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Clustered regularly interspaced short palindromic repeats (CRISPRs) are important genetic elements in
many bacterial and archaeal genomes, and play a key role in prokaryote immune systems’ fight against
invasive foreign elements. The CRISPR system has also been engineered to facilitate target gene
editing in eukaryotic genomes. Using the common features of mis-annotated CRISPRs in prokaryotic
genomes, this study proposed an accurate de novo CRISPR annotation program CRISPRdigger, which

. can take a partially assembled genome as its input. A comprehensive comparison with the three

: existing programs demonstrated that CRISPRdigger can recover more Direct Repeats (DRs) for CRISPRs
. and achieve a higher accuracy for a query genome. The program was implemented by Perl and all the
parameters had default values, so that a user could annotate CRISPRs in a query genome by supplying
only a genome sequence in the FASTA format. All the supplementary data are available at http://www.
healthinformaticslab.org/supp/.

Clustered regularly interspaced short palindromic repeats (CRISPRs) are essential genetic factors in prokaryotic
genomes!, and actively acquire template sequences from invasive elements such as phages for sequence-specific
© cut later on??*. These template foreign sequences vary in length from 24 to 48 bps, gapped by conserved repeats*°.
A CRISPR is usually transcribed by a neighbouring CRISPR-associated (Cas) gene binding to its leader region on
. the closely flanking region®. The CRISPR/Cas system serves as an anti-invasion immune mechanism in over 40%
of sequenced prokaryotic genomes®.
: The CRISPR/Cas system is attracting considerable attention as a eukaryotic genome-editing technology’=®
© because it cuts specific sequence signals'®. The most well-developed enzyme is the nuclease Cas9 from the bacte-
: rium Streptococcus pyogenes'!, and it may lead the degenerative cut to any genomic locations with an appropriate
guide RNA fragment'?. Another widely-used genome editing technology, TALEN'?, requires the researcher to
synthesize a nuclease for each target genomic location, which is much more costly and time-consuming than the
synthesis of only a guide RNA'. With the increasing target specificity requested from the clinical applications, a
number of Cas9 mutants have been introduced with over 50-fold higher specificity*>!¢.

A few computer programs have been developed for the de novo detection of natural CRISPRs in prokaryotic
© genomes. After their discovery in the 1980s!7, CRISPRs have been detected in 47.14% of the 2,762 analysed
. prokaryotic genomes, with 1.47 CRISPRs per genome®. However, the prokaryotic genomes are sequenced at an
accelerated rate, and 4,278 genomes were included as of 25 September 2015 in the NCBI Microbial Genome data-
: base’®. Consequently the de novo annotation of CRISPRs in a newly completed prokaryotic genome is necessary

for the better understanding of this immune system. PILER-CR" was derived from the repeat detection program
PILER?, and screens for CRISPRs in a small genome. CRT screens for exact k-mer/k-nucleotide repeats in a
genome, and concatenates the neighbouring repeats into candidate CRISPRs?!. CRISPRFinder uses Vmatch?
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Figure 1. The schematic structure of a CRISPR. A number of spacer sequences (Spacers 1-3 in horizontal-
line shaded boxes) are flanked by the highly conserved direct repeats (DRs in vertical-line shaded boxes).The
DRs and spacers together constitute a CRISPR.

to detect consecutively localized repeats, and demonstrates better annotations of DR boundaries and short
CRISPRs*.

This study proposes a new de novo CRISPR detection program, CRISPRdigger, and focused on detecting
weak DR signals, which are usually missed by the current literature?. The de novo repeat detection program
RepeatScout was utilized to find repeat copies within a range of sequence lengths. After these repeat copies were
clustered into groups, weak DR copies were annotated with RepeatMasker by mapping the template DRs onto the
genome. Comparison with the existing programs was based on the gold standard CRISPR annotation from the
dbCRISPR database®, updated on 14 April 2014°. Our dbCRISPR includes all location and sequence information
of DRs and spacers. It is more convenient and accurate comparison with other programs®**°. The experimental
data suggest that CRISPRdigger may be a good complement to the existing tools. The following sections give
descriptions of the data used in this study and the CRISPRdigger algorithm, followed by a baseline summary
of the annotated CRISPRs in dbCRISPR, and a comprehensive comparison of CRISPRdigger with the existing
programs.

Material and Methods
Data preparation. The curated dbCRISPR database was retrieved as the gold standard CRISPR annotation
(denoted as GSD) on 14 April 2014°. The schematic structure of a CRISPR is demonstrated in Fig. 1, and its bio-
logical qualities have been comprehensively depicted in reviews?>?”. There are 630 and 3,226 convincing CRISPRs
which have been annotated for archaeal and bacterial genomes, respectively. The genera Methanocaldococcus
and Clostridium have the largest CRISPR numbers for the kingdoms archaea and bacteria, respectively, and have
been chosen as the representative microbial genomes to compare the proposed algorithm CRISPRdigger with the
existing computer programs. The comparative results are summarized for the other microbial genus.
Methanocaldococcus and Clostridium have respectively 11 and 84 completely sequenced genomes in the NCBI
database?. Eighty-five and 321 CRISPRs are annotated in six and 50 genomes, respectively, for the two genera in
the dbCRISPR database updated on 14 April 2014°. The complete genomes of these microbes were downloaded
from the NCBI database® on 20 October 2014.

