 (here designated $pPC1_2) that is absent in P. wasa-
biae (Fig. 51 and J). In addition, spacer 5 matches to the P2-type
tail fiber protein H, eca2608, in PECA29 (Fig. 5K) and spacer
20 targeted ®PC1_1 (Fig. 5F and L), which is also absent in
P. wasabiae (data not shown). Therefore, P. wasabiae appears
to have previously encountered phages similar to ®PCC21_1,
®ECA29, ®PC1_1 and ®PC1_2, and has developed CRISPR/
Cas immunity to these elements.

Overall, this analysis indicated that CRISPRTarget can reveal
new targets of spacers in CRISPR arrays and demonstrates, with
the example of Pectobacterium, that novel biologically relevant
information can be obtained. Specifically, inter-species prophage
exclusion by Pectobacterium type I CRISPR/Cas systems was
suggested.

Discussion

We have developed a tool designed to detect, and interactively
explore, the targets of CRISPR RNA spacers. This is the first
tool of this kind designed for this purpose. The inputs into
CRISPRTarget are predicted CRISPR arrays or spacer sequences.
These CRISPR and spacer prediction methods were initially
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1) in larger databases will be shown as significant
at the same E-value in a smaller database. Not using the “nt”
database as the default also avoids the showing of high-scoring
self-matches in the source or related genomes. Selected parts of
the CAMERA databases, enriched in phage sequences, are pro-
vided,”? and the user can upload custom data e.g., new genomic
or metagenomic data for searching.

Following the initial BLAST screen, the user can interactively
refine and reduce the putative targets shown. In some systems,
PAMs are required, or seed sequences. These can be weighted
so that only those with this feature are displayed. In the case
of S. thermophilus DGCC7710 WT spacer 14, there is a one
base mismatch to $2972 and a T to C substitution in the PAM.
The consensus PAM for this S. thermophilus type 11 system is
WTTTCTNN (or NNAGAAW on the other strand). This T
was conserved in experimentally confirmed protospacers. Recent
reports have demonstrated that pre-existing spacers that match
to a target, but can have subtle mutations that abolish interfer-
ence, increase the acquisition of new spacers in a process termed
priming./*”* It is tempting to speculate that this spacer might
increase the spacer acquisition activity of this CRISPR array
against $2972 and related phages.** The ability to detect poten-
tial targets for the type III-B system of S. solfataricus P2 was also
demonstrated and resulted in putative targets for ~20% of the >
250 spacers. Most of these were matches to archaeal viruses and
plasmids, demonstrating potentially relevant crRNA targets.

To demonstrate the and functionality of
CRISPRTarget, we investigated possible protospacer targets in

utility
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A

—Scoring parameters (click to show/hide the p )
Input file:Mon Dec 10 19 50 54 2012 15259 user spacer file.out

A. Spacer orientation to display: (7)
@ Show targets using the input sequence as the CRISPR
RNA sequence.

@ Show the reverse complement (if the direction of
transcription is unknown).

in handle.

pair.

E. Scores for the 3' region of protospacer: @
5' crRNA handle length (3' end flanking protospacer) :m Score for each base match [TJ and mismatch m

Select PAM from the list| ---
() Seed - require complementarity in the leading NA  bases except base NA  of the spacer and protospacer

Selected Databases: PHAGE/phage fa, REFSEQ_PLASMID/plasmid.fa

:| OR give PAM 5'-- --3' PAM match score m

B. Order output based on spacer ID, rather than score ()
(A)C. Cutoff score [20 (D)

D. Spacer match score: Match reward (:—\ Mismatch
penalty [-1 |

@

in handle.

pair.
| Recalculate |

[Note: adjust cut-off score to include/exclude findings.]

E. Scores for the 5' region of protospacer: (7)
3' crRNA handle length (5' end flanking protospacer) :m Score for each base match m and mismatch m

Select PAM from the list : | WITCTNN (II-A)
() Seed - require complementarity in the leading NA bases except base NA  of the spacer and protospacer

| OR give PAM 5'-- --3' PAM match score m

Save the Text report HTML report

B

44, Match to: AF085222 AF0852222 Streptococcus thermophilus bacteriophage DT1, complete genome(AF085222) position: 21675-21704, with: CRISPR No.1 of
Streptococcus thermophilus strain DGCC7710 CRISPR1 locus genomic sequence(EF434469) spacer No.12 position: 800-829, Strand: -

