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ABSTRACT

Type Il CRISPR-Cas9 systems require a small RNA called the trans-activating CRISPR RNA (tracrRNA) in
order to function. The prediction of these non-coding RNAs in prokaryotic genomes is challenging
because they have dissimilar structures, having short stems (3-6 bp) and non-canonical base-pairs e.g.
G-A. Much of the tracrRNA is involved in base-pairing interactions with the CRISPR RNA, or itself, or in
RNA-protein interactions with Cas9. Here we develop a new bioinformatic tool to predict tracrRNAs. On
an experimentally verified test set the algorithm achieved a high sensitivity and specificity, and a low
false discovery rate (FDR) on genome analysis. Analysis of representative RefSeq genomes (5462)
detected 275 tracrRNAs from 165 genera. These tracrRNAs could be grouped into 15 clusters which
were used to build covariance models. These clusters included Streptococci and Staphylococci tracrRNAs
from the CRISPR-Cas9 systems which are currently used for gene editing. Compensating base changes
observed in the models were consistent with the experimental structures of single guide RNAs (sgRNAs).
Other clusters, for which there are not yet structures available, were predicted to form novel tracrRNA
folds. These clusters included a large and divergent tracrRNA set from Bacteroidetes. These computa-
tional models contribute to the understanding of CRISPR-Cas biology, and will assist in the design of
further engineered CRISPR-Cas9 systems. The tracrRNA prediction software is available through a galaxy
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web server.

Introduction

The CRISPR-Cas (Clustered Regularly Interspaced Palindromic
Repeats, CRISPR-associated) system is an RNA mediated adap-
tive immune system. It is used by many bacterial and archaeal
species to protect themselves from incoming foreign nucleic
acids [1,2]. The simplest CRISPR-Cas systems consist of a
CRISPR array and a set of CRISPR associated (Cas) proteins.
The array encodes a non-coding RNA consisting of near iden-
tical ‘repeat’ sequences, with unique ‘spacer’ sequences between
the repeats (Fig. 1). The spacers may be acquired from foreign
nucleic acid sequences, notably viral DNA sequences. During
subsequent viral infections, the CRISPR array will be transcribed
as a non-coding RNA (precursor CRISPR RNA, pre-crRNA)
and the Cas proteins expressed (Fig. 1). The pre-crRNA will
then be processed into crRNA, which program the Cas proteins
to target foreign nucleic acids. Specific Cas proteins or com-
plexes then cleave the viral DNA.

There are multiple distinct types of CRISPR-Cas systems
that are classified into two classes [3]. Class 1 types, namely
type I and III CRISPR-Cas systems, consist of only Cas pro-
teins and CRISPR arrays, and the pre-crRNAs can be pro-
cessed directly into crRNAs.

Several Class 2 systems, notably type II A, B and C
CRISPR-Cas systems also require a small non-coding RNA,
the tracrRNA (trans-activating CRISPR RNA) in addition to
Cas proteins and crRNAs (Fig. 1) [1,2,4,5]. These have been
best studied in Streptococcus pyogenes (type II-A). In S.

pyogenes the tractrRNA is transcribed from two promoters
into a precursor (pre-tracrRNA, 89 or 171 nt) that is pro-
cessed into a mature tracrRNA of 75 nt [5]. In engineered
systems this has been further shortened to a 67 nt synthetic
tractrRNA [6].

The tracrRNAs have an ~ 25 nt ‘anti-repeat’, that is partly
complementary to the CRISPR repeat sequence, followed by the
‘nexus’ [7], then a partially folded ‘tail’ [5,8] (Figs. 1 and 2). The
pre-crRNAs will form a duplex with tracrRNAs by repeat-anti-
repeat base-pairing, and then the RNAs are processed by the
nuclease activity of Cas9 and RNase III (Fig. 1) [5,9,10]. After
processing, the tracrRNA remains paired with the crRNA, inter-
acting with the Cas9 protein through RNA-protein interactions.
This facilitates the targeting and cleavage of target DNA [10],
although some systems may also target RNA [11] (Fig. 1).

In addition to type II, the type V-B system (c2cl/casl2a)
also includes a tracrRNA. However, the basepairing is at the 3’
rather the 5’ end [12,13]. In this paper, we focus on type II
tracrRNAs.

There have been relatively few studies of tracrRNAs in
their natural bacterial systems, but considerable characterisa-
tion in heterologous systems. The type II system has been
modified for use in genetic engineering by deleting much of
the crRNA repeat-tracrRNA anti-repeat region and fusing the
two RNAs into a single guide RNA (sgRNA) [8,14] or short-
ening in synthetic tractRNA [6]. There has been a consider-
able amount of work done on the structure and functions of
these sgRNAs in diverse organisms [1,15].
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Figure 1. A schematic diagram of a type Il CRISPR-Cas9 system focussing on the roles of tracrRNAs in processing and interference. A CRISPR array is shown with
repeats in black and spacers in colour, cas genes and the tracrRNA gene are usually nearby. Cotranscribed genes are shown with an arrow. The distances, order and
direction of transcription of the genes differ between species, a common arrangement with divergent promoters for cas9 and tracrRNA is shown (see Results). The
non-coding RNAs are transcribed into pre-crRNA and pre-tracrRNA, and the proteins transcribed and translated. A 5" leader and 3' trailer is shown for the crRNA
(orange)[9]. The RNAs and Cas9 (grey circle) form a complex, specific base pairing occurs between the crRNA repeat (black) and the tracrRNA anti-repeat (blue). Both
the crRNAs and tracrRNAs are processed, the crRNA at both ends and tracrRNA at the 5' end. This involves a host factor RNase Il (yellow). The complex targets and
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Figure 2. Features of type Il interference complexes, based mainly on sgRNA-
Cas9 complexes and mutagenesis studies [7,32,56]. The part derived from the
crRNA is in red and the tracrRNA in blue, target DNA in brown. The major
features (or modules) defined previously in the tracrRNAs are from 5' to 3'. (i)
The anti-repeat- this region shows partial complementarity to the repeat in the
crRNA, that in some sgRNA have an asymmetric bulge near the junction,
separating it into upper and lower stems [15,56]. In sgRNA structures, and
synthetic RNA [6] it may be truncated to ~ 11-13 base-pairs but may be
15-25 in the native complex [4,5]. (ii) The nexus- consisting of unpaired bases,
stem-loop 1 (SL1), non-canonical pairs (e.g. A-G) and part of the linker between
SL1 and SL2 [4]. This region may form more complex structures e.g. a triple helix
in C. jejuni [15] (iii) SL2- A second stem loop that may also include non-canonical
pairs (A-G) [8]. SL3 - not predicted in all tracrRNAs nor found in all gRNA
structures [18]. In gRNA complexes there are backbone and base interactions
with the Cas9 protein and the three way helical junction, SL1 and the proximal
part of SL2 [32] and with the bulged bases of the repeat-antirepeat hybrid [32].
The loops of the SLs are near the surface of the Cas9 complex.

