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Abstract

Background: Riemerella anatipestifer infection is a contagious disease that has resulted in major economic losses in
the duck industry worldwide. This study attempted to characterize CRISPR-Cas systems in the disease-causing agent,
Riemerella anatipestifer (R. anatipestifer). The CRISPR-Cas system provides adaptive immunity against foreign genetic
elements in prokaryotes and CRISPR-cas loci extensively exist in the genomes of archaea and bacteria. However, the
structure characteristics of R. anatipestifer CRISPR-Cas systems remains to be elucidated due to the limited
availability of genomic data.

Results: To identify the structure and components associated with CRISPR-Cas systems in R. anatipestifer, we
performed comparative genomic analysis of CRISPR-Cas systems in 25 R. anatipestifer strains using high-throughput
sequencing. The results showed that most of the R. anatipestifer strains (20/25) that were analyzed have two CRISPR
loci (CRISPRT and CRISPR2). CRISPRT was shown to be flanked on one side by cas genes, while CRISPR2 was
designated as an orphan. The other analyzed strains harbored only one locus, either CRISPRT or CRISPR2. The
length and content of consensus direct repeat sequences, as well as the length of spacer sequences associated
with the two loci, differed from each other. Only three cas genes (cas], cas? and cas9) were located upstream of
CRISPRT. CRISPRT was also shown to be flanked by a 107 bp-long putative leader sequence and a 16 nt-long
anti-repeat sequence. Combined with analysis of spacer organization similarity and phylogenetic tree of the R.
anatipestifer strains, CRISPR arrays can be divided into different subgroups. The diversity of spacer organization was
observed in the same subgroup. In general, spacer organization in CRISPR1 was more divergent than that in
CRISPR2. Additionally, only 8 % of spacers (13/153) were homologous with phage or plasmid sequences. The cas
operon flanking CRISPR1T was observed to be relatively conserved based on multiple sequence alignments of Cas
amino acid sequences. The phylogenetic analysis associated with Cas9 showed Cas9 sequence from R. anatipestifer
was closely related to that of Bacteroides fragilis and formed part of the subtype II-C subcluster.

Conclusions: Our data revealed for the first time the structural features of R. anatipestifer CRISPR-Cas systems. The
illumination of structural features of CRISPR-Cas system may assist in studying the specific mechanism associated
with CRISPR-mediated adaptive immunity and other biological functions in R. anatipestifer.
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Background
Riemerella anatipestifer (R. anatipestifer) is a Gram-
negative bacterium belonging to the Flavobacteriaceae
family. This bacterium is the causative agent of R. anatipes-
tifer infection, which result in septicemic disease in ducks,
geese, turkeys, and other birds. The associated disease
represents a major problem for the duck industry world-
wide, and is the cause of significant economic losses [1].
Clustered regularly interspaced short palindromic
repeats (CRISPR) and the CRISPR-associated (Cas)
proteins constitute the CRISPR-Cas system. This system
provides a novel adaptive immunologic mechanism
against exogenous nucleic acid invasion in archaea and
bacteria [2—4]. The CRISPR-cas locus is found to be
widespread in prokaryotes, being present in ~50 % of se-
quenced bacterial genomes and ~87 % of sequenced ar-
chaea genomes [5, 6]. The CRISPR-cas locus consists of
a CRISPR array and a set of cas genes [2—4]. Moreover,
a leader sequence is involved occasionally [7-11]. The
CRISPR array is composed of direct repeat sequences
(repeats) and spacer sequences (spacers) that are derived
from phages, plasmids or other mobile genetic elements
[2—-4]. The corresponding sequences in foreign genetic
elements are called protospacers [2-4, 12, 13]. The
leader sequence is AT-rich, and is located upstream of
CRISPR array [7-9]. This sequence is considered the
promoter for the CRISPR locus in some strains [9-11].
The immunologic mechanism employed by the CRISPR-
Cas system commonly consists of three steps. In the
acquisition step, a fragment of exogenous genetic
elements integrates into the CRISPR array, generating a
new repeat-spacer unit [14—17]. During the expression
step, the CRISPR array is transcribed and processed into
CRISPR RNA (crRNA), which is bound to a single Cas
protein or to a multi-subunit complex comprised of
multiple Cas proteins [18-20]. Then the crRNA guides
the Cas protein(s) to target and cleave the protospacer
of cognate exogenous nucleic acids in the interference
step [21-24]. However, the specific molecular mecha-
nisms vary depending on the system used. Additionally,
trans-encoded CRISPR RNAs (tracrRNA) have been
identified and are considered an additional factor of type
IT systems [20, 25]. The tracrRNAs are encoded by se-
quences found close to the cas operon and CRISPR array

and are distinguished by the presence of an anti-repeat
sequence complement with cognate repeats [20, 25].
During interference, in addition to complementarity be-
tween protospacer and the spacer portion of crRNA, a
defined sequence (known as protospacer adjacent motif
or PAM) musts flank on one side of the protospacer to
avoid self-targeting. Moreover, PAM is involved in spa-
cer acquisition [26—29].

Nowadays, the CRISPR-Cas systems can be divided into
two classes, five types and 16 subtypes [30]. Class 1
systems, with multi-subunit effector complexes made up
of multiple Cas proteins, include type I, type III and
putative type IV. Class 2 systems, with a single Cas protein
effector, encompass type II and putative type V. Based on
distinct Cas protein composition and architecture of cas
operon, the five main types can be further classified into
sixteen subtypes. Each of the five types has its own
signature cas gene, which is cas3 (or its variant cas3),
cas9, casl0, csfl and cpfl respectively [30]. The latest
research has discovered that there are three novel Class 2
systems, namely, two subtypes of putative type V
(characterized by C2c1 and C2c3 effector proteins respect-
ively) and putative type VI (C2c2 is its effector protein)
[31]. Each grouping harnesses specific molecular mechan-
ism although these systems share main functional modules
and play a role in immunity [30-32]. To date, because of
limitations pertaining to genomic sequence data for R
anatipestifer, structural analyses of R. anatipestifer CRISPR-
Cas systems have not been performed. In this study, we
performed sequence analysis of the CRISPR-Cas systems
from 25 different strains, including 18 clinical strains that
had previously been isolated by our research group.