CRISPRdigger screens for the DR signals of candidate CRISPRs. The proposed algorithm
CRISPRdigger uses RepeatScout for the de novo screening of repeats, and searches for the consecutively distrib-
uted repeat copies detected by RepeatMasker. The basic procedure is illustrated in Fig. 2, and the details may be
found in the Supplementary Figure S1. CRISPRdigger accepts a FASTA file as its input.

The screening step of candidate DR signals uses a few refining techniques to detect the true positives, as shown
in Fig. 2(a). Only the template repeats of lengths between 15 and 60 are kept for analysis, based on the length
distribution of DR signals in the gold standard dbCRISPR database. Two low-complexity filters TRF?* and nseg*
are used with optimized parameters by RepeatScout to remove only the non-CRISPR low-complexity sequences.
TREF is used with default parameters. Nseg is used with the parameter NSEG_THRESHOLD = 0.9, to make sure
that CRISPRs which have DR signals of low sequence complexity are not removed.

The experimental data shows that RepeatScout may annotate the neighboring DR signals in the same CRISPRs
as different repeats. Therefore the representative DR signals are selected as templates by using pair-wise dynamic
programming to sort the highly similar DRs (similar ratio > 0.8) detected by RepeatScout into one kind of tem-
plate DR, as shown in Fig. 2(b). RepeatMasker with the default parameters is used to map these new template DR
signals onto the query genome.

Figure 2(c) shows that a list of candidate CRISPRs are generated from the consecutively distributed DR sig-
nals. It can be observed that two closely located CRISPRs have the same template DR and the sequence length
between them is no more than the sum of the lengths of two spacers and one DR. Then all spacers in one CRISPR
are aligned using ClustalW23! with default parameters. The false positive CRISPRs are screened if they have
highly similar spacers (similar ratio > 0.5). The terminal DR signals may also be missed by RepeatMasker for
unknown reasons, as shown in Fig. 2(d), so an extra step with both the dynamic programming algorithm and
BLAST is taken to screen for these missed DR signals.

All the above annotations are combined into the final list of CRISPR annotations, as shown in Fig. 2(e).
The position annotations and sequences of the DR signals, spacers and complete CRISPRs are generated in
tab-delimited text files. To facilitate the direct visualization of the annotated CRISPRs, the annotations are also
provided in the format of GFF3.

Prerequisite computer programs. The proposed algorithm is implemented as CRISPRdigger version 1.0
program, and the following programs are used to facilitate the CRISPR annotations. CRISPRdigger is implemented
using the programming language Perl version 5.8.8 or later (http://www.perl.org/) and BioPerl version 1.6.901.
The de novo repeat detecting program RepeatScout version 1.05° is used to screen the candidate DR signals. The
candidate DR signals are then mapped as templates to the investigated genome using the program RepeatMasker
version 4.0.3% with the database version 20140131. Our exploration of the candidate DR signals suggests that
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Figure 2. Five steps of the CRISPRdigger program. The direct repeats and spacers are abbreviated as DRs
and SPs, respectively. (a) De novo screening for repeats within the known length distribution of DR signals.
Only DRs within a short range are kept for the next step. (b) Clustering the template repeats into groups of
candidate template DRs. The highly homologous direct repeats are regarded as one class. (c) Find the candidate
CRISPR arrays. A series of consecutively distributed DR copies is combined as a candidate CRISPR, and two
neighboring CRISPRs will be combined into one, if there are missing DR copies in between. Delete the false
positives after comparing the similarity of the spacers. (d) Extend the two termini of the candidate CRISPRs.
Flanking regions of annotated CRISPRs will also be screened for missing DR copies. (e) Combine and update
the CRISPR annotations. Two cases of neighboring CRISPR pairs are processed. The first case is when the two
neighboring CRISPRs are combined into one, if they share the same DR signal and the sequence length between
them is within the spacer length distribution. The second case is when the two overlapping CRISPRs are
combined into one. After these five steps, all the annotated CRISPRs were written into the result files.
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Figure 3. The histograms of the lengths of DRs and spacers in the dbCRISPR database. The lengths of (a)
DRs and (b) spacers are measured in base pairs (bps).

some DRs are very similar and may be grouped as copies of the same DR signal. The multiple sequence alignment
program Clustal W2 version 2.1*! is used to detect false positive CRISPR candidates. The sequence alignment pro-
gram NCBI BLAST+ version 2.2.284-** is used to measure the similarity between two sequences.

For the convenience of users, a Perl script is provided for the automatic installation of all the prerequisite pro-
grams in the web site http://www.healthinformaticslab.org/supp/.