There have been a few studies that have systematically
searched for tracrRNAs, but no software package available
to detect them, to date. The broadest study was that of
Chylinski et al. (2013) who predicted tracrRNAs in bacterial

tion.

genomes, near a cas9 gene, and then analysed conserved
motifs within the tracrRNAs [4]. They noted that the
tracrRNA sequences are highly diverse, and no conserved
secondary structures were found apart from a 3’ conserved
stem-loop structure. This stem-loop may contribute to an
intrinsic transcriptional termination of tracrRNA genes [4,5].
In addition, tracrRNAs were not found in some genomes in
which they were expected. Briner et al also presented an
algorithm to find native tracrRNAs [16] that they used to
compare tractrRNAs in several clades [7,17] but did not do a
broad survey.

More recently, X-ray crystallographic structures of complexes
that include partial repeat-tracrRNA duplexes, as gRNAs, have
been published for four bacterial species S. pyogenes [8],
Staphylococcus aureus [18], Francisella novicida [19,20] and
Campylobacter jejuni [15]. In each of these the repeat forms a
‘hybrid’ by base-pairing with the tracrRNA anti-repeat. This
hybrid may contain non-canonical base-pairs, and commonly
has a bulge close to the three-way helical junction, just before the
start of the tail. These structures are crucial for activity [15]. The
tail begins with a stem-loop (SL1) commonly closed with a non-
canonical base-pair (A-G) (Fig. 2).

Following the nexus region, the remainder of the tail has
one or two stem-loops (SL2, SL3, Fig. 2). Non-canonical base-
pairs are found in all four structures. In C. jejuni, the tail
stem-loops also interact with other parts of the tail, giving a
complex tertiary fold [15]. Mutations in the first stem-loop of



S. pyogenes (in the sgRNA) can eliminate cleavage activity
completely, whereas the mutations tested in the other two
stem-loops have no significant effect or only partially reduce
activity [8,16]. In sgRNA constructs additional RNA loops or
sequences have be added at the 3’ end of the tracrRNA [21,22]
or by extending SL2 of S. pyogenes gRNA [23,24] or SL2 of S.
aureus gRNA [18] without impairing function.

In this study, we developed a tracrRNA predictor based on
the elements of known tracrRNAs, and identified and ana-
lysed a large set of novel tracrRNA genes.

Results
Characteristics of known tracrRNAs

The anti-repeats of tracrRNAs have a partial complemen-
tarity to repeats in type II CRISPR-Cas9 systems, these
repeats can be used for detection of anti-repeats in
tracrRNAs. However, there are challenges in applying this
matching on a genome-wide scale. Firstly small, partial,
diverged, or degenerated arrays including repeats may be
missed by stringent array prediction algorithms [25]. These
repeats resemble anti-repeats on the reverse complement
strand. Secondly, genomes may contain multiple types of
arrays [26] e.g. arrays and repeats from type II and other
types, but only the type II repeats will have corresponding
anti-repeats in tracrRNAs. These first two challenges result
in false positives. Thirdly, the repeat-anti-repeat matches
may only have short regions of identity (< 10 nt).
Fourthly, novel tracrRNAs may be dissimilar to known
systems, due to divergence or possibly independent origins.
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These last two challenges require flexible algorithms to
avoid false negatives.

To develop a method for identifying tracrRNAs with high
confidence, the features of a set of known tracrRNAs (n = 55)
were determined [4]. We then developed an automated system
based on a support vector machine, that puts weights on these
known features, but does not absolutely require them (Fig. 3).

We observed that these tracrRNAs are commonly located
within 500 nt of cas9, although there are exceptions [4,16]. In
addition, the crRNA repeat commonly starts with a GYY (G-
pyrimidine-pyrimidine) and the tracrRNA tail commonly
starts with AR (A-purine, Fig. 3, Fig. S1A-C).

Free energies for the formation of repeat-anti-repeat hybrids
are typically below — 40 kcal/mol (Fig. S1D), however, there are
frequently mismatches, including a bulge near the 5’ end of the
repeat (Fig. 2). The longest helices in the repeat-anti-repeat
hybrids of known tracrRNAs are typically over 9 nt, and the
proportion of non-pairing/mismatch nucleotides are typically
below 20%. However, only one of the tracrRNAs has continuous
pairing (34/36 nt, Mycoplasma synoviae). The data for all the
known and predicted tracrRNAs are available in Supplement 3.