+ 5  UGUACAACGGCGUCCCAAUCCUGAUUAAUACUUAC GGWUWGU 3’ -  <- CRISPR spacer RNA
B IIIIIl|lI|I||I|I|||IIIIIIIIIIII )
- 3 GGACAGTTCCGCAGGGTTAGGACTAATTATGAATGTGCTATTTTAG 5 +  <- Protospacer Sequence
[TTTTTTT [THTTTTT
+ 5 CONTCMGGCGTCCCAATCCTGATTMTACTTACACGAIMTC = <- [Entrez Nucleotide(Reversed)]
+ 5 'CGAGUAAGUAUUAAUCAGGAUUGGGACGCCGUUGUACA 3 - <- Reverse complement of CRISPR spacer RNA
. N (RRRNARRRRARRNARARAR N )
- 3 CTAAAATAGCACATTCATAATTAGTCCTAACCCTGCGGAACTGTCC 5 + <- Protospacer Sequence
(TTTTTT [THTTTT
+ 5 GATTTTATCGTGTAAGTATTAATCAGGATTGGGACGCCTTGACAGE 3 - <- [Entrez Nucleotide(Reversed)]
Score: 28

GACACAAGAACGUAUGC. UUCAAGGUUUUUGT 3 -

[ {1 ||||I|I||I||||||||||||II|II|II )
mmlmcccrsm'rmmncsmnncmm 5+
[T

[T
' BCCAAAAGCGACACAAGAACGTATGCAAGAATTCAAGGAAGAGAR 3 -

+5

w3

UUGAACUCUUGCAUACGUUCUUGUGUCGGUUGUACA 3 -
RRRAL (ARRARRRRNARARR R

W»crrmmcmm&a@cw 5" 4+
(1 [

I TTCTCTTCCTTGAATTCTTGCATACGTTCTTGTGTCGCTTITGET 3 -

45. Match to: AY699705 AY699705.1 Streptococcus thermophilus bacteriophage 2972, complete genome(AY699705) position: 31869-31897, with: CRISPR No.1 of
Streptococcus thermophilus strain DGCC7710 CRISPR1 locus genomic sequence(EF434469) spacer No.14 position: 932-960, Strand: +

CRISPR spacer RNA

Protospacer Segquence

[Entrez Nucleotide]

Reverse complement of CRISPR spacer RNA
Protospacer Sequence

[Entrez Nucleotide]

Figure 4. Graphical output of CRISPRTarget. The output of a search for the targets of the Streptomyces thermophilus DGCC7710 CRISPR array. The
direction of transcription is known; however, both strands are shown in diagram, as if the direction of transcription was unknown. Two relatively
low-scoring matches using these interactive settings are shown (rank 44-45). They have good spacer-protospacer base pairing but lacka WTTCTNN
PAM. Match 45 is to a phage to which this strain is sensitive (02972). Pale gray indicates spacer/protospacer, dark gray shows flanking sequences and
mismatches between the crRNA and the target DNA protospacer are indicated as gray boxes.

Pectobacterium species. This analysis revealed that there appears
to be a history of prophage exposure and CRISPR content,
indicative of an adaptive immunity against prophages. In other
words, the presence of CRISPR arrays containing spacers match-
ing prophages in other Pectobacterium genomes correlated with
the absence of these mobile elements. The current role, if any, of
these prophages is not clear. However, in the case of PECA29
in P. atrosepticum SCRI11043, this prophage was shown to excise
from the chromosome and circularize.”” Furthermore, deletion
of this entire prophage led to a reduction in motility and phy-
topathogenicity® and, hence, CRISPR/Cas might limit the

www.landesbioscience.com
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acquisition or retention of prophage-encoded virulence deter-
minants. In our study, the detection of protospacer targets also
led to the identification of new putative prophages (PPCC21_1,
®PC1_1 and ®PCI1_2) in recently sequenced genomes. Thus,
these CRISPRTarget hits enable confidence in the prediction
of mobile regions of bacterial genomes, which are often poorly
annotated. Pectobacterium strains PCC21 and WPP163 also
contained spacers that matched phage ZF40 (JQ177065), a
“dwarf” Myoviridae,”” suggesting previous exposure to this,
or a related, temperate phage. Given the phage and prophage
interactions detected, it is of interest that strains WPP163,
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Table 2. Predicted CRISPR arrays in Pectobacterium species

Name§ Type P. atrosepticum SCRI1043 (NC_004547)
CRISPR1 I-F 28

CRISPR2  |-F 10

CRISPR3  I-F 3

CRISPR4 I-E

CRISPR5  I-E

P. carotovorum subsp carotovorum PCC21 (NC_018525)

P. wasabiae (NC_013421)

38 17
3 25
3

14% 16
14* 6

§Names do not indicate CRISPR relationship between strains. *Likely to be one array of 29 spacers, with a 76 base spacer in the middle.

