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Staphylococcus aureus (S. aureus) is a common pathogen that can cause serious infections, even death.
Because of the horizontal gene transfer (HGT) of antibiotic resistance genes, the drug resistant condition
is becoming increasingly prevalent. Recently, an adaptive immunity system, named clustered regularly
interspaced short palindromic repeats (CRISPR), was discovered and demonstrated to confer a defense
against foreign invading elements that may carry the antibiotic resistance genes. In this study, we reveal

Keywords: the features of 45 identified CRISPR loci and the CRISPR associated gene (Cas) in 32 S. aureus strains from
gglls;:;{)c;sccus aures CRISPR database. Five spacers of S. aureus 08BA02176 and MSHR1132 were homologous with foreign
Genomes genetic sequences from phages or plasmids, even containing a spacer sequence identical to part of some
Spacer phages’ genomes containing lukPV gene that encodes the PVL toxin. Many S. aureus strains with the same

MLST CRISPR type shared the same MLST type. CRISPR loci that had 3 or more similar protein loci mostly
belonged to the same CRISPR type. We came to the conclusion that the CRISPR/Cas of strains 08BA02176
and MSHR1132 were inherited from a common ancestor or recombined from Staphylococcus lugdunensis.
CRISPR loci can be mobilized and can transfer among different but closely related species, and the same
types of MLST strains exhibit a higher affinity to the same types of CRISPR loci. Bacteriophages may be
the predominant challenge facing S. aureus. The CRISPR/Cas structure may limit the transmission of

bacterial virulence among S. aureus.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Staphylococcus aureus is an important pathogen that can lead to
a series of diseases, including endocarditis, pneumonia, toxic shock
syndrome and food poisoning, thereby resulting in serious health
problems [1-3]. In recent years, the drug resistance rates and the
drug resistance degree of the S. aureus have been increasing sharply
[3], which is directly linked to the HGT of antibiotic resistance genes
by mobile genetic elements (MGE), including bacteriophages,
plasmids, S. aureus pathogenicity islands, transposons and staphy-
lococcal cassette chromosomes (SCC) [2]. During the evolution
course of microorganisms, many mechanisms, such as abortive

Abbreviations: S. aureus, Staphylococcus aureus; HGT, horizontal gene transfer;
CRISPR, clustered regularly interspaced short palindromic repeats; MLST, multi-
locus sequence type; MGE, mobile genetic elements; Cas genes, CRISPR-associated
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infection, adsorption inhibition, and the blocking of foreign DNA
injection, were formed to make microorganisms' genomes rela-
tively stable [4]. CRISPR is a newly identified prokaryotic adaptive
defense system that provides resistance against alien replicons,
such as viruses and plasmids [5,6]. CRISPR loci can not only coun-
teract multiple routes of HGT but also limit the spread of antibiotic
resistance in pathogenic bacteria [7].

CRISPR, which is made up of direct repeats of almost identical
sequences separated by unique spacer sequences sharing similar
lengths, is found in approximately 40% of bacteria analyzed to date
[5]. In a certain CRISPR locus, the repeats always have palindromic
structures and may develop RNA secondary structures composed of
“loops” and “stems” [5]. Although spacers in one locus share a
similar sequence length, they are quite diverse in the nucleotide
composition [6,8]. Researchers have found that parts of the spacers
derive from foreign gene elements outside their own genome
[7,9—11] and confer immunity against viruses and plasmids con-
taining regions complementary to the spacers. Cas genes were al-
ways found near a repeat locus [12]. Through CRISPR, bacteria and
archaea acquire resistance to invading viruses and plasmids by 3


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:yhy@zzu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2015.07.062&domain=pdf
www.sciencedirect.com/science/journal/0006291X
www.elsevier.com/locate/ybbrc
http://dx.doi.org/10.1016/j.bbrc.2015.07.062
http://dx.doi.org/10.1016/j.bbrc.2015.07.062
http://dx.doi.org/10.1016/j.bbrc.2015.07.062

S. Yang et al. / Biochemical and Biophysical Research Communications 464 (2015) 894—900 895

steps to degrade the invading nucleic acid by dedicated nucleases
[413—15].

Analyzing the structure systematically may help us explore
more potential functions in bacteria. However, there is seldom a
systematic bioinformatics analysis of the structure of the S. aureus
stains with genome sequences that are published. In this study, we
used 45 identified CRISPR loci from the CRISPR database to explore
the structural features of CRISPR and its possible functions in S.
aureus using bioinformatics. We analyzed the homology between
spacers and the foreign invading elements (bacteriophages and
plasmids), as well as the factors that may influence the stability of
the repeat sequence's RNA secondary structure. We further
compared the CRISPR type with the MLST type of S. aureus. The
CRISPR/Cas system may play a key role in limiting the trans-
formation of toxin genes in S. aureus.

2. Materials and methods
2.1. Data source

All information about the S. aureus CRISPR loci was available
through the CRISPR database (http://crispr.u-psud.fr/) and the most
recent update time was 2014/08/05. The information about the
MLST of the total 32 S. aureus was searched through NCBI's PubMed
(http://www.ncbi.nlm.nih.gov/pubmed/). The proteins adjacent to
the CRISPR loci were searched through the NCBI Nucleotide
database.