Determining the parameters for the support vector
machine (SVM)

A number of parameters were predicted from the training set,
six were found to be most useful for the Support Vector
Machine (SVM) classification. The ‘length of the longest
helix’, and the ‘proportion of non-pairing nucleotides’ in the
hybrid are used in the final SVM because they were good
discriminators (triangles and circles in Fig. S2). In addition,
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the minimum free energy of the hybrid, the cas9-tracrRNA
intergenic distance, the presence of a ‘GYY repeat-start’ and
the presence of an ‘AR tail-start’, were parameters used by the
SVM (Fig. 3).

The SVM was tested by leave-one-out cross-validation
using the positive and the negative training dataset, and the
receiver operating characteristic (ROC) curve demonstrated
the robustness of the SVM (Fig. S2). From the distribution of
SVM true-positive probabilities of known tracrRNAs in the
positive training dataset, the probability cutoff for true posi-
tives (TP) was chosen to be 0.975. One reported tracrRNA
from Legionella pneumophila has a score lower than this
(0.970), which may due to the presence of a 10 nt bulge on
the anti-repeat side of the repeat-anti-repeat hybrid, that
increases the proportion of non-pairing nucleotides.

Genome wide prediction

(1) We first identified genomes with both cas9 genes and
CRISPR arrays, by searching genomes for cas9 genes
using PSI-BLAST and Hidden Markov Models
(HMMs), and CRISPR arrays were predicted using
CRISPRDetect (Fig. 3). The CRISPR repeats from
confidently predicted arrays (CRISPRDetect score
> 3.0) were used to locate putative tracrRNA anti-
repeats within 3500 bases of the cas9 gene (see
Methods). Annotated coding sequences and CRISPR
arrays (score > 1.5) were not included in the search.
In particular, imperfect arrays (scores 1.5-3.0) were
excluded as they may have repeats that would gener-
ate false positives.

After locating the putative anti-repeats, the flank of the anti-
repeat was extracted (+ 200). Repeat-anti-repeat hybrid struc-
tures and start position of the tracrRNA tails were predicted
within this region using RNAhybrid [27], with constraints
(Methods). The secondary structures of the tracrRNA tails
were predicted using RNAfold [28]. The separate RNAhybrid
(anti-repeat) and RNAfold (tail) predictions were combined.
The direction of the anti-repeat depends on accurate prediction
of the repeat direction. Therefore, we corrected the initial
CRISPRDetect direction to increase accuracy for type II arrays
(Methods), and eliminated matches from erroneous directions.

We used the prediction pipeline on all RefSeq 84 reference and
representative bacterial genomes (n = 5462, Sept 2017) to predict
tracrRNAs. We then selected all tracrRNA predictions with a
single SVM TP probability of > 0.975. The dataset has 275 pre-
dicted tracrRNAs, including the 55 tracrRNAs in the SVM posi-
tive-training dataset from 165 genera (S3). The Streptococcus
pyogenes M1 476 and the Staphylococcus aureus MO0408
tracrRNAs was missed in this multi-genome screen, as both
organisms are not representative bacterial species in RefSeq84
genomes. Our predictions also differ in lengths and start-end
coordinates (Supplementary Figure S3). At the 5’ end, we deter-
mined the likely end by using the repeat and locating the anti-
repeat (using RNAhybrid). This will tend to give shorter predic-
tions than the previous method that attempted to identify pro-
moters. The median difference was 6 bases and interquartile range
2-16 bases (Supplementary Figure S2). In C. jejuni, our prediction

is 11 bases longer, extending the repeat-antirepeat base-pairing
[4]. Such a longer precursor was reported by Dugar et al. 2013,
although the major processed RNA detected was shorter [4,11,29].
Experimentally determined tracrRNAs are processed/shortened at
the 5’ end to within the repeat-antirepeat hybrid (Fig. 1).

At the 3’ end compared to the previous analysis, the med-
ian difference was 3 bases and interquartile range 2-20 bases
(Supplementary file S2). They predicted terminators using
TranstermHP whereas we used a simpler method (TTTT) to
estimate the end. For comparison we also used the best
performing rho-independent terminator prediction software
RNIE [30] to find rho-independent transcription terminators,
but signals were only found in 17 of the 55 training-set
tractrRNAs. These were all concordant with our predictions.

The characteristics of all the tracrRNA can be found in
Supplementary file S4, their genomic contexts in S5, and map-
ping to a taxonomic tree in S6. In addition, there were 85
genomes with more than one tracrRNA prediction. It is possible
that some genomes have more than one tracrRNA, but alterna-
tively that the second prediction is a false positive. Our stringent
SVM cutoff detects one or more tracrRNAs within 3500 bases in
360 of 482 cas9 and CRISPR-array containing genomes. After
excluding genomes with a truncated and potentially non-func-
tioning cas9 gene (< 2000 bases long), 299 out of 362 CRISPR
have at least one tracrRNA, a sensitivity of 0.83. These 85 multi-
ple predictions are provided in the supplements, but not used
further for this initial conservative analysis. In the galaxy version
of the tracrRNA predictor, cas9 flanking distance, SVM cutoff,
and other parameters can be varied by the user.