PCC21 and SCRI1043 were isolated from the USA, Korea and
Scotland, respectively, over 20 y apart.

In conclusion, we have developed and tested CRISPRTarget,
a flexible, interactive tool for the discovery of the targets of
ctRNAs in diverse databases. There is currently no compara-
ble webserver available and, thus, CRISPRTarget will provide
a valuable resource for the growing CRISPR research
community.

Materials and Methods

Target databases. Selected databases are provided in
CRISPRTarget. GenBank databases: BLAST Nucleotide data-
bases (1) The nr/nt collection ~43 billion bases (15/10/2012,
GenBank 192). This database contains “All GenBank + EMBL +
DDBJ + PDB sequences (but no EST, STS, GSS or phase 0, 1 or
2 HTGS sequences).” (2) env_nt, 8.5 billion bases (15/10/2012).
This contains “Sequences from environmental samples, such
as uncultured bacterial samples isolated from soil or marine
samples. The largest single source is Sargasso Sea project. This
does not overlap with nucleotide nr.” This is part of the whole
genome shotgun (wgs), but these sequences have no taxonomic
classification other than metagenome. (3) Phage division (phg).
This is one of the smallest GenBank divisions containing 6,800
sequences of 88 million bases. RefSeq databases: Several rel-
evant divisions of the NCBI Reference Sequence databases are
available, which contain better annotated (by NCBI) versions of
GenBank sequences. (1) RefSeq-Plasmid. 3,707 sequences, 282
million bases. (2) RefSeq-Viral. 4,279 sequences, 95 million
bases. (3) RefSeq-Microbial. 5,234 complete microbial genomes,
7 billion bases. We also included parts of the CAMERA data-
bases. 913,9883 sequences, 1 billion bases. ACLAME. 125,190
sequences, 96 million bases. (4) User defined. Users can upload
sequences of up to 50 Mb.

CRISPR array sequences. CRISPR arrays were used from
published studies or CRISPRdb. They were also predicted with
CRISPRFinder, PILER-CR or CRT using the default parame-
ters. The current tools for prediction have some limitations, nota-
bly, the lack of prediction of the transcribed strand, the imprecise
definition of the DR/Spacer junctions or splitting into several
sub arrays.

Algorithm. Input data. Spacer sequences are extracted from
the input CRISPR arrays using the locations specified and con-
verted to FASTA format. Alternatively, spacer sequences can be
uploaded directly, without repeat sequences, however this limits
subsequent processing.
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BLAST screen. Each spacer sequence is used to query the
selected databases. Multiple databases can be selected, except
where there are identical accession identifiers (nt + phg). The
default values used by NCBI BLASTn for short sequences, < 30
bases (defaults for long sequences are in brackets), are Gap open
-5(-5), gap extend -2(-2), match +1(+1), mismatch -3(-3), word
size 7(11), Expect (E): 1,000 (10). Filter: No (Yes). The initial
CRISPRTarget defaults are the same except that a gap is penal-
ized more highly (-10), the mismatch penalty is -1 and the E
filter is 1. In addition, there is also no filter or masking for low
complexity. The CRISPRTarget BLASTn parameters favor gap-
less matches but allow a number of mismatches at this screening
stage. BLAST calculates the scores over the length of the match,
and only shows this match. For example, a spacer of 32 bases that
matches to a target in 17 of 20 bases would score 20 - 3 = 17 and
20 bases would be output. The expected (E) values of the match
will be more likely to pass the filter if smaller databases are used
(e.g., the default phg and plasmid). The hits are converted into
GFF format.

Extension of the BLAST match. The full spacer and
handles are extracted from the input sequences. In the case of
CRISPRFinder input, only a single repeat is in the input and
this is used for all spacer handles. Both CRT and PILER-CR
outputs enable small differences in the repeat to be used. If
the user wishes to extract more sequence than provided in the
array files, e.g., the sequence following the final repeat, this can
be extracted from a FASTA file (if provided by the user).
Extension of the spacer is not possible if only spacer sequences
are in the input. The protospacer target is extended by extract-
ing the user-specified length of sequence from the BLAST
database.