Methods

R. anatipestifer strains

Eighteen clinical strains were isolated from the livers of
infected ducks from seven different provinces in China.
The information of bacterial strains utilized is listed in
Additional file 1: Table S1.

Six complete genomes of R. anatipestifer strains
(DSM 15868, CP002346.1; RA-GD, CP002562.1; CH3,
CP006649.1; strain 153, CP007504.1; Yb2, CP007204.1;
and strain 17, CP007503.1) were retrieved from
National Center for Biotechnology Information (NCBI,



Zhu et al. BMC Genomics (2016) 17:689

http://www.ncbinlm.nih.gov/genome) [33]. The acces-
sion numbers of these complete genomes were listed in
Additional file 1: Table S1.

Genomic DNA extraction and sequencing

Genomic DNA was extracted with a TIANamp Bacteria
DNA Kit (Tiangen Biotech Co, Ltd., Beijing, China).
Then the sequences of these strains analyzed were deter-
mined using a high-throughput sequencing platform
(Ilumina HiSeq 2500) with an average genome coverage
of 100X. Velvet version 1.2.09 [34] was used for de novo
assembly. NCBI Prokaryotic Genome Annotation
Pipeline (PGAP) (http://www.ncbi.nlm.nih.gov/genome/
annotation_prok) was utilized to facilitate genome
annotation. All of the genome sequences were submitted
to NCBI, with the most relevant information listed in
Additional file 1: Table S1.

Phylogenic analysis of R. anatipestifer strains

A phylogenetic tree (Neighbor Joining Tree) of the nine-
teen sequenced genomes and six NCBI deposited complete
genomes was constructed using a pangenome analysis
tool-BPGA [35] based on pangenome of R. anatipestifer.
This analysis utilized all default parameters.

CRISPR-cas locus sequence analysis and prediction

The information pertaining to the CRISPR locus includ-
ing position, length and content were acquired from
CRISPRfinder (http://crispr.i2bc.paris-saclay.fr/) [36] and
CRISPRI (http://crispi.genouest.org/) [37]. Loci with less
than five repeat numbers were termed “questionable
CRISPR loci”, and those which were not termed “con-
firmed CRISPR loci”, the former were not used as part
of this analysis. Additionally, each of the loci obtained
was manually checked as previously reported. Briefly,
CRISPR loci located in coding regions should be dis-
carded. Likewise, the loci which possesses repeats larger
than 48 nt ought to be abandoned. The online tool
Weblogo (http://weblogo.berkeley.edu/logo.cgi) [38] was
used to analyze the conservation of the associated re-
peats, and secondary structure prediction of the repeats
was performed using Mfold (http://unafold.rna.alba-
ny.edu/?q=mfold/RNA-Folding-Form) [39]. The spacers
for each locus were manually identified and compared.
CRISPRTarget  (http://bioanalysis.otago.ac.nz/CRISPR-
Target/crispr_analysis.html) [40] was utilized to predict
the presence of possible protospacers. Protospacers were
identified if the associated sequences contained four or
fewer SNPs (=87 % identity or a minimum of 26/30
matching nucleotides) between spacers and phage or
plasmid sequences. We aligned the protospacers with
the flanking sequences comprising 20 bp on each side to
find PAM by using Weblogo. The non-coding sequences
upstream of the first repeat were selected as the putative
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leader sequences and aligned using ClustalX software
(version 1.83) [41]. Subsequently, the putative leader se-
quences were screened for promoters using the BDGP
Neural Network Promoter Prediction tool (http://
www.fruitfly.org/seq_tools/promoter.html)  [42]. The
10 kb-long sequences flanking the CRISPR array were
extracted and analyzed using the BLAST program
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) [43] to identify
cas genes. The composition of cas genes and Cas pro-
teins in R anatipestifer was analyzed using SnapGene
software (version 2.3.2, from GSL Biotech; available at
snapgene.com). Cas protein sequences of other bacteria
were retrieved from the NCBI protein database. MEGA
software (version 6) [44] was utilized to conduct the
phylogenetic analysis of Cas proteins, and the phylogen-
etic tree associated with Cas proteins was constructed
by neighbor-joining method. The default parameter
values were selected when computed.