2.2. Analysis methods

Multi-sequence alignment was performed using Clustal X. The
following grouping standard was that the sequence should be
identical. TreeView 1.6.6 was used to draw the unrooted tree plots.
The RNA secondary structures of the repeats as well as the mini-
mum free energy (MFE) were predicted by RNA fold Web Server
(http://rna.tbi.univie.ac.at/). As for the Fold algorithms, we chose
the MFE and the output options were set as default. The homolo-
gous sequences of spacers were searched by NCBI BLAST (Default
Parameters, nr database, mismatches < 3). The Cas1l and Cas2

proteins in the remaining 30 S. aureus genomes and the multi-
sequences alignment of the proteins were searched by BLASTP
(identity > 90%, cover rate > 90%). The SPSS21.0 software was used
to analyze the differences among the MFE of different RNA sec-
ondary structures.

3. Results
3.1. CRISPR loci of S. aureus in the CRISPR database

Thirty-nine S. aureus strains have been found to hold 234 CRISPR
loci in the CRISPR database. Forty-five CRISPR loci were identified
and the remaining 189 loci were questionable structures. Our
research focused on the information of the 45 CRISPR loci in 32
strains. Each of 19 strains held only one CRISPR locus, accounting
for 59.4%. The remaining 40.6% of strains all contained 2 CRISRR loci
in their genome. The numbers of spacers in different loci range
from 1 to 15. The loci with 2 spacers were the majority.

3.2. Repeat sequences

3.2.1. Grouping of repeat sequences

Repeat sequences are always similar and even identical in one
CRISPR loci, so we chose the consensus direct repeat sequences
(CDRs) of each locus as the representatives to alignment. There
were 15 groups and the CDRs in the same group were all the same
(Supplemental table 1).

3.2.2. Clustering of repeat sequences

Fifteen CDRs were chosen from 15 groups as the deputations.
According to the unrooted tree (Supplemental Figure 1), the 45
CDRs sequences were divided into 3 clusters. The first cluster
included groups 1-5, 7, 8 and 15 and 37 CDRs that all had a short
sequence “TGTTGGGGCCCCGC.” The second cluster embodied 5
CDRs from groups 6, 9, 10 and 11 with a common sequence:
“TGCAAGTTGGCGGGGCC(C/A)CAA(C/T)A(T/C)AG”. Groups 12, 13
and 14 involving 3 CDRs were assigned to the last cluster with a
common sequence “TCGATAACTACCCCGAA (G/T) AA” (Fig. 1).

4 —TTCTTTATGTTGGGGCCCCGCCAACT
7 ——TTCTTTATGTTGGGGCCCCGCCA
8 ——TTCTCTATGTTGGGGCCCCGCCAA
2 <L 2@ TGTTGGGGCCCCGCCAACCTGCA————————
3 N TGTTGGGGCCCCGCCAACCTGCATT——————
5 w  — TCTATGTTGGGGCCCCGCCAACTTG——————-
15 ——CTTCTATGTTGGGGCCCCGCCAACTTG——————
1 CAGCTTCTGTGTTGGGGCCCCGC
skekkskkkkkokokokokokok

11 —TGCAAGTTGGCGGGGCCCCAATATAGA———————
6 ——TGCAAGTTGGCGGGGCCCCAACACAGAAGCT——————
9 —TGCAAGTTGGCGGGGCCCCAACATAGA————————
10 ——TGCAAGTTGGCGGGGCCACAACATAG

sorckiokiokolokokokokiokk ok k skok
12 @  emss GATCGATAACTACCCCGAATAACAGGGGACGAGAAT
3 GATCGATAACTACCCCGAAGAATAGGGGACGAGAAC
14 ———TATTCGATAACTACCCCGAAGAA

kkckckokokokokskskskokskkk  kk

Fig. 1. The clustering result of the repeat sequences. “*” represented the similar base pairs. The numbers from 1 to 15 represented the 15 groups of repeat sequences.
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3.2.3. RNA secondary structure of repeat sequences

The secondary structures as well as the MFE of 15 representative
CDRs were predicted by RNA fold (Fig. 2).

All of the 45 CDRS could form conservative dumbbell-shaped
RNA secondary structures with two “rings” at both poles and a
“stem” in the middle. The “rings” were predominant in the struc-
tures. The RNA secondary structures could be classified into 3 cat-
egories according to their stem length (Table 1).