As an alternative measure of the FDR (false discovery
rate), a region +/-17,500 bases flanking the cas9 was exam-
ined, along with a range of SVM cutoffs (0.850 - 0.975).
Most known tracrRNA lie within 3500 bases of the cas9 (Fig
S1), so additional predicted tracrRNAs in this longer
sequence are likely false positives. At high stringency
(0.975), after excluding genomes with a truncated cas9
gene 302 genomes have at least one tracrRNA within
17,500 bases, of these there were 7 genomes with one or
more potential ‘false positive’ tracrRNA predictions within
3,501-17,500 bases. This gives an FDR of 0.023 (7/302) at
this cutoff. This data is shown in S5, and the best prediction
within 3,500 bases for each gene in S3. A lower SVM cutoff
of 0.95 gave an estimated FDR of 0.066 and sensitivity of
0.94 within 3500 nt of the cas9 (Table S6). Such looser
settings may be suitable for analysis of a few genomes of
interest using the online tracrRNA predictor.

The direction of transcription of each of the three compo-
nents of the type II systems were analysed. The most common
arrangement of the three, found in 60% of those on a single
contig, was that the cas9 genes and tracrRNA were adjacent
and transcribed in opposite directions followed by the
CRISPR array (140/236 as sketched in Fig. 1). The CRISPR
array was slightly more commonly (59%) transcribed in the
same direction as the cas genes (83 vs 57) (Fig. 1).

Clustering of tracrRNA sequences

We separately clustered the sequences of CRISPR repeats,
anti-repeats, tracrRNA tails, and full length tracrRNAs of all



275 tractRNAs. We further analysed those clusters with 3 or
more sequences. Anti-repeats formed 19 clusters and
tracrRNA tails formed 15 clusters. Repeats formed 23 clusters
and full-length tracrRNAs formed 19 clusters. Cluster assign-
ments, including two-member clusters, are shown on a taxo-
nomic tree in S3. Sequences in clusters were aligned using
CLUSTALW, and RNAalifold and covariance models built
using CMbuild.

Clusters were compared, as covariance models, using
CMcompare (Methods) to calculate the similarity between
each pair of clusters, giving a ‘link score’. A high link score
indicates strong similarity. When the folds of the tail clusters
were compared to themselves they had link scores 80-120,
diagonal in Fig. 4A. In addition, some clusters generated
similar models in addition what had been detected by the
initial similarity (red boxes, notably 17 and 36, see below).
However, in general, tails form distinct folds, with link scores
below 40 (Fig. 4A).

Repeat and anti-repeat clusters correlate strongly (Chi-
square = 1048.65, df 221, p-value < 1e-06, details not
shown), as expected [5]. In addition, the relatively well con-
served anti-repeat portion largely determines the tracrRNA
cluster. Therefore, we further examined the most independent
tracrRNA components - the anti-repeat and tail sequences
and their common folds (Fig. 4B).

Association between anti-repeats and tracrRNA-tails

A possible path by which tracrRNAs evolved is from antisense
transcription of the repeat [5]. In which case the initial tail
would be any sequence following the anti-repeat. This could
likely be a variable spacer sequence, or possibly a 3' trailer
(Fig. 1). Depending on whether this happened once or inde-
pendently in different clades, the sequences of tails and anti-
repeats may, or may not, be associated.

We tested the correlation between anti-repeats and
tracrRNA-tail members (Chi-square = 605.41, df 182,
p-value < le-06, Fig. 4B). In most cases a single tracrRNA
tail cluster correlates with an anti-repeat (AR) cluster, for
example, tail cluster 1 and anti-repeat cluster 30, 9 and 36,
14 and 29 etc. In two cases anti-repeat clusters are split
between two tail clusters. Particularly, tail cluster 15 is asso-
ciated with AR clusters 11 and 33 and tail cluster 17 and 36
weakly associated with three AR clusters. This correlation
supports the association between the repeat and the
tracrRNA tail, rather than between tails across genera.

Common folds in tracrRNA sequences

We wanted to examine the similarities and differences
between the folds in the tracrRNA tails. Fig. 6 shows the
taxonomic relationship (NCBI) of the 165 representative gen-
era that had tracrRNAs. Only those clades with tracrRNA tail
clusters are shown in full (the full tree is in S5). For each
genus, the assignments to tail clusters are shown, clades with
no tracrRNA tail clusters are shown collapsed (Fig. 5). As
noted in previous studies, tracrRNA tail sequences are highly
diverse across species. In support of this diversity, those pre-
dicted in 124 of the 165 genera do not cluster. However,
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Figure 4. (A) Comparisons between tail-clusters. Similarities between clusters
are calculated as link scores using CMCompare. A high link score indicates strong
similarity (red). Self matches are on the diagonal. Only those clusters with 3 or
more members were analysed so cluster IDS are discontinuous (e.g. 1, 9, 14). (B)
the association between anti-repeats (AR) and tracrRNA tails. Most tail clusters
correspond to one anti-repeat cluster (e.g. tail 1 and AR 30). To test for the
association between anti-repeats and tracrRNA tails, we take tracrRNAs where
the tail and the anti-repeat both belong to clusters with 3 or more sequences.
The observed frequencies of tail and anti-repeat cluster assignments were
divided by the expected frequencies of cluster assignments assuming that the
tails and the anti-repeats are clustered independently.

where they do cluster it is notable that tracrRNA tails of
related genera tend to fall within the same clusters (e.g.
clusters 17, 19 and 36, Fig. 5.)