Results and Discussion
Baseline summary of dbCRISPR.  CRISPRdigger tries to screen a query genome in the FASTA format for
all the CRISPRs, based on the sequence parameters summarized from the gold standard dbCRISPR database.

The DR signals have an averaged length 31.32bps within the range of 23 and 55bps. Archaea CRISPRs tend
to have shorter DR signals than bacteria. Both archaea and bacteria have DR signals as short as 23 bps, but the
maximal DR length in archaea is 46 bps, compared with the maximal DR length 55bps in bacteria. The averaged
DR length in archaea is 29.32 bps, shorter than the averaged bacterial DR length 32.23 bps. The maximal archaeal
DR length 46 is detected in Candidatus Cloacamonas acidaminovorans str Evry. This archaeal strain tends to have
long DRs, and its shortest DR length 37 bps is longer than 73.02% of the archaeal genomes. The seven CRISPRs
in the bacterium Desulfobacca acetoxidans DSM 11109 have the longest DR length of 55bps, except for the fourth
CRISPR with four 55-bp DRs, the other CRISPRs in D. acetoxidans DSM 11109 have an averaged DR length of
only 37.45bps. The histograms of the lengths of DRs and spacers of the CRISPRs in dbCRISPR are plotted in
Fig. 3(a,b), respectively.

The database CRISPRdD has the same definition of DR lengths, i.e. 23-55bps®. But another tool, CRISPRmap,
employs a different range 19-48 bps for CRISPR DR lengths?®. CRISPRmap considers that archaea has a shorter
DR length range (20-44bps) than bacteria (19-48 bps). Since the minimum DR length in the gold standard
dbCRISPR database is 23 bps, this study didn’t utilize the lower bound 19 bps of CRISPRmap. CRISPRdigger
utilizes a larger upper bound of DR lengths than CRISPRmap.

CRISPR spacers are usually captured from invasive genetic elements, and one CRISPR may acquire spacers
from different sources, so unlike the DR signals, even spacers within the same CRISPR may have significantly
different lengths. The prokaryotic CRISPR spacers have an average length of 35.64 bps, but the maximal length is
as high as 857 bps in the dbCRISPR database. The longest spacer is observed in the bacterium Clostridium novyi
NT. The firmicutes C. novyi NT harbours two CRISPRs with almost identical DR signals, and the longer CRISPR
has 77 spacers, among which an 857-bp spacer is located. No other bacteria from the same genus have CRISPR
spacers longer than 300 bps.

Supporting evidence of our screening rules. Some DR signals may be missed by the repeat template
mapping step of most programs. Figure 4(a) illustrates an example of a 24-spacer CRISPR in the pathogen
Salmonella enteric subsp. Serovar 4,[5],12:i- str. 08-1736. However, CRISPRFinder did not find the partial DR
signal in the CRISPR annotation, so that the 24-spacer CRISPR was annotated as two shorter CRISPRs with nine
and thirteen spacers, respectively. The CRT program detected this partial DR signal, but did not concatenate
the flanking 24 almost identical DR signals into one CRISPR. Therefore, the CRT program missed one spacer in
this 24-spacer CRISPR. The terminal DR signals of a CRISPR may also be missed by some CRISPR annotation
programs. CRISPRdigger correctly detected the gold standard 22-spacer CRISPR in Neisseria meningitides WUE
2594, but the PILER-CR program missed nine DR signals in the termini for unknown reasons, as shown in
Fig. 4(b). These missed DR signals may be correctly recovered by PILER-CR using parameter “minid”>0.98. So
a user may want to test different parameter choices of CRISPR detection programs, if only a few target genomes
are of interest.

Figure 4(c) gives one more example of terminal DR signals missed by a program. CRISPRdigger correctly
detected the 118 DR signals of the CRISPR in Sulfolobus islandicus L.D.8.5, but CRT missed three terminal DR
signals, probably because of a short spacer in between. This short spacer may be correctly recovered by CRT
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Figure 4. Mis-annotations of CRISPRs because of the missed DR signals. (a) The CRISPR with 24 spacers
in Salmonella enteric subsp. Serovar 4,[5],12:i- str. 08—-1736. This CRISPR was broken into two CRISPRs by
CRISPRFinder and CRT in different ways. (b) Nine terminal DR signals in the 22-spacer CRISPR in Neisseria
meningitides WUE 2594 were missed by the PILER-CR program. (c) Three terminal DR signals in a 117-spacer
CRISPR in the archaea Sulfolobus islandicus L.D.8.5 were missed by CRT. The nucleotides missed by some
CRISPR detection programs were highlighted in red.
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Figure 5. Comparison of the CRISPR prediction measurement rCRISPR by the CRISPRdigger, CRT,
PILER-CR and CRISPRFinder programs. The ratio rCRISPR may be larger than 1.0, as more DR signals are
predicted in the flanking regions of the CRISPR annotation from dbCRISPR.

using different values for the parameter “minSL’, which further confirms the importance of parameter tuning for
advanced computational users. Therefore, CRISPRdigger makes an extra effort to screen for candidate DR signals
after the repeat template mapping procedure.