Results

Architecture of CRISPR-cas loci in R. anatipestifer strains
In the 25 strains that were analyzed, 45 CRISPR loci
were identified. These loci were divided into two groups,
CRISPR1 and CRISPR2. CRISPR1 was flanked by cas
genes which encode for Cas proteins. However, no cas
genes were in the vicinity of CRISPR2. Twenty-four and
21 different arrays were observed for CRISPR1 and
CRISPR2, respectively. Twenty of the analyzed strains
contained both loci (CRISPR1 and CRISPR2), while the
other strains contained only one locus, ie, CRISPR1 or
CRISPR2 (RA-CH-1, CH3, RCADO0131 and RCADO111
did not contain CRISPR2, and RCADO0133 harbored only
CRISPR2) (Additional file 1: Table S2, Fig. 1). The
smallest CRISPR1 locus observed in a single strain
(RCADO111) encompassed four spacers and five direct
repeats, while the largest CRISPR1 locus occurred in
RCADO0188 and contained 24 spacers and 25 repeats.
On average, CRISPR1 locus was comprised of 14 spacers
and 15 repeats. The smallest CRISPR2 locus contained
eight spacers and nine repeats (Yb2), while the largest
CRISPR2 locus, which was observed in five strains
(RA-GD, DSM 15868, ATCC 11845, RCADO0122 and
RCADO0124), contained 18 spacers and 19 repeats.
CRISPR2 locus consisted of 15 spacers and 16 repeats
averagely. The CRISPR locus information is displayed in
Additional file 1: Table S2. The distance between
CRISPR1 and CRISPR2 varied from strain to strain,
approximately from 200 to 800 kb. There were only
three cas genes (casl, cas2 and cas9) located upstream
of the CRISPR1 locus (Fig. 1). The region between the
cas2 gene and the first direct repeat was a 107 bp-long
non-coding sequence and was defined as the putative
leader sequence of CRISPR1 (Fig. 1). We found a 16 nt-
long anti-repeat sequence, “TGAAAGCAATTCACAA,
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Fig. 1 Graphic representation of CRISPR-cas loci in R. anatipestifer strains. The black blocks represent CRISPR loci. AT-rich leader sequences (light
grey blocks) are located upstream of CRISPR1. There are three cas genes (cas!, cas2 and cas9) which are closed to CRISPR1, shown as white boxed
arrows. Upstream of cas9, there is a 16 nt-long anti-repeat sequence, which might be considered as a portion of the sequence that encodes for a
putative tracrRNA (dark grey block). The distance between CRISPR1 and CRISPR2 is long and varies from strain to strain, thus the sequence between

the two loci is omitted and is represented by a double-slash

which was located upstream of cas9 gene in all
CRISPR1-containg strains and was considered to be a
part of the sequence that encodes for a putative
tracrRNA (Fig. 1).

The prediction of leader sequences

According to previous reports, the leader sequence
located upstream of the first CRISPR repeat is rich in A/
T bases and is up to 650 bp long [7-9]. In addition, the
leader sequence lacks an ORF and contains a palin-
dromic sequence. The leader sequence has also been
shown to be conserved in the same species, and is a
probable recognition sequence for the insertion of new
spacers [7, 8]. It may also act as a promoter for CRISPR
locus [9-11]. We defined the 107 bp-long non-coding
sequence between the cas2 gene and the first repeat as
the putative leader sequence of CRISPR1. All of the pre-
dicted leader sequences were compared using ClustalX
(Fig. 2). The putative leader sequences showed signifi-
cant similarities between each of the analyzed strains,
apart from RA-CH-1, CH3, RCADO111, and RCADO0121.
The latter strains harbored 19 SNPs in each of the

putative leaders, and the SNPs that were hosted in
these strains were identical. The putative leaders
contained an obviously long palindromic sequence,
‘AAACCCATTGCAATGGGTTT, separated by 5 bp
(Fig. 2). The GC content of the putative leaders was
25 %, while that of R. anatipestifer genomes was ob-
served to be 35 % (on average). Several promotors were
predicted, and the promoter that was predicted to have
the highest score (1.00, the range was 0-1) was located
between 17 and 62 bp in the 107 bp putative leader
sequence.

Characteristics of direct repeat sequences

It has previously been reported that the length of
conserved repeats varies from 21 to 48 nt [5]. These
sequences have also been shown to contain palindromes.
The 5 terminal portion of a repeat is normally com-
posed of the sequence GTTT (G) and the 3’ terminus
contains the sequence GAAA (C/G) [45, 46]. Generally,
repeats associated with the type II system are weakly
palindromic, and are typically 36 nt in length [25, 47].
The two CRISPR loci in R. anatipestifer strains had