Streptococci tail clusters

The best characterised tracrRNA are those of Streptococci,
particularly S. pyogenes and S. thermophilus, although much
of their function has been inferred from studies done on
gRNAs in vitro [8,31] or in heterologous environments (e.g.
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AAGGC------------- UUAGUCCGUAACCAACUUGAAAAAGUG-GCACCCGAUUCGGGUGCUUUU
AAGGU------------- UU-AUCCGUAUCCAACUUGAAAAAGUGAGCACC-GAUUC-GGUGCUUUU
AAGGC-------------- UAGUCCGUUAUCAACUUGAAAAAGUG-GCACC-GAGUC-GGUGCUUUU
AAGGC------------- AUUGUCCGUACACAACUUGUAAAAGUG-GCACCCGAUUCGGGUGCUUUU
AAGAC--------------- UAUUCGUCAACACCUUGUAAAAGUGCGCACC-GAUUC-GGUGUUUU-

AAGGCAGUGAUUUUUAAUCCAGUCCGUAUUCAGCUUGAAAAAGUGAGCACC-GAUUC-GGUGCUUUU
AAGGCAGUGAUUUUUAAUCCAGUCCGUACACAACUUGAAAAAGUGCGCACC-GAUUC-GGUGCUUUU
AAGGC------------- UUAGUCCGUAAUCAACUU- - - -CUGUG-GCGCU-GUUUC-GGCGCUUUU

AAGACAAUAUGUCGUGUUUAUCCCGCUARUCUAUU - AGUGGGAUUUU
AAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUGUUUGGCGAGAUUUU
AAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUGUU - GGCGAGAUUUU
AAGGCAAUAUGCCGUGUUUAUCUCGUCAAUUGUAUUGGCGAGAUUUU
AAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUGUU_GGCGAGAUUUU-
OO ) D)) e COCCOCCeC. .. )10 ) -
A e CCCOOCrree. ... NIID1)) .-
A SL1 U G SL2

Figure 6. Conserved sequences and structures in tracrRNA tails. Bases that match to the structure in the ‘SS_cons’ line are coloured. The structures in the GC lines are
shown in dot-bracket notation. With curved brackets representing common base pairs predicted by RNAalifold and curly or square brackets added manually based on

gRNA complexes crystal structures. (A) Alignment of S. pyogenes like tracrRNA tails (Cluster 15). (B) Alignment of S. aureus like tracrRNA tails (Cluster 14).

mammalian cells [7,16]). When interacting with cas9, the tail
of the S. pyogenes gRNA in complexes forms three short stem-
loops that include non-canonical base pairs [8]. Streptococcal
tracrRNA tails are part of three clusters 15, 16 and 18, and
tracrRNAs from related Bacillales (e.g. Lactobacillus) form
two similar clusters 24, 26. Clusters 15, 16 and 24 are broadly
similar to the three groups described by Briner et al 2014, for
whole Streptococcus and Lactobacillus tractrRNA. These are
similar and could be combined into one alignment (Fig. 6,
initial separate clusters are in S6).

The alignment of the streptococcal supercluster is shown in
Fig. 6A. The common structure predicted by RNAalifold is shown
below the sequence alignment in dot-bracket format, it predicts
only SL2 and SL3. The structure predicted by RNAalifold was
refined manually and presented in dot-bracket format (Fig. 6A),
compensating base-pair changes also support the predicted stem-
loops. Additional non-canonical base pairs observed in the gRNA
structure that cannot be predicted by RNAalifold, for example an
A-G base pair, have been added manually at the ends of SL1 and
SL2. These bases are invariant in the alignment and thus their
function is supported by this analysis. Mutation of these ‘nexus’
bases disrupts interference with gRNA [7] and the interaction
with spCas9 in the gRNA structure [32].

Interestingly, two of the stems show evidence of different
length forms. SL1 in several Streptococci have a 13 base addi-
tional sequence that could form a longer stem (e.g. S. mutans).
This could form an extended stem with potential folding
indicated Fig. 6A, and can occur without disrupting the U
that is pinching out and interacting with Cas9 in an S. pyo-
genes derived gRNA [32]. Such extended SLla have been
engineered by adding the MS2 stem-loop in gRNA to add a
protein binding site [32]. In the S. pyogenes derived gRNA
there are no interactions with spCas9 beyond the first non-
canonical pair of SL2 [8]. SL2 could be shorter in the diverged
Vagococcus teuberi sequence and structure (Fig. 6A).

The database of RNA families (Rfam) has a single tracrRNA
model (RF02348) that was built mainly from reported strepto-
coccal tracrRNA sequences [5,14]. Its membership currently

corresponds most closely to this supercluster, but the alignment
did not predict the conserved stem-loops SL1 and SL2. Only one
stem-loop, SL3 that was modelled by Rfam, is predicted because
only this common stem-loop had been predicted when the Rfam
model was built [5,14]. This loop stem-loop 3 (SL3 in Figure 7)
may form part of a rho-independent terminator.

Staphylococci cluster

Only a small number of Staphylococci species have CRISPR-
Cas systems, but the system found in some S. aureus strains
has been successfully modified for genetic engineering
[18,33,34]. In contrast to the 3 stem-loops in S. pyogenes
gRNA, the S. aureus tail (cluster 14) is predicted to form
two longer stem-loops, although the second was not visible
in the gRNA complex crystal structure [18].

As SL2 had not been resolved in the gRNA structure, we
tested to see if it was supported by covariation. Indeed, six of
the 14 base-pairs in SL1 and SL2 were supported by compensat-
ing base-pair changes shown as square brackets in Fig. 8 (see the
SS_cons line). This supports the formation of the two stem-
loops. The alignment supports the A-G base-pair seen in the
gRNA at the beginning of SL1. The A-A base-pair observed in
the loop would not be predicted by the current MFE methods
such as RNAAlifold, but possible base pairing of either A-U or
A-A is supported in the model (Fig. 6B), saCas9 protein interacts
with the A [18]. The underlined base pairs in SL2 are supported
by compensating base-pair changes in the model, which sup-
ports the predicted structure shown in [18].