Performance measurements. The following measurements are defined to evaluate how well a known
CRISPR is recovered by a computer program. Because of its nature of repetitive structure, a simple measurement
may not be sufficiently accurate to evaluate a CRISPR detection program. Some classification algorithms may
be evaluated by sensitivity, specificity or area under the ROC curve®*-¥, but these performance measurements
do not reflect the detection accuracy of the detailed CRISPR structures. Consequently a few novel performance
measurements have been defined for this purpose. NumDR is defined as the number of DR copies detected by
a given computer program in the location of a known CRISPR. For a given known CRISPR, the discovery ratio
of DR copies DR evaluates the ratio between the number of DR copies detected by a program and the DR copy
number of the known CRISPR. DR measures how complete a known CRISPR is detected by a program, and rDR
may be greater than one if the program detects more DR copies than the dbCRISPR annotation. A summarized
measurement rCRISPR is defined as the average rDR for all the known CRISPRs in a given genome.

CRISPRdigger is compared for CRISPR detection performance with the three existing CRISPR detection pro-
grams, i.e. CRT?!, PILER-CR" and CRISPRFinder*. The general measurement rCRISPR by the four computer pro-
grams for the top 10 genera with the largest CRISPR numbers in dbCRISPR are illustrated in the Supplementary
Figure S2. The annotations of the top bacterial and archaeal genera are summarized in Fig. 5. In order to conduct
a fair comparison, the DR lengths are set to 23-55bps, and the spacer lengths are set to 10-120 bps. All the other
parameters of CRT, PILER-CR and CRISPRFinder are set to their default values.

Based on the gold standard dbCRISPR annotation, CRISPRdigger achieves high values in the measure-
ment rCRISPR, compared with the existing programs CRT, PILER-CR and CRISPRFinder. Figure 5 illustrates
that the bacterium genus Clostridium has 50 genomes with at least one convincing CRISPR. The numbers of
CRISPRs in the Clostridium genomes range between one and eighteen, and the DR numbers in the genomes are
as large as 441. CRISPRdigger recovers 75.39% of the annotated DR signals on average, and outperforms CRT
and PILER-CR by 6.81% and 21.02%, respectively. CRISPRFinder outperforms CRISPRdigger by 26.08% on the
average rCRISPR measurement. CRISPRdigger performs the best on the archaeal genus Methanocaldococcus,
and outperforms the other three programs CRT, PILER-CR and CRISPRFinder by 11.86%, 22.92% and 11.58%,
respectively. Among the top 10 prokaryotic genera, CRISPRdigger performs the best for 5 genera and the second
best for two other genera, as shown in the Supplementary Figure S2. Among the other three prokaryotic genus,
CRISPRdigger achieves the average rCRISPR measurement 90.75% and 94.85%, slightly smaller than the best
performances 93.00% (CRT on Escherichia) and 99.88% (CRISPRFinder on Sulfolobus), respectively. For the last
genus Streptococcus, CRISPRdigger achieves 79.23% in rCRISPR, 20.81% lower than CRISPRFinder.

Distribution of the DR discovery ratio rDR. The rDR measurement evaluates how complete a CRISPR
is detected by a given computer program. Among the four CRISPR detection programs, CRISPRdigger ranks
second best for the detection of CRISPRs in the bacterial genus Clostridium, as shown in Fig. 6(a). In the archaeal
genus Methanocaldococcus, CRISPRdigger outperforms all the other three programs, as shown in Fig. 6(b). In
both cases, the CRT and PILER-CR programs rank third and fourth, respectively. Supplementary Figure S2 illus-
trates that CRISPRdigger performs best or similarly compared with the best CRISPR detection programs regard-
ing the top 10 prokaryotic genera with the largest CRISPR numbers.

CRISPR annotations in two newly assembled genomes. Two recently completed genomes were
selected for the comparative CRISPR annotations. By combining the candidate CRISPRs annotated by all the
four programs, five CRISPRs could be detected in the Clostridium botulinum CDC297 bacterium and 11 in the
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Clostridium CRISPR distribution
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Figure 6. Distribution of the rDR measurement for all the CRISPRs. The histogram of (a) the bacterial genus
Clostridium, and (b) the archaeal genus Methanocaldococcus.

(@ (b)

Figure 7. Circos plots of predicted CRISPRs in two recently completed microbial genomes. The plots are
for (a) Clostridium botulinum CDC297 and (b) Methanocaldococcus sp. JH146, respectively. The outermost
circle represents the chromosome of the microbe. The candidate CRISPRs detected by the PILER-CR, CRT,
CRISPRFinder and CRISPRdigger programs are plotted on the four circles from innermost to the outermost,
respectively. The text outside each circle gives the names of the annotated CRISPRs. The gap on the upper-side
of each circle is the start and end positions of the chromosome.

archaea Methanocaldococcus sp. JH146. The CRISPR distributions were illustrated using the program Circos®, as
shown in Fig. 7.
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>Therminola sp. JR_NC_014152_2078201_2080300_28_ThisStudy