CRISPRTarget interactive scoring. All putative spacer/proto-
spacer targets passing the BLAST screen are displayed in an
interactive manner. An initial score is calculated by scoring
matches (+1) and mismatches (-1) across the whole length of
the spacer without gaps. Specific user defined ‘seed’ regions can
be required to match at either or both ends of the protospacer.
A match to pre-defined, or novel user-defined, PAM sequences
can increase the score. In order to penalize self-matches that
would match 100% in both spacers and flanking handles (e.g.,
to the original genomic array sequence), a score can be used that
penalizes matches (e.g., -1) in the flanking handles. Mismatch
penalties can also be used to identify targeting that is facilitated
by mismatches in the handles (e.g., type III-A).* Finally, a cut-
off score can be applied to display only those matches with the
best scores.

Volume 10 Issue 5



SCRI1043 CRISPR1 B ) < «
S19crRNA 5 memc&wﬁ 3 §
: I g N o 100%
3 T2 5 "
®PCC21_1 'H'MH LR : SCRI1043 == == s 4
5 GATGAATGCCTCATTATCTTTGCCGATCACTIGTATIGATITTTCATGE 3
PCC21_018960; phage Mu Gp45-like protein =
SZoRNA s‘ [ I :‘ PCC21 ¥
3 wmmnmu;m 5 820/
»PCC21_1 : 2
5 TAGAATCCCCTGAGCCATTGATTGCGCCCTGAGGETAGTGETC 3 5 Kbp
PCC21_018500; exodeoxyribonuclease 8 —_
C PCC21 CRISPR3 D
S LA 3, 100%
3 5 Mo A -
wkcA29 | T B PCC21 : Dt
5 CCGECTTCGATCACAGCCGCCGGATCGGCGACAT) 3
eca2627, phage P2-like replication protein A
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3 "AGAAGTAGTTGGTCAAGTACGCGGAAT 5 ‘o
$HECA29 * -
5 ACGTTGCCATCTTCATCAACCAGTTCATGCGCCTTAAAGARCTCACCETTITICEC00EE 3 WPP_S5 (ECA2598-2637) ] Kbp
eca2627, phage P2-like replication protein A
1O,
_ PCC21 CRISPR3 F 100%
SHGRNA s, [T AT i | -
5
DPC1_1 . l ;
5 DCGACTTCGATCACAGCCGCCGGATCGGCGACATAGCGAACACTCGTCCACARCTCAGCE 3
PC1_2638; phage replication protein A y 700/0
(PC1_2622-2666) 5 Kbp
p—]
G WPP163 CRISPR3 H
5
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5 3
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PC1_3182; virion morphogenesis protein PC1_2641; phage terminase

Figure 5. Pectobacterium prophages are targeted by CRISPR/Cas. (A) Prophage $PCC21_1 is targeted by spacers in P. atrosepticum. (B) P. atrosepticum
SCRI1043 (top, 2761697-2811697) compared with $PCC21_1 in P. carotovorum subsp carotovorum PCC21 (bottom, phage coordinates: PCC21_018470-
019020 from 2092807-2135244. PCC21 is reversed for clarity). (C) Prophage $ECA29 is targeted by spacers in P. carotovorum subsp carotovorum PCC21.
(D) P. carotovorum subsp carotovorum PCC21 (top, PCC21_017190-017500 from 1936500-1976500. PCC21 is reversed) compared with $ECA29 (HAI9)

in P. atrosepticum SCRI1043 (bottom, ECA2598-ECA2637 from 2935264-2966783). (E) Prophage $bPC1_1 is targeted by a spacer in P. carotovorum subsp
carotovorum PCC21. (F) P. carotovorum subsp carotovorum PCC21 (top, PCC21_027150-027460 from 3058299-3095299) compared with bPC1_1in P.
carotovorum subsp carotovorum PC1 (bottom, PC1_2622-2666 from 2989228-3022511). (G) Prophage $bPCC21_1 is targeted by spacers in P. wasabiae.
(H) P. wasabiae WPP163 (top, 2291600-2341600) compared with $PCC21_1 in P. carotovorum subsp carotovorum PCC21 (bottom, phage coordinates:
PCC21_018470-019020 from 2092807-2135244). (I) Prophage $PC1_2 is targeted by spacers in P. wasabiae. (J) P. wasabiae WPP163 (top, 1192372-
1236372) compared with dPC1_2 in P. carotovorum subsp carotovorum PC1 (bottom, phage coordinates: PC1_3152-3199 from 3573374-3608557. PC1 is
reversed). Prophages (K) $ECA29 and (L) $PC1_2 are targeted by P. wasabiae spacers. Genome comparisons were generated using Easyfig;’” genes are
cyan arrows, putative prophage regions are purple and spacer target locations indicated with asterisks. Homologous regions by BLASTn are shown in
shades of gray.
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