Studies have shown the final SL is dispensable or modifi-
able, without affecting interference, in both the S. aureus and
the S. pyogenes gRNA complexes [6,18,33]. This supports a
notion that this SL has a different role, perhaps as a transcrip-
tion terminator during the biogenesis of the tracrRNA in
bacteria. It is GC rich (Fig. 6A,B) and followed by a run of
U’s where the tracrRNA terminates [5], although the function
of this stem-loop has not been tested experimentally. These
gRNAs or synthetic tracrRNAs do not normally require a
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# STOCKHOLM 1.0

#=GF Alignment Program ClustalWs
Bacteroides fluxus YIT 12057/1-55

#=GR Bacteroides_fluxus_YIT 12057/1-55 SS
Myroides_phaeus/1-56
Algoriphagus_antarcticus/1-55
Algoriphagus_marinus/1-55
Capnocytophaga_gingivalis ATCC/1-59
Chryseobacterium molle/1-55
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Capnocytophaga canis/1-54

Coprobacter fastidiosus NSB1/1-56
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Figure 7. Bacteroidetes tracrRNA tails. Sequences of the tails of the tracrRNAs from clusters 17 and 36 are shown. All are predicted to form common SL1and SL2, with
a A-G pair at the beginning of SL1, and a bulged U. SL3 is not predicted in the common MFE structure by RNAAlifold, but most are predicted to form a SL3,
representative secondary structure predictions are shown (an extended figure with all predictions is in the supplement).

bacterial termination mechanism as they are synthesised in
eukaryotes or in vitro [6].

tracrRNAs from phylum bacteroidetes

Some tracrRNAs clustered with many members across genera. A
diverse range of 13 genera from the phylum Bacteroidetes formed
clusters 17, 19 and 36. These organisms represent a large group of
widely distributed Gram-negative bacteria and include animal
pathogens and organisms with unusual biology. In some species
e.g. Riemerella and Prevotella, the CRISPR systems have been
described, but no tracrRNA or gRNA has been experimentally
characterised for any of these genera[35,36].

Clusters 17 and 36 were sufficiently similar and can be com-
bined (Fig. 4A). An alignment is shown in Fig. 7, with some
individual folds shown. All individual folds are shown in Fig. S7.
These sequences are very similar at the 5’ end but dissimilar at the
3’ end. Our predictions show a three stem-loop structure, with an
A-G terminating base pair in SL1 as seen in both S. aureus and S.
pyogenes. However, the A-G at the beginning of SL2 is not con-
served, this base pair is also lacking in S. aureus, but the SL2 is
predicted to be much shorter in these tracrRNAs. These
tracrRNAs form a third abundant class of tracrRNA.

Discussion
A diverse set of type Il tracrRNAs

We developed a tracrRNA predictor and applied to find a large set
of 275 tracrRNAs. Because this set comes from only the represen-
tative sequences in RefSeq, usually only one sequence per species
and only a few tracrRNAs per genera, this gives a diverse set of
tracrRNA for construction of covariance model that does not
contain many closely related sequences from a single species (e.g.
S. pyogenes). In future work, it should be possible to use our
confidently predicted dataset to build more diverse models to
detect exceptional tracrRNAs. We have provided sequence align-
ments in Stockholm format, and covariance models suitable for
use with Infernal (CMsearch), that can be used find further
tracrRNAs.

In some genomes (85) more than one tracrRNA was pre-
dicted. This may be due to the presence of more than one
tractRNA for a single Cas9 and CRISPR type providing
redundancy. They may also include some false predictions,
from degenerate arrays. Inclusion of a tracrRNA from these
85 genomes did not add many sequences to the clusters,
indicating they are not near identical duplicates. The web
implementation of the tool allows the user to investigate
multiple predictions.



Clustering of and evolution of tracrRNAs

It has previously been observed that the base-pairing patterns
in repeat-anti-repeat hybrids are similar amongst closely
related bacterial species [4,5]. We observed this in a much
larger dataset. Furthermore, in this study, we observed a
correlation between tracrRNA tails and the relationship
between species. For each genus, the tracrRNAs tails tend to
be located within the same cluster, or be split into clusters that
are similar. It would be expected that cas9 genes, tracrRNAs,
and crRNAs co-evolve within species.

Evolution of tracrRNAs

tractrRNA may have arisen from anti-sense transcription of
repeats, then translocation of a repeat or proto-tracrRNA to a
nearby part of the genome. Existent repeat sequences are
diverse within CRISPR-Cas systems, reflecting likely multiple
origins, but better conserved within type II systems. We cluster
repeats into 23 clusters, including the three CRISPRMap type II
repeat clusters [37]. It is possible that the tracrRNA may have
evolved once, or multiple times, then co-evolved with CRISPR
arrays and cas9 genes. In order to begin to address this we
looked for, and observed, association between the CRISPR anti-
repeats and the tails of the corresponding tracrRNAs. CRISPR
repeats of tractrRNAs from the same tail-sequence cluster tend
to fall within specific repeat-sequence clusters, instead of
spreading across all of them. This observation also supports
co-evolution of repeat and tracrRNA. Regardless of whether the
tracrRNA originated from a degenerated CRISPR array and/or
the translocation of a degenerated CRISPR repeat, the tail of
the tracrRNA co-evolves with the CRISPR array nearby.

Genomic locations of tracrRNAs

We observed that the majority of tracrRNAs are transcribed from
genes in the opposite direction to cas9 but located nearby. The
CRISPR arrays were commonly located after the cas genes in either
orientation. This arrangement suggests possible co-regulation of
the tracrRNAs and cas9, possibly being transcribed from a bidir-
ectional promoter. On the other hand, the CRISPR array would
have a separate promoter. If proto-tracrRNAs arose by antisense
transcription of arrays then this may require subsequent translo-
cation of the tracrRNA gene.