‘- Kk hk * * *k K *h HkEKAEE kK
strainl53 [GTTGTGAATTGCTTTCAATTTTTACTATCTTTGTGATAGTTCGCAACIKCTCAAAAAATAAACCCATTGTTTTTCAATGGETTTTGCGTT" 'TATTTCTTCTC TT! AR TTTTTCTATTC 154
Yb2 |GTTGTGAATTGCTTTCAATTTTTACTATCT' 'GCAACICTCAAAAAAT: . CCATTGTTTTTCAATGGGTTTTGCGTTTT \GGATTAGATTTT CTATTTCTTCTC TTTGT' AA 'TTTTTCTATTC 154
strainl7 [GT ATTGCTTTCAATTTTTACTATC ‘GCAACKTCAAAAAATAAACCCATTGTTTTTCAATGGGTTTTGCGTT GGATTAGATTTTTTACTATTTCTTCTC T AAGTCTTTTTCTATIC 154
RA-CH-2 ATTGCTTTCAAT CTATCTTT 'GCAAQCTCAAAAAATAAACCCATTGTTTTTCAATGGGTTTTGCGTT \GGATTA( 'TATTTCTTCTC' TTTGAT AAGTCTTTTTCTATTC 154
DSM15868 ATTGCTTTCAAT TATCTTTGT 'GCAAQCTCAAAARATAAACCCATTGTTTTTCAATGGGTTTTGCGTT \GGATTA( 'TATTTCTTCTC' TTTGAT AAGTCTTTTTCTATTC 154
ATCC11845 |GT' ATTGCTTTCAA' TATCTT 'GCAAQCTCAAAARATAAACCCATTGTTTTTCAATGGGTTTTGCGTT! 'TATTTCTTCTC TT! AR TTTTTCTATTC 154
RA-GD ATTGCTTTCAAT CTATCTTT 'GCAACCTCAAAARAATAAACCCATTGTTTTTCAATGGGTTTTGCGTT! \GGATTA( 'TATTTCTTCTC' '‘GTTTGAT AAGTCTTTTTCTATTC 154
RCAD0188 | GTTGTGAATTGCTTTCAATTTTTACTATC 'GCAAQCTCAAAARATAAACCCATTGTTTTTCAATGGGTTTTGCGTT CTATTTCTTCTC T AA ‘TTTTTCTATTC 154
RCAD0183 |GT' ATTGCTTTCAATTTTTACTATC 'GCAACQCTCAAAAAATI AAC 'CATTGT!TTTS AATGGGTTTTGCGTT \GGATTAGATTTT CTAT TTTGTTTGAT AAGTCTTTTTCTATTC 154
RCAD0181 |GT ATTGCTTTCAATTTTTACTATC ‘GCAACKTCAAAAAATAAACCCATTGTTTTTCAATGGGTTTTGCGTT GGATTAGATTTTTTACTAT % AAGTCTTTTTICTATIC 154
RCADO0150 |GT’ ATTGCTTTCAATTTTTACTATC 'GCAAQ CTCMAAAAT& 'CATTGTITTTE AATGGGTTTTGCGTT \GGATTAGATTTT CTATTTCTTCTC 'GTTTGAT AAGTCTTTTTCTATTC 154
RCAD0147 |GT' ATTGCTTTCAAT TATCTT 'GCAAQCTCAAAARATAAACCCATTGTTTTTCAATGGGTTTTGCGTT 'TATTTCTTCTC TT! AAGTCTTTTTCTATTC 154
RCAD0134 | GTTGTGAATTGCTTTCAATTTTTACTATCTT 'GCAACKCTCAAAAAAT CCATTGTTTTTCAATGGGTTTTGCGTT! 'TATTTCTTCTC TT! AR TTTTTCTATTC 154
RCAD0142 |GT' ATTGCTTTCAATTTTTACTATC TCGCAACICTCAAAAAAT : CCATTGTTTTTCAATGGGTTTTGCGTTTT! \GGATTAGATTTT \CTATTTCTTCTC TTTGTTTGAT AAGTCTTTTTCTATTC 154
RCADO131 ATTGCTTTCAAT CTATCTTT 'GCAAQCTCAAAAAATAAACCCATTGTTTTTCAATGGGTTTTGCGTT \GGATTA! 'TATTTCTTCTC' TTTGAT AAGTCTTTTTCTATTC 154
RCAD0127 ATTGCTTTCAAT CTATCTTT 'GCAAQCTCAAAARATAAACCCATTGTTTTTCAATGGGTTTTGCGTT \GGATTA( 'TATTTCTTCTC' TTTGAT AAGTCTTTTTCTATTC 154
RCAD0125 |GT' ATTGCTTTCA 'TTTACTATCTT! 'GCAAQCTCAAAARATAAACCCATTGTTTTTCAATGGGTTTTGCGTT 'TATTTCTTCTC' TTTGA' AAGTCTTTTTCTATTC 154
RCAD0124 |GT' ATTGCTTTCAA' TATCTT 'GCAAQCTCAAAARATAAACCCATTGTTTTTCAATGGGTTTTGCGTT" 'TATTTCTTCTC TT! AR TTTTTCTATTC 154
RCAD0123 ATTGCTTTCAATTTTTACTATC! 'GCAAQCTCAAAAAATAAACCCATTGTTTTTCAATGGGTTTTGCGTT \GGATTA! CTATTTCTTCTC' 'GTTTGAT AAGTCTTTTTCTATTC 154
RCAD0122 ATTGCTTTCAAT CTATCTTT 'GCAAQCTCAAAAAATAAACCCATTGTTTTTCAATGGGTTTTGCGTT \GGATTA! 'TATTTCTTCTC' '‘GTTTGAT AAGTCTTTTTCTATTC 154
RCADO111 ATTGCTTTCAAT CTATCTTT 'GCAAQCTCAAAARATAAACCCGTTGTTTTTCAATGGGTTTTGCTTT \GGATTA( 'ACTATTTCTTGTCTATTTCTAC! AATCC TGTTT 154
RCADO0121 ATTGCTTTCAAT CTATCTTT 'GCAACICTCAAAAAATAAACCCGTTGTTTTTCAATGGGTTTTGCTTT! \GGATTA( 'ACTATTTCTTGTCTATTTCTACTTTAGTAAATCCTTTTTTCTGTTT 154
ATTGCTTTCAAT 'GCAAQCTCAAAARATAAACCCGTTGTTTTTCAATGGGTTTTGCTTT \GGATTA( TCACTATTTCTTGTCTATTTCTAC! AATCC TCTGTTT 154
RA-CH-1 'TCAAAAAATY TTTCTGTTT 154

'ACTATTTCTTGTCTATTTCTAC! AATCC!

ruler 50.

Fig. 2 Multiple sequence alignment of putative leader sequences and the first repeats. The putative leader sequence (107 bp) and the first repeat
(47 bp) of each CRISPR1 locus in analyzed strains were selected for multiple sequence alignment. The nucleotide sequences of the first repeats
are framed by black box. The grey shadow and arrow indicate the palindromic sequence in leaders. The asterisk represents the conserved base in
all of the sequences for alignment
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different consensus direct repeat sequences and varied
with respect to both length and content (Additional file
1: Table S2, Fig. 3). The length of the CRISPR1 consen-
sus direct repeats was 47 nt, while the length of the
CRISPR2 repeats was 36 nt. The consensus direct
repeats associated with CRISPR1 contained a conserved
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5-GTTG terminus and a 3'-GCAAC terminus. A con-
served 5-GTTG terminus and a 3-CCAAC terminus
were present in CRISPR2. The direct repeat variants
(DRVs) were observed as part of this analysis. Two cases
of DRVs (ie T23C and G39A) occurred in the consensus
direct repeats of CRISPR1. Both variants were observed
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in the CRISPR1 repeats of Yb2, RA-GD, and RCAD0147.
Similarly, A20G and C27T DRVs were observed in
CRISPR2. A20G appeared in the CRISPR2 repeats of
strain 153, strain 17, RA-CH-2, RCADO0122, RCADO0125,
RCADO0134, RCADO0188, RCADO0124, and RCADO0183,
while C27T occurred in RCADO0133, RCADO121, and
RCADO181.