TTTCCGTCCCCTTACGGGGATAAGGAAGATTAAALC
TTAACAGT TAACAGT TGAGATAAGGAAGATCAAAC
TTTCCGTCCCCTTACGGGGATAAGGAAGATTAAAC
GTTTCCGTCCCCTTACGGGGATAAGGAAGATTAAA

JCTTTGGCAAAGGCAAACATCAGTTGACAGTTGACA
TCTTTGGCAAAGGCAAATATACATT TTCGGCAACCCAAA
GCAAACCCGCCG CAGGCCGCCGGGEGGATGGGACC
TAATTCCGAATGGAFACTATTTCTTGTCCAGATGCTG

GTTTCCGTCCCCTTACGGGGATAAGGAAGATTAAAC  ATGAATTAAGGAT
GTTTCCGTCCCCTTACGGGGATAAGGAAGAT FAAAC

TAGTTAATTCCTGCACAGT

>Thermincola sp. JR_NC_014152 /2078344_2080300_26_gold|standard

Alignment to NC_003106_6_11_spacer  Alignment to NC_015555_4_102_spacer
aaggcaaacatcagttgacagtt gcaaaggcaaatatatca
FECEERERREErr eee rern FECERTETEEE Ther

aaggcaaacatcaattg-cagtt gcaaaggcaaa-atatca

(a)
> Myxococcus fulvus HW-1_NC_015711_2680594_2687985_103_ThisStudy

GTCGCTCCCCGTGAACGCGGGGAGCGTGGGTTGAAAC  CTCTTGCAGATGATGCAGTGGGCGGTGGCGGGCTT

TCGCCCGECTGCCGGEOGETT
ACCACCTTGTCGLTTTGGTGGTCGGOCGTAGTGGAT
GTCACCCACAGCCTGCCCAGCGGCGCCACCGGLCGCTT

GTCGCTCCCCGTGAACGCGGGGAGLGTGGETTGAAAC
GTCGCTCCCCGTGAACGCGGLGAGCGTGGGTTGAAAC
GTCGCTCCCCGTGAACGCGGGEGAGCGTGGGT TGAAA

GTCGCTCCCCGTGAACGCGGGGAGCGTGGGTT!
TCACTTCTCGTGAATGCGAGGAGTGTGGGTT)

CGAGTGAGCATTGCCACAGGTCTCTGTTTGTCAGTGAC

>Myxococcus fulvus HW-1_NC_015711_2680594_2682129_21 _gold standard
>Myxococcus fulvus HW-1_NC 015711_2682223 2687985 80 gold standard

Alignment to NC_015711_9 35,NC_015711_9 45, NC_015711_9 29 spacer
atcgcccggetgecgggegett
LECECEEET LT
atcgcccgactgoccgggcgett

(b)

Figure 8. Two examples of novel spacers detected by CRISPRdigger. The two CRISPRs are in the genomes of
(a) Therminola sp. JR, and (b) Myxococcus fulvus HW-1.

Similar results to those in the above sections were observed when the CRISPR annotations of the four pro-
grams were compared. PILER-CR missed three CRISPRs and split three long CRISPRs into shorter ones because
of the undetected internal DRs. Four more CRISPRs were shortened by PILER-CR because of the undetected
terminal DRs. CRT missed two CRISPRs. CRISPRFinder missed three CRISPRs. CRISPRdigger only missed the
short CRISPR with four DRs between 1522152 and 1522397 bps of the chromosome of Methanocaldococcus sp.
JH146. Generally, CRISPRdigger performs satisfactorily, and all the existing programs may co-operate to make a
complete CRISPR annotation.

Novel spacers detected by CRISPRdigger. CRISPRdigger detected multiple novel CRISPR spac-
ers, and some of them are supported by their similarities to the known spacer sequences, as shown in Fig. 8.
There is a CRISPR in the chromosome region [2078344, 2080300] of Therminola sp. JR. CRISPRdigger found
anon-standard DR copy with partial match to the other DRs, and expanded this CRISPR with two more can-
didate spacers, as shown in Fig. 8(a). The two novel spacers were homologous to the known spacers from
archaea Sulfolobus tokodaii str. 7 DNA and bacteria Thermoanaerobacterium xylanolyticum LX-11, respectively.
Although both Therminola sp. JR and Thermoanaerobacterium xylanolyticum LX-11 belong to the taxonomical
class Clostridia, there are no homologous spacer copies in the other Clostridia genomes. So it’s probably that an
invasive foreign element targeted by the second novel spacer independently invaded these three species, and
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CRISPRdigger
Genome Gsize (MB) | PILER-CR | CRT | CRISPRFinder | RM | All | All-lRM
Neisseria_NC_017512 2.207 <1 <1 7 137 144 7
Sulfolobus_NC_013769 2.697 1 <1 3 163 169 6
Salmonella_NC_017623 4.706 2 <1 4 218 220 2
Salmonella_NC_021820 4.777 1 <2 4 221 223 2

Table 1. The running time of four CRISPR detection programs on four microbial genomes. Column
“Gsize” gives the genome size in megabase pairs (MB). The columns “PILER-CR”, “CRT”, “CRISPRFinder” and
“CRISPRdigger” give the running time of the programs in seconds. The RepeatMasker utilized in CRISPRdigger
consumes a large proportion of running time, and its running time is estimated separated in the column “RM”
The column “All” gives the total running time of CRISPRdigger, and the column “All-RM” gives the difference
between the two columns “RM” and “All”

was captured by the CRISPR machinery. The first novel spacer may have a similar evolutionary history, since
Therminola sp. JR and Sulfolobus tokodaii str. 7 DNA are from different kingdoms.