Most (45/55 training) tracrRNAs are located within 500
bases of the cas9 gene. Notable exceptions are the Type II-C
systems where some are adjacent and some have the casI and
cas2 genes between the tracrRNA and cas9. This is similar to
some of the II-A and II-B arrangements (e.g. F. novicida and
N. lactamica c.f. C. jejuni [38]). This arrangement is only seen
in C. jejuni in our analysis, not for example in the related C.
fetus genome. This may indicate that the C. jejuni arrange-
ment is exceptional.

Other small CRISPR associated RNAs

Here, we have focussed on the tracrRNA of type II systems.
Type V systems also have tracrRNAs, but they do not have a
folded tail joining to the 3’ end of the anti-repeat, instead, they
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have a folded leader joining to the 5’ end of the anti-repeat.
Our predictor can, by design, detect the anti-repeat but did not
extract the leader (data not shown). We propose to extend our
predictor to extract tractrRNAs in Type V systems in the future.
Furthermore, there is one other class of small RNAs that can
also interact with CRISPRs. In the type II-B system of
Francisella novicida there is an additional unique small
CRISPR/Cas-associated RNA (scaRNA) [39,40]. This RNA,
and the tracrRNA have an additional role: to repress an endo-
genous bacterial lipoprotein (blp) mRNA[39,41,42]. In this
process the 5" end of the tracrRNA (anti-repeat) base-pairs to
the mRNA, rather than crRNA [39-42]. In our analysis this
scaRNA overlaps the CRISPR array and is masked.

The CRISPR-Cas system has been modified for genetic
engineering, and the role of tracrRNA/gRNA is to facilitate
site-specific gene modification at high precision. In addition
to the understanding of CRISPR-Cas biology, these computa-
tional models of tracrRNAs will assist in the design of engi-
neered CRISPR-Cas9 systems.

Materials and methods
Training datasets for the SVM

From published tracrRNA [4] we built the positive training
dataset, adding the tracrRNA of S. aureus, giving a total of 55
tracrRNAs. Precise ends of 10 of the 55 tracrRNAs have been
confirmed experimentally. Our SVM classifier was trained
based on the attributes of the repeat-anti-repeat hybrid and
the 3-way junction parts of the repeat-tracrRNA duplex, as well
as the distance between the tracrRNA and the cas9 gene.
Attributes of the tracrRNA tail were not considered in the
prediction, to allows unbiased tracrRNA-tail sequence analyses.

To build the positive training dataset, genomic sequence
files in GBFF format were downloaded from RefSeq 84. For
each published tracrRNA, we reproduced it by using
CRISPRDetect to generate the CRISPR array at an array-
quality score cutoff of 3.0, BLASTN to locate the anti-repeat
(word-size 7, mismatch penalty —1, gap-opening penalty -2,
gap-extension penalty —1, match-reward 1, and e-value cutoff
20), and RNAhybrid to calculate the repeat-anti-repeat hybrid
structure and locate the 3-way junction.

The CRISPR repeat sequence was then used as a query to
find the anti-repeat part of the tracrRNA in the BLASTN step.
Genomic sequence was then extracted around the anti-repeat.
We then applied RNAhybrid to the CRISPR repeat and the
extracted genomic sequence with default settings but requir-
ing at least one base-pair from position 1 to 3 relative to the 5'
end of the repeat, to calculate the repeat-anti-repeat hybrid
structure and the free-energy, and at the same time locate the
end of the hybrid. We then extracted the tail of the tracrRNA
up to the next U-tetramer, U tetramers were not considered in
the first 40 nucleotides.

Because the prediction of repeat direction is not completely
accurate [25] we tested both orientations. The initial predic-
tion of the direction of the array was done using
CRISPRDetect, and for type II arrays, the direction prediction
was further refined based on features of known type-II arrays
and tracrRNAs.
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Type II CRISPR repeats commonly begin with GYY and this
was used as the primary indicator of direction. If both, or none
of, the array repeat predictions began with GYY repeat start, we
used the CRISPRDetect/CRISPRDirection prediction. All
tractrRNAs with a tail starting with the conserved AR, were
retained as an alternative (Fig. S4). This algorithm will not
eliminate potential tracrRNAs where the CRISPR repeats differ
and do not start with GYY or the tails do not start with AR.

After the direction-reconfirmation step, for each tracrRNA
prediction we calculated the probability of a true-positive
prediction with a support-vector machine (SVM). The SVM
has 6 parameters. The presence of the conserved GYY repeat
start, and the presence of the conserved AR tail start sup-
ported the CRISPR array direction chosen as well as building
the SVM. The minimum free-energy (MFE) of the repeat-
anti-repeat hybrid, the tracrRNA-Cas9 intergenic distance, the
length of the longest helix in the repeat-anti-repeat hybrid,
and the proportion of non-pairing nucleotides in the repeat-
anti-repeat hybrid, were also included in the SVM.

Additional statistical parameters, such as position of the
first bulge in the repeat-anti-repeat hybrid from the three-way
junction and the nucleotide composition of the repeat-anti-
repeat hybrid, were also considered, but including them in the
SVM did not increase prediction accuracy (not shown).

To build negative training dataset, for each CRISPR repeat
we randomly shuffled the CRISPR repeat and the correspond-
ing tracrRNA to generate a ‘false CRISPR repeat’ and a ‘false
tractrRNA’. These were matched using RNA-hybrid, if a
hybrid is not found after shuftling the sequences, the rando-
misation process was repeated until a hybrid was detected. A
randomly selected intergenic distance was assigned assuming
that the false tracrRNA can be anywhere in the genome but
not within the cas9 gene.