The predicted secondary structures of the consensus
direct repeats of CRISPR1 and CRISPR2 are shown in
Fig. 3. A large number of the repeats in CRISPR1 were
involved in a long stem-loop structure that was inter-
rupted by a shorter stem-loop. Repeats containing the
T23C and G39A variants produced similar secondary
structures with only minimal size deviations noted for
the two previously mentioned stem-loop structures. The
majority of repeats in CRISPR2 had a large loop next to
a small loop, while repeats containing the C27T DRV
produced a small loop with a long stem only. Repeats in
CRISPR2 that had been shown to contain the A20G
DRV, showed more complicated stem-loop structures,
which were characterized by two stem-loops occurring
at a larger loop (containing a short stem).

Spacer organization

The main differences of CRISPR loci occurred due to spa-
cer organization diversity. Spacer sequences derived from
foreign nucleic acid sequences (ie bacteriophages and
plasmids), have been shown to insert into CRISPR locus
in the acquisition step. Moreover, it has been confirmed
that new spacers generally integrate into the leader-
proximal terminus [7, 48, 49]. Thus, the organization of
spacers is likely to be reflective of the degree of evolution
associated with CRISPR-Cas immune defense systems.

Synthetically considering the similarity of the CRISPR
arrays and the phylogeny of the strains (Fig. 4), CRISPR1
arrays can be divided into seven subgroups, and
CRISPR2 arrays into five subgroups. And then we
analyzed spacer organization in the same subgroup. The
CRISPR1 and CRISPR2 loci with repeats eliminated are
indicated in Figs. 5 and 6.

Of the CRISPR loci that were analyzed as part of this
study, 153 different spacers were observed. On average,
the number of spacers observed in a locus was 14 and
15 for CRISPR1 and CRISPR2, respectively. The
CRISPR1 spacers were observed to be 29-30 nt in
length, while the CRISPR2 spacers were 29-82 nt
(Additional file 1: Table S2). Apart from Yb2, the
CRISPR2 arrays possessed spacers with extreme sizes oc-
curred in all CRISPR2-containing strains. Interestingly,
distinct 3—-6 CRISPR2 spacers with large size usually
localized in terminal of the array in succession (Fig. 6).

Spacer loss occurred in both CRISPR1 and CRISPR2
(Figs. 5 and 6). Moreover, the majority of disparities
associated with CRISPR2 arrays resulted from the loss of
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one or more spacers. Spacer loss was observed to occur
in two different formats: loss of two or more successive
spacers (eg in CRISPR1 of RCADO0111, RCADO0183 and
RCADO0181; in CRISPR2 of RCADO0150 and Yb2), and
discontinuous loss (eg in CRISPR1 of RCADO0142,
RCADO0123 and RCADO0125; in CRISPR2 of RCAD0122
and RCADO0123).

Given the mechanisms that underpin spacer acquisi-
tion, the spacers in a CRISPR array differ from each
other. However, there is an exception to this occurrence.
On occasion, two or more tandem spacers are identical
because of duplication events. Duplication of spacers
was observed in both CRISPR1 and CRISPR2 (Figs. 5
and 6). Spacer duplication resulted in either a singularly
copied unit (CRISPR1 spacer 2 of RCADO0134, strain
153, RCADO0188, RCAD0122, and RCAD0183; CRISPR1
spacer 78 of RCADO0123), or a single spacer duplicated
multiple times (CRISPR2 spacer 8 of RCAD0122).

As part of this analysis, we observed the presence of
unique spacers that only occur in individual strains in the
same subgroup. Sixty-three unique spacers were found in
the CRISPR loci that were analyzed in total, 60 and 3 for
CRISPR1 and CRISPR2, respectively (Figs. 5 and 6).
Unique CRISPR2 spacers were present in RCADO0124
(spacer 23), RCADO0150 (spacer 1) and RCADO0142 (spacer
14). Each of these spacers was composed of a unique
nucleotide sequence. In CRISPR1, we observed 60 unique
spacers, characterized by the presence of either two or
more contiguous spacers (eg spacer 45-46 of RCAD0111
and spacer 33-42 of RCADO0121; spacer 56-57 of
RA-CH-2, spacer 97-102 of RCAD0188, spacer 58—63 of
RCADO0122 and spacer 104-109 of RCADO0183; spacer
47-51 of strain 17; spacer 71-72 of RCADO0142 and
spacer 73-76 of RCAD0131; spacer 83—86 of RCAD0123,
spacer 89-90 of RCADO125 and spacer 87-88 of
RCADO0181; spacer 17-19 of RCADO0150), or a single
sequence (eg spacer 44 of RA-CH-1 and spacer 43 of
CH3; spacer 94 of RCADO0134, spacer 93 of strain 153 and
spacer 103 of RCADO124; spacer 53 of Yb2). The majority
of the unique spacers were located at the leader-proximal
terminus. This would suggest that these spacers were
derived following spacer acquisition.