CRISPRdigger detected an additional DR copy between two CRISPRs in the Deltaproteobacteria Myxococcus
Sfulvus HW-1, and these two CRISPRs may be combined into one CRISPR with 103 spacers, as shown in Fig. 8(b).
Two novel spacers were detected, and one of them is identical to a spacer in three other CRISPRs in the same
genome. The data suggests that the invasive foreign element targeted by this spacer was captured by four CRISPRs
independently in Myxococcus fulvus HW-1.

Program running time. CRISPRdigger runs slower than the other three programs, PILER-CR, CRT and
CRISPRFinder. Table 1 shows that PILER-CR and CRT run for similar lengths of time on all the four investigated
microbial genomes. CRISPRFinder runs much slower than the two programs. CRISPRdigger runs about 50 times
slower than CRISPRFinder. The column “RM” in Table 1 explains why CRISPRdigger runs slowly. RepeatMasker
is a very good and almost standard repeat screening program, but its running time is slow due to its iterative
repeat screening steps. Since the majority of the microbial genomes are shorter than 10 MB, the running speed of
CRISPRdigger is acceptable. RepeatMasker-based repeat template mapping step will be a major focus for future
improvements, for considering both sensitivity and running speed.

Conclusion
This work improves CRISPR annotation capacity by providing more stable DR detections, and the procedure
is implemented as an easy-to-use CRISPRdigger computer program. CRISPRdigger recovers many more gold
standard DRs than the existing programs, but it may miss some very short CRISPRs with only two or three DRs.
These short CRISPRs seem to be a challenge for all the four programs. CRISPRdigger does not consider incom-
plete repeats at the end of a query nucleotide sequence, because it’s difficult to rule out one of the two alternative
hypotheses, i.e. they belong to two parts of one CRISPR broken by the un-assembled region, or they are two
CRISPRs. Rho M. et al. proposed a computer program to estimate whether two partial CRISPRs on the sequence
boundaries may belong to the same CRISPRs*, and long sequencing reads by the third generation sequencing
technologies may also facilitate the accurate annotations of long CRISPRs.

So CRISPRdigger provides CRISPR annotations complementary to the existing programs, and the integration of all
the programs using optimized parameters may give a more comprehensive landscape of CRISPRs in a given genome.

References
1. van der Oost, J., Westra, E. R., Jackson, R. N. & Wiedenheft, B. Unravelling the structural and mechanistic basis of CRISPR-Cas
systems. Nat Rev Microbiol 12, 479-492, doi: 10.1038/nrmicro3279 (2014).
2. Marraffini, L. A. & Sontheimer, E. J. CRISPR interference limits horizontal gene transfer in staphylococci by targeting DNA. Science
322, 1843-1845, doi: 10.1126/science.1165771 (2008).
3. Barrangou, R. et al. CRISPR provides acquired resistance against viruses in prokaryotes. Science 315, 1709-1712, doi: 10.1126/
science.1138140 (2007).
4. Grissa, I, Vergnaud, G. & Pourcel, C. CRISPRFinder: a web tool to identify clustered regularly interspaced short palindromic
repeats. Nucleic acids research 35, W52-W57 (2007).
5. Haft, D. H., Selengut, J., Mongodin, E. F. & Nelson, K. E. A guild of 45 CRISPR-associated (Cas) protein families and multiple
CRISPR/Cas subtypes exist in prokaryotic genomes. Plos Comput Biol 1, €60, doi: 10.1371/journal.pcbi.0010060 (2005).
6. Grissa, L., Vergnaud, G. & Pourcel, C. The CRISPRdb database and tools to display CRISPRs and to generate dictionaries of spacers
and repeats. BMC Bioinformatics 8, 172, doi: 10.1186/1471-2105-8-172 (2007).
7. Cong, L. et al. Multiplex genome engineering using CRISPR/Cas systems. Science 339, 819-823, doi: 10.1126/science.1231143 (2013).
8. Gilbert, L. A. et al. CRISPR-mediated modular RNA-guided regulation of transcription in eukaryotes. Cell 154, 442-451, doi:
10.1016/j.cell.2013.06.044 (2013).
9. Shan, Q. et al. Targeted genome modification of crop plants using a CRISPR-Cas system. Nat Biotechnol 31, 686-688, doi: 10.1038/
nbt.2650 (2013).
10. Sampson, T. R. & Weiss, D. S. Exploiting CRISPR/Cas systems for biotechnology. Bioessays 36, 34-38, doi: 10.1002/bies.201300135 (2014).
11. Jinek, M. et al. A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 337, 816-821, doi:
10.1126/science.1225829 (2012).
12. Hendel, A. et al. Chemically modified guide RNAs enhance CRISPR-Cas genome editing in human primary cells. Nat Biotechnol 33,
985-989, doi: 10.1038/nbt.3290 (2015).
13. Boch, J. TALEs of genome targeting. Nat Biotechnol 29, 135-136, doi: 10.1038/nbt.1767 (2011).
14. Gaj, T., Gersbach, C. A. & Barbas, C. F. 3rd. ZFN, TALEN, and CRISPR/Cas-based methods for genome engineering. Trends
Biotechnol 31, 397-405, doi: 10.1016/j.tibtech.2013.04.004 (2013).