Specific parameters of the SVM were chosen after extract-
ing and analysing the positive and the negative training data-
sets. In general terms, the characteristics that published
tracrRNAs had in common, or are discriminators of true
tracrRNAs, were considered as potential SVM parameters.
The final SVM was built using the application SVM-train in
the LIBSVM suite [43]. We used the two-class support-vector
classifier with radial-basis kernel function under the default
settings. The SVM was validated by leave-one-out cross-vali-
dation using the positive and negative training datasets. The
robustness of the SVM was evaluated by plotting and exam-
ining the ROC curve.

Genome wide predictions of tracrRNAs

Amino acid sequences in the GBFF files are extracted. PSI-Blast
was then used with an e-value cutoft of 1e-06 to search for Cas9
using the multiple-alignments of Cas9-family proteins published
by Makarova et al 2015 [44] (PSI-BLAST models mkCas0193,
cd09643, COG3513, cd09704 and mkCas0192), and the start-
end coordinates of the Cas9 coding sequence were determined.
This process was complemented by a hidden Markov model
search using HMMsearch with an e-value cutoff of 1e-06, using
HMM models of Cas9 published by Burstein et al 2016 [45].
In a similar way to the construction of the positive training
dataset, for each genome with a Cas9 prediction, we used

CRISPRDetect to predict putative CRISPR arrays (array-quality
score cutoff 3.0). Then we masked out all annotated genes and
all CRISPR-arrays predicted, and used BLASTN to locate the
anti-repeat parts of putative tracrRNAs using the same set of
parameters we used to generate the positive training dataset,
and the CRISPR repeat sequences as queries. We then extracted
genomic flanking sequences around the putative anti-repeats,
and applied RNAhybrid to the CRISPR repeats predicted and
the genomic extracts, to calculate the repeat-anti-repeat hybrid
structures and the free energies, and at the same time locate the
3-way junctions of the repeat-tracrRNA duplexes. RNAhybrid
were run using the following constraints: base-pairing in the
first three positions of the repeat-anti-repeat hybrid, 3-15 mis-
matches in the hybrid, and a helix of over 9 Dbase-pairs.
RNAhybrid allows such constraints as has been used for the
similar task of determining miRNA-mRNA interactions[46].
The region following the anti-repeat (the tracrRNA tail) was
extracted, minimum length 40, max 204 up to the first four U’s
(a putative terminator). The structure of the repeat-tracrRNA
duplex were also calculated using RNAcofold [47] and exam-
ined using regular expressions corresponding to known
tracrRNA families (shown in S3). The secondary structure of
the tracrRNA tails were predicted using RNAfold. RNAfold and
RNAcofold were run with default settings, but without allowing
for lonely base-pairs.

Because the prediction of array direction or strand was not
always congruent with published data, both the predicted
CRISPR repeat and the reverse-complement of it were used to
predict tracrRNAs. We examined repeat-anti-repeat hybrids of
known tracrRNAs to find conserved sequences in the CRISPR
repeat (GYY) and the 3-way junction part of the tracrRNAs
(AR), and used them to re-determine the array direction.

The SVM was applied to all tracrRNA predictions, to
calculate the probability of a TP prediction. This calculation
was accomplished by using the application SVM-predict in
the LIBSVM suite. To establish a probability cutoff for true
predictions, we applied the established prediction pipeline
including the SVM to re-predict the known tracrRNAs in
the positive training dataset to calculate the TP probabilities
and examined their distribution.

Software availability

(2) The software is available through a galaxy server
(galaxy.otago.ac.nz). Data is available as supplements,
and updates will be available from http://bioanalysis.
otago.ac.nz/tracrRNA.

Mapping tracrRNA positions back to genomes

The positions of the cas9 (HMM search on RefSeq predicted
proteins, methods above), CRISPR arrays (CRISPRDetect),
and tracrRNAs were recorded (csv table in S4). This was
used to determine the order and orientation of these genes.
The flanking regions of the tracrRNAs (+/- 5000 nt) were
extracted and re-annotated using an in house modified ver-
sion of prokka [48]. The genbank format output (.gbk) was
visualised in Geneious [49] (S5).


http://bioanalysis.otago.ac.nz/tracrRNA
http://bioanalysis.otago.ac.nz/tracrRNA

Clustering of tracrRNA sequences

Clustering of repeats, anti-repeats, tracrRNAs and tails was
done using UCLUST [50] at an identity cutoff of 0.65.
Alignments were made of the sequences in each cluster [51].
We then made covariance models from the tail cluster align-
ments using CMbuild [52] using default parameters, and com-
pared them using CMcompare [53]. Consensus fold of each tail-
cluster alignment were calculated using RNAAlifold [54], and
visualized them using Ralee [55]. Alignments, Stockholm for-
mat files, and covariance models are available in S4. Repeats for
all CRISPR types have been clustered previously as part of
CRISPRMap [37], co-occurrence between the three type II
clusters and those generated here is shown in S4.

Comparison of common folds in clusters

Comparisons were made using CMcompare [52]. To determine
to significance of the co-clustering of anti-repeats and tracrRNA
tails, we selected tracrRNAs where the anti-repeat and tail
belong to clusters of 3 or more sequences. The observed fre-
quencies (O) of tail and anti-repeat cluster assignments, and the
expected frequencies (E) of tail and anti-repeat cluster assign-
ments assuming statistical independence, were calculated; and
the O/E values were visualized on a heatmap in R. A Chi-
Squared test was used to test the significance of co-clustering.
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