Interestingly, the spacer organization of RCADO0133
CRISPR2 was identical to RCADO0181, Additionally,
the same case was observed in RCADO0134, RA-CH-2,
strain 153, RCADO0188 and RCADO0183; RA-GD,
DSM15868 and ATCC11845; strain 17 and
RCADO0125 (Fig. 6). Conversely, this phenomenon was
rare in CRISPRI1, ie, only the spacer organization of
DSM15868 CRISPR1 and that of ATCC11845 were
identical (Fig. 5). This finding was in agreement with
the number of unique spacers of the two loci. Over-
all, the spacer organization of CRISPR1 was more di-
verse than that of CRISPR2.
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Fig. 4 Phylogenetic analysis by BPGA based on pangenome for 25 R. anatipestifer strains
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Fig. 5 Spacer organization in CRISPRT. The CRISPR1 arrays from 24 R. anatipestifer strains are graphic represented. In order to analyze
conveniently, the repeats have been eliminated and only the spacers are shown. The different subgroups are separated by the dotted lines. All
arrays in the same subgroup are aligned manually. The abscissa indicates serial numbers of spacers, and ordinate displays names of analyzed R.
anatipestifer strains. The direction of spacers is consistent with serial numbers (ie spacer 1 is located in 5" terminal). Identical spacers are displayed
by the same color, and are aligned such that they have the same number (apart from duplicate spacer). Additionally, unique spacer is displayed
by a unique combination of color and number
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Fig. 6 Spacer organization in CRISPR2. The CRISPR2 arrays from 21 R. anatipestifer strains are graphic represented as in Fig. 5. The asterisk

Furthermore, the spacer organization was varied from
subgroup to subgroup. Combined with analysis of the
phylogenetic tree of these strains (Fig. 4), we found the
subgroups of CRISPR1 spacer organization could be
correlated roughly with the clusters of the phylogenetic
tree (Figs. 4 and 5), while this connection was weak in
CRISPR2 (Figs. 4 and 6). The subgroups of spacer
organization in CRISPR1 was not completely consistent
with phylogeny on account of some exceptions as follow:
first, from the phylogenetic tree, it was clear to see
RCADO0133 was closely related to RCADO0121 which
possessed CRISPR1 locus, but it did not harbor the locus;
second, the spacer organization was similar in RCAD0125,
RCADO0123, RCADO0181 and RCADO0127, but the four
strains were distributed in distinct clades; third,
RCADO0124, RCADO0122, RCADO0183 and Yb2 were
clustered in the phylogenetic tree, while their spacer
organization were not grouped in the same subgroup, the
same observation was made for strain 17 and RA-GD.

Identification of phage/plasmid protospacers

Given that spacers play a significant role in defense
mechanisms that are elicited against cognate foreign
nucleic acids (ie bacteriophages and plasmids), we next
analyzed whether R. anatipestifer spacers contained
homology with phage or plasmid sequences. CRISPRTar-
get was used to identify putative protospacers [40], and
hits that showed >87 % identity (=26/30 nt) were
deemed to be significant. As mentioned above, 153
spacers were identified in the 45 loci that were analyzed.
Of these, only 8 % (13/153) of the spacer were similar to
known phage or plasmid nucleotide sequences. Twelve

of these thirteen spacers were located in CRISPR1
(Table 1). The putative protospacers were present in the
genomes of Enterobacteria phage phi92, Riemerella
phage RAP44 and plasmids of Azospirillum brasilense,
Deferribacter desulfuricans and Pantoea sp. At-9b. The
sequences that showed homology with Riemerella phage
RAP44 usually displayed a perfect match, with more
than one match being observed in one locus (eg spacer
80 and 89 of RCADO0125 CRISPR1; spacer 34, 36 and 38
of RCADO0121 CRISPR1; spacer 80 and 88 of RCAD0181
CRISPR1) (Table 1 and Fig. 5). There were two putative
protospacers with identical identity for spacer 20. The
same observation was made for spacer 48.

We also analyzed whether the putative protospacers dis-
played conserved PAM sequences. The protospacers with
flanking sequence (20 bp on each side) were extracted and
aligned. Unfortunately, whether in 5 terminal or 3’ ter-
minal, there was no obviously conserved motif. The T at
54th position was relatively conserved (Fig. 7).

Characteristics of the cas operon
As previously mentioned, only three cas genes were
observed upstream of CRISPR1, and no cas genes were
found proximal to CRISPR2. Therefore, this analysis
focused on the casl, cas2, and cas9 genes that adjacent
to CRISPRI. Previous reports have published analysis of
the casl [50] and cas2 [51] genes in the R. anatipestifer
reference strain, ATCC 11845. In this study, we
performed an extensive analysis on the cas operon of all
of the analyzed R. anatipestifer strains.

The cas operon was composed of cas9, casl and cas2.
This was consistent with a type-II system (subtype C)
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Table 1 Identification of phage/plasmid protospacers

Spacer Number Description of protospacer Position of protospacer Similarity

'6 Enterobacteria phage phi92 146275-146304 87 %

16 Riemerella phage RAP44 42519-42548 100 %

20 Riemerella phage RAP44/Deferribacter desulfuricans 42842-42871/80620-80649 87 %/87 %
SSM1 plasmid megaplasmid pDF308 DNA

34 Riemerella phage RAP44 8954-8983 100 %

'36 Riemerella phage RAP44 27500-27529 90 %

138 Riemerella phage RAP44 15935-15964 100 %

45 Riemerella phage RAP44 13831-13860 100 %

148 Azospirillum brasilense strain Az39 plasmid AbAZ39_p4/ 213466-213495/224417-224446 87 %/87 %
Azospirillum brasilense Sp245 plasmid AZOBR_p4

'55 Riemerella phage RAP44 24539-24568 100 %

'80 Riemerella phage RAP44 28468-28497 97 %

'88 Riemerella phage RAP44 1300-1329 100 %

'89 Riemerella phage RAP44 2509-2538 97 %

'95 Pantoea sp. At-9b plasmid pPATOBO1 317614-317642 93 %

238 Riemerella phage RAP44 32595-32623 97 %

The superscript “1” represents CRISPR1, and “2” represents CRISPR2. The spacer number is corresponding to that in Figs. 5 and 6