SCIENTIFICREPORTS | 6:32942 | DOI: 10.1038/srep32942 9



www.nature.com/scientificreports/

15. Ran, E A. et al. Double nicking by RNA-guided CRISPR Cas9 for enhanced genome editing specificity. Cell 154, 13801389, doi:
10.1016/j.cell.2013.08.021 (2013).

16. Mali, P. et al. CAS9 transcriptional activators for target specificity screening and paired nickases for cooperative genome engineering.
Nat Biotechnol 31, 833-838, doi: 10.1038/nbt.2675 (2013).

17. Ishino, Y., Shinagawa, H., Makino, K., Amemura, M. & Nakata, A. Nucleotide sequence of the iap gene, responsible for alkaline
phosphatase isozyme conversion in Escherichia coli, and identification of the gene product. ] Bacteriol 169, 54295433 (1987).

18. Federhen, S. et al. Toward richer metadata for microbial sequences: replacing strain-level NCBI taxonomy taxids with BioProject,
BioSample and Assembly records. Stand Genomic Sci 9, 1275-1277, doi: 10.4056/sigs.4851102 (2014).

19. Edgar, R. C. PILER-CR: fast and accurate identification of CRISPR repeats. BMC Bioinformatics 8, 18, doi: 10.1186/1471-2105-8-18 (2007).

20. Edgar, R. C. & Myers, E. W. PILER: identification and classification of genomic repeats. Bioinformatics 21 Suppl 1, i152-158, doi:
10.1093/bioinformatics/bti1003 (2005).

21. Bland, C. et al. CRISPR recognition tool (CRT): a tool for automatic detection of clustered regularly interspaced palindromic
repeats. BMC Bioinformatics 8, 209, doi: 10.1186/1471-2105-8-209 (2007).

22. Abouelhoda, M. I, Kurtz, S. & Ohlebusch, E. Replacing suffix trees with enhanced suffix arrays. Journal of Discrete Algorithms 2,
53-86 (2004).

23. Mai, G, Ge, R, Sun, G., Meng, Q. & Zhou, FE A Comprehensive Curation Shows the Dynamic Evolutionary Patterns of Prokaryotic
CRISPRs. BioMed Research International 2016, 7, doi: 10.1155/2016/7237053 (2016).

24. Rousseau, C., Gonnet, M., Le Romancer, M. & Nicolas, J. CRISPI: a CRISPR interactive database. Bioinformatics 25, 3317-3318, doi:
10.1093/bioinformatics/btp586 (2009).

25. Lange, S.J., Alkhnbashi, O. S., Rose, D., Will, S. & Backofen, R. CRISPRmap: an automated classification of repeat conservation in
prokaryotic adaptive immune systems. Nucleic acids research 41, 8034-8044, doi: 10.1093/nar/gkt606 (2013).

26. Sanchez-Rivera, F. J. & Jacks, T. Applications of the CRISPR-Cas9 system in cancer biology. Nat Rev Cancer 15, 387-395, doi:
10.1038/nrc3950 (2015).

27. Bhaya, D., Davison, M. & Barrangou, R. CRISPR-Cas systems in bacteria and archaea: versatile small RNAs for adaptive defense and
regulation. Annu Rev Genet 45, 273-297, doi: 10.1146/annurev-genet-110410-132430 (2011).

28. Pruitt, K. D., Tatusova, T., Brown, G. R. & Maglott, D. R. NCBI Reference Sequences (RefSeq): current status, new features and
genome annotation policy. Nucleic acids research 40, D130-135, doi: 10.1093/nar/gkr1079 (2012).

29. Benson, G. Tandem repeats finder: a program to analyze DNA sequences. Nucleic acids research 27, 573-580 (1999).

30. Wootton, J. C. & Federhen, S. STATISTICS OF LOCAL COMPLEXITY IN AMINO-ACID-SEQUENCES AND SEQUENCE
DATABASES. Computers & Chemistry 17, 149-163, doi: 10.1016/0097-8485(93)85006-x (1993).