[47] (Fig. 1). There was a 12 bp-long interval between
cas9 and casl, while casl and cas2 had an 11 bp-long
overlap. The length of the casl gene was observed to be
identical in all of the strains analyzed. The same obser-
vation was made for cas2. On average, the size of
predicted ORFs for casl genes was 897 bp and the GC
content was 36 %. The casl gene was predicted to trans-
late a protein composed of 299 amino acids. The
predicted ORF for cas2 was 336 bp in length and the
GC content was 36 %. The putative protein encoded by
cas2 constituted a protein of 112 amino acids. Casl and
Cas2 are the core proteins of the CRISPR-Cas system,
and both are conserved in one species [5]. To determine
whether the two Cas proteins are conserved in the R.
anatipestifer strains, we performed multiple sequence
alignments with the predicted amino acid sequences for
Casl and Cas2, respectively. The results indicated that
Cas2 was identical in the R. anatipestifer strains that

were analyzed (Additional file 1: Figure S1). Casl
proteins can be divided into two groups with identical
sequences. The Casl of the four strains (RA-CH-1, CH3,
RCADO111 and RCADO0121) were the same, and the rest
of the strains had identical amino acid sequence for
Casl. But in general, Casl was still remarkably similar in
these analyzed strains (Additional file 1: Figure S2).
Differences in the cas operon predominantly occurred
in the cas9 gene. The majority of cas9 genes were
4200 bp in length, and encoded proteins composed of
1400 amino acids. However, exceptions existed. For ex-
ample, the cas9 gene of RA-CH-1, CH3, and RCADO0121
was 4215 bp. This gene translated into a protein of 1405
amino acids. Additionally, the RCADO111 cas9 gene was
4227 bp and the associated translation product was 1409
amino acids sequence. Similar to the observations per-
taining to Casl, diversity in Cas9 predicted amino acid
sequences occurred in the four strains, ie RA-CH-1,

21
o]
T TTAC  Aa CT Ac TTAATTCT c TT A A
A ACTTTY 7T TT e¥ ~ - A ATFA T AA - T T
0— Soveeraooruoreer e ENRINRNERS-IUIREEETCETUTOINSTNn0R38853885032 885880
5 3
Fig. 7 Prediction of PAM consensus sequence. The numbers associated with protospacer sequence are framed by red box. The height of the
letters indicates the relative frequency of the corresponding base at that position
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CH3, RCADO111 and RCADO0121 (Additional file 1:
Figure S3). Although multiple sequence alignments asso-
ciated with this protein indicated that there was so much
variation in the four strains that were mentioned above,
intact HNH and RuvC-like domains with conserved
catalytic sites were present in all of the analyzed Cas9
protein sequences (Additional file 1: Figure S3).

It has been reported that a phylogenetic analysis of Cas9
in 75 representative type II systems is consistent with the
classification of type II systems characterized to date [25].
In order to observe the evolutionary relationship of Cas9
protein sequences between R. anatipestifer and other type
IT system-containing strains and determine the type of R.
anatipestifer CRISPR-Cas system, we selected 39 Cas9
amino acid sequences from Gram-negative type II system-
containing bacteria and RA-CH-2 for analysis. Next, we
constructed a multiple sequence alignment and a phylo-
genetic tree for Cas9 (Additional file 1: Table S3, Figure
S4, and Fig. 8). The phylogenetic tree (Fig. 8) showed that
the Cas9 sequence from R. anatipestifer was closely
related to that of Bacteroides fragilis NCTC 9343 and
formed part of the subtype II-C subcluster.

Discussion

In this study, the structural characteristics and compo-
nents associated with R. anatipestifer CRISPR-Cas
systems were analyzed. Based on previous studies, we
observed that the CRISPR1-cas locus in R. anatipestifer
is highly similar to subtype II-C. Firstly, the CRISPR1-
cas locus possessed the minimal number of cas genes
required to formulate the cas operon, which is a charac-
teristic of subtype II-C [30]. Secondly, repeats of type II
systems are predominantly 36 nt in length, while the
repeats of R. anatipestifer CRISPR1 were 47 nt. This is
in agreement with the finding that unusually long
repeats (up to 48 nt) are exclusively present in type II-C
systems, especially in the Bacteroidetes phylum [25, 47].
Additionally, the R. anatipestifer Cas9 protein was obvi-
ously a member of the subtype II-C subcluster (as borne
out by the phylogenetic tree). These observations
suggest that the CRISPR1-Cas system of R. anatipestifer
is a type II-C system.

Compared with the relatively conserved repeats and
cas genes, the spacer organization in R. anatipestifer was
more diverse as a consequence of spacer acquisition. In
CRISPR1, new spacers were typically inserted into the
putative leader sequence-proximal end. This occurrence
resulted in older and more conserved spacers being
located in the leader-distal end, and numerous unique
spacers were located in the leader-proximal end. By
contrast, the spacer organization in CRISPR2 appears to
be more stable. By inference, the CRISPR2 loci of R
anatipestifer are likely to have lost adaptive abilities dur-
ing evolution. Although the reasons that have led to the
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occurrence of this phenomenon are currently unknown,
similar observations have been made in Salmonella [52].
Intriguingly, the spacer organization of CRISPR arrays
were not completely in agreement with the phylogenetic
analysis of analyzed R. anatipestifer strains, suggesting that
horizontal gene transfer (HGT) associated with CRISPR
loci among R. anatipestifer strains had occurred.
Interestingly, the four strains (RCADO0111, RA-CH-1,
CH3 and RCADO0121) were distinguished from other
analyzed strains in putative leader sequence and amino
acid sequences of Casl and Cas9. This finding is consist-
ent with the phylogeny of R anatipestifer strains,
namely, the four strains were clustered in the phylogen-
etic tree of R. anatipestifer strains. However, we cannot
explain why there were minor variations and whether
these variations impact biological activity of these
elements at present. Nevertheless, two distinct endo-
nuclease domains — HNH and RuvC-like, which both
are essential for the cleavage function of Cas9 [21, 53]
were present in each analyzed Cas9 protein sequence,
though there was so much variation in the sequences.
The tractRNA is critical for processing and interfer-
ence activities associated with type II systems [25, 54].
The repeat portion of pre-crRNA and the anti-repeat
portion of tracrRNA pair up to form tracrRNA:pre-
crRNA duplex in the presence of Cas9, and then the
duplex is co-processed by the host factor RNase III. The
mature ctRNA (maintains in a complex with tracrRNA)
guides Cas9 to cleavage target DNA during the interfer-
ence step [20, 21, 54]. However, the tracrRNA is difficult
to identify due to the diversity of sequence length,
content, structure and localization [20, 25]. Therefore,
we can only predict the anti-repeat sequence of
tracrRNA-encoding DNA by analyzing the conservative
form of base-pairing that is utilized by these repeat
sequences. Upstream of the cas operon, where CRISPR1
was located, there was a 16 nt-long anti-repeat sequence,
which might be regarded as a portion of the sequence
that encodes for a putative tracrRNA. As mentioned
above, the repeat sequence was comprised of 47 nucleo-
tides, so the mismatches in repeat sequence may be
combined with other factors or the 16 nt-long sequence
is just sufficient for following activities. Likewise, the
mismatches in tracrRNA-encoding sequence may be
bound to other factors or form secondary structure to
maintain structural stability. Given the complementarity
between pre-crRNA and tracrRNA, the repeat sequences
of the type II system are weakly palindromic. In other
words, the repeat itself is not likely to form stem-loop
structure that is deemed essential to pre-crRNA matur-
ation in type I and III systems [20, 47]. Intriguingly, the
repeat sequences in R. anatipestifer showed ordinary
stem-loop structures, though there were some differ-
ences in the secondary structures resulting from DRVs.
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Fig. 8 Phylogenetic tree for Cas9 from 40 Gram-negative type Il system-containing bacteria. Cas9 proteins from 39 Gram-negative type Il system--
containing bacteria were selected for analysis (see Table S3). A phylogenetic tree based on Cas9 proteins from RA-CH-2 and 39 Gram-negative
type Il system-containing bacteria was constructed by neighbor-joining method using MEGA software (version 6). The bootstrap values of each
node are shown. Different subclusters are enclosed by distinct brackets, and is in accordance with subtypes of type Il system. The R. anatipestifer
strain, RA-CH-2, is in red
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However, the molecular mechanisms elicited by
subtype II-C are likely to be different from those that
underpin type II systems. It has been confirmed that a
streamlined type II-C system occurred in Neisseria menin-
gitides [55]. In this system, the CRISPR locus was devoid
of identifiable leader sequences containing external
promoters, but possessed functional promoters embedded
within each repeat. Moreover, RNase III-mediated pro-
cessing was dispensable due to immediate transcription of
short crRNAs from internal promoters in the repeats.
Conversely, potential promoters were not found in the
repeats of R. anatipestifer CRISPR1. Additionally, we pre-
dicted (with high scores) the occurrence of 107 bp-long
leader sequences containing several putative promoters
upstream of the CRISPR1 arrays. Palindromic sequences
were also found in the putative leaders. Taken together,
we speculate that the pre-crRNA processing pathway of
the R anatipestifer type 1I-C system is distinguishable
from that of N. meningitides. Further analysis of RNA-seq
is required to provide a more detailed insight into the
actual molecular mechanism that underpins the type II-C
system in R. anatipestifer. The CRISPR-Cas system is an
adaptive immune system in prokaryotes that promotes the
protection of bacteria and archaea from invasion by
phages and plasmids [14—16]. Thus, we identified putative
protospacers homologous with the spacers of R. anatipes-
tifer. The only phage to share complete identity with the
analyzed spacers was the phage of R anatipestifer
(RAP44) [56]. This suggests that the R anatipestifer
strains which contain the spacers homologous to RAP44
were likely infected by a phage related to RAP44, or a
common ancestor have been attacked by the phage and
transferred the spacer to its descendants. Therefore, these
strains are likely resistant to the phage related to RAP44,
and we need to identify the biological activity by experi-
ment. It is possible that the spacers harbor identity with
other R. anatipestifer bacteriophages, but many of these
bacteriophages have not yet been characterized. This is
likely because CRISPR-Cas system-mediated immunity
leads to difficult isolation of R. anatipestifer phages. Other
analyzed spacers matched foreign fragments derived from
plasmids of Azospirillum brasilense, Deferribacter desulfuri-
cans and Pantoea sp. At-9b, suggesting that R. anatipestifer
might has hosted to these genetic elements or similar
elements. Unfortunately, we found no consensus sequence
associated with PAM in silico, which perhaps resulted from
insufficient putative protospacers, and we may be able to
discover functional PAM via experimental measures [57].

Conclusions

We have identified the structural characteristics and
components of R. anatipestifer CRISPR-Cas system with
comparative genomics analysis. The CRISPR1-Cas
system of R anatipestifer can be classified as subtype
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II-C, while the neighborless CRISPR2 with smaller vari-
ance could be inactive. The polymorphism of spacer
organization may reflect the process of adaptation in R
anatipestifer. The features of the components associated
with CRISPR1-Cas system suggest a distinct molecular
mechanism utilized by R. anatipestifer. This research
may assist in studying the specific mechanism associated
with CRISPR-mediated adaptive immunity and other
biological functions in R. anatipestifer.
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