31. Larkin, M. A. et al. Clustal W and Clustal X version 2.0. Bioinformatics 23, 2947-2948, doi: 10.1093/bioinformatics/btm404 (2007).

32. Price, A. L., Jones, N. C. & Pevzner, P. A. De novo identification of repeat families in large genomes. Bioinformatics 21 Suppl 1,
1351-358, doi: 10.1093/bioinformatics/bti1018 (2005).

33. Tempel, S. Using and understanding RepeatMasker. Methods Mol Biol 859, 29-51, doi: 10.1007/978-1-61779-603-6_2 (2012).

34. Camacho, C. et al. BLAST+: architecture and applications. BMC Bioinformatics 10, 421, doi: 10.1186/1471-2105-10-421 (2009).

35. Guo, P. et al. Gene expression profile based classification models of psoriasis. Genomics 103, 48-55, doi: 10.1016/j.ygeno.2013.11.001
(2014).

36. Li, K., Yang, M., Sablok, G., Fan, J. & Zhou, F. Screening features to improve the class prediction of acute myeloid leukemia and
myelodysplastic syndrome. Gene 512, 348-354, doi: 10.1016/j.gene.2012.09.123 (2013).

37. Zheng, Z., Li, Y. & Cai, Y. Estimation of hypertension risk from lifestyle factors and health profile: a case study.
TheScientificWorldJournal 2014, 761486, doi: 10.1155/2014/761486 (2014).

38. Krzywinski, M. L. et al. Circos: An information aesthetic for comparative genomics. Genome Research, doi: 10.1101/gr.092759.109 (2009).

39. Rho, M., Wu, Y. W, Tang, H., Doak, T. G. & Ye, Y. Diverse CRISPRs evolving in human microbiomes. PLoS genetics 8, €1002441, doi:
10.1371/journal.pgen.1002441 (2012).

Acknowledgements

This work was supported by Shenzhen grants JCYJ20140417113430655, JCYJ20140417113430619,
CXZZ20140417113430629, and CXZZ20150504145109589, the NSFC grant 11471313, and the CAS grant
KFJ-EW-STS-095, the China 863 program (SS2015AA020109-4) and a startup grant from the Jilin University.
Computing resources were partly provided by the Dawning supercomputing clusters at SIAT CAS. We thank
Christine POURCEL for providing CRISPRFinder source code. We also thank Gordon Gremme for providing
the Vmatch license. Mr. Ren Zhong helped the construction of PHP coding. The constructive comments from the
anonymous reviewers are greatly appreciated.

Author Contributions

EZ. conceived the project, designed the experiment and wrote the manuscript. R.G. wrote the CRISPRdigger
program, conducted the experiments, and drafted the manuscript. G.M. dealt with the program rules, functional
characterizations, and the manuscript drafting. PW. and M.Z. were involved in the pipeline programming and
optimizations. Y.L. was involved in the statistical analysis of the prediction results. Y.C. was involved in the
experimental result discussion.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Ge, R. et al. CRISPRdigger: detecting CRISPRs with better direct repeat annotations.
Sci. Rep. 6,32942; doi: 10.1038/srep32942 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:32942 | DOI: 10.1038/srep32942 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	CRISPRdigger: detecting CRISPRs with better direct repeat annotations

	Material and Methods

	Data preparation. 
	CRISPRdigger screens for the DR signals of candidate CRISPRs. 
	Prerequisite computer programs. 

	Results and Discussion

	Baseline summary of dbCRISPR. 
	Supporting evidence of our screening rules. 
	Performance measurements. 
	Distribution of the DR discovery ratio rDR. 
	CRISPR annotations in two newly assembled genomes. 
	Novel spacers detected by CRISPRdigger. 
	Program running time. 

	Conclusion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The schematic structure of a CRISPR.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Five steps of the CRISPRdigger program.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ The histograms of the lengths of DRs and spacers in the dbCRISPR database.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Mis-annotations of CRISPRs because of the missed DR signals.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Comparison of the CRISPR prediction measurement rCRISPR by the CRISPRdigger, CRT, PILER-CR and CRISPRFinder programs.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Distribution of the rDR measurement for all the CRISPRs.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Circos plots of predicted CRISPRs in two recently completed microbial genomes.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Two examples of novel spacers detected by CRISPRdigger.
	﻿Table 1﻿﻿. ﻿  The running time of four CRISPR detection programs on four microbial genomes.



 
    
       
          application/pdf
          
             
                CRISPRdigger: detecting CRISPRs with better direct repeat annotations
            
         
          
             
                srep ,  (2016). doi:10.1038/srep32942
            
         
          
             
                Ruiquan Ge
                Guoqin Mai
                Pu Wang
                Manli Zhou
                Youxi Luo
                Yunpeng Cai
                Fengfeng Zhou
            
         
          doi:10.1038/srep32942
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep32942
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep32942
            
         
      
       
          
          
          
             
                doi:10.1038/srep32942
            
         
          
             
                srep ,  (2016). doi:10.1038/srep32942
            
         
          
          
      
       
       
          True
      
   