3.2.4. Stability of RNA secondary structure of repeat sequences

In the first cluster, the difference between the MFE of categories
A and C was significant (U = 0.000, P = 0.002, o = 0.05,
Supplemental Figure 2-1). The MFE of category A was lower than
category C, meaning that the RNA secondary structures with the
“stems” of 5 base pairs might be more stable than the structures of
3 base pairs “stems”. The secondary cluster contained 5 sequences
and the lengths of the “stems” were 3, 4, 5, 5 and 5 base pairs,
respectively, with the corresponding MFEs —2.30 kcal/
mol, -3.50 kcal/mol, -4.30 kcal/mol, —-4.30 Kkcal/mol
and —4.30 kcal/mol. The structures with a longer “stem” tended to
have a lower MFE and a more stable structure in the second cluster
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(Supplemental Figure 2-2). In the third cluster, there were 3 se-
quences from group 12, 13 and 14, and they all had “stems” 4 base
pairs long. Their MFEs were all —8.20 kcal/mol, except for group 14,
in which a high “GC” ratio sequence “TAGGGGACGAGAAC” was lost
in comparison with the other two sequences.

3.3. Spacers

3.3.1. Multi-sequence alignment of spacers

Seventy-five spacers of the 45 CRISPR loci in our research were
divided into 45 groups (Fig. 3) according to the results of the multi-
sequence alignment.

3.3.2. The homologous analysis of spacers

The blast results were shown in Table 2.

Four spacers were homologous with some phages genomes, and
only 1 (NC_018608_1N) showed a high sequence similarity with
sequences of the plasmid SAPO20A. All 5 spacers belonged to the
genomes of S. aureus 08BA02176 and Staphylococcus aureus subsp.
aureus MSHR1132. Spacer NC_016941_1F was identical to a phage
that carries the lukPV gene encoding the PVL toxin.
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Fig. 2. The RNA secondary structures and the MFE of the 15 group of CDRs.
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Table 1
Three categories of RNA secondary structures.

Category Stem length (base pairs) Groups Number of CDRs Percentage of the total CDRs number
A 5 1-6,9,15 37 82.2%
B 4 10, 12, 13, 14 4 8.9%
C 3 7,8,11 4 8.9%

3.4. CRISPR and MLST

3.4.1. Typing and clustering of CRISPR loci

The CRISPR loci were typed according to the standard that the
same type of CRISPR loci should be equally long and share the same
CDRs and spacers. Moreover, the order and amounts of spacers
should also be the same.

There were in total 17 types (Supplementary Table 2). The 17
types were chosen and divided into 3 clusters on the basis of the
unrooted tree (Supplemental Figure 3). Group 1-5, group 7—10 and
group 17 belonged to cluster 1. The second cluster contained group
6 and groups 11—13. The remaining 3 groups (Group 14—16) were
included in the third cluster.

3.4.2. The CRISPR types and the MLST types

The results of the CRISPR types and the MLST types of strains
were shown in Table 3a, Table 3b and Table 3¢, and the references to
the strains’ MLST types were shown in Supplemental Table 3.

In the first cluster, 6 out of 8 strains containing CRISPR type
A + E shared the same MLST type 5 with an agreement rate of
75.0%. Five of 6 CRISPR type B strains were ST8 with an agreement
rate of 83.3%. Three strains of CRISPR type C were all ST59, the

agreement rate reaching 100%. Three out of 4 strains with CRISPRs
of type D were ST239, and the agreement rate was 75.0%. In the
second cluster, 2 strains of CRISPR type A had MLST type 398.

3.4.3. The similarities between proteins flanking the CRISPR loci

We searched the Cas1 and Cas2 proteins in the CRISPR database
and found that the two core Cas proteins existed only in two strains
(Staphylococcus aureus 08BA02176 and Staphylococcus aureus subsp.
aureus MSHR1132) but not the remaining 30 Staphylococcus aureus.

We searched 6 protein loci adjacent to each CRISPR loci (3 up-
stream and 3 downstream). The CRISPR loci with the more than 3
protein loci having similar proteins were shown (Fig. 4). We found
that the CRISPR loci with 3 or more flanking protein loci that can
find the similar proteins mostly belonged to the same CRISPR type.

4. Discussion

CRISPR is a widespread system providing acquired resistance
against phages and viruses, possibly by an RNA interference-like
mechanism [15—17]. There were more questionable structures
located in the S. aureus genomes. In each of identified loci, only a
small number of spacers were located, except for the loci in the
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Fig. 3. Grouping results of 75 spacers. The numbers from 1 to 45 represented the 45 groups. The evolutionary distance scale is 0.1. The spacer ID represented the corresponding

spacers.
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Table 2
Genetic elements exhibiting similarity to spacer sequences.
Strains Spacer id Sequences Similar phage GI Product Similar
plasmid
subsp. aureus NC_016941_1F CACGCTGTAGTGAAGTATAGAAACGGCATGAGTACAAT 589626950, 402761649, 402761585, 514343602, putative phi —
MSHR1132 398256436, 475990627, 456174244, 349732033, PVL-like
349731990, 302749846, 215260398, 116235513, protein
154818103, 119225778, 62086035, 62086034,
62086018, 46917482, 809088637,475908549,
121309263, 8918747, 62086038, 62086030,
8918415
08BA02176 NC_018608_1N  TCATCTTTCATGTCACTGATTAATTCATTTGTA — — plasmid
SAP020A
08BA02176 NC_018608_1K  TITTCTTTAACTGTTTITACTGCCCATTTAATAGT 735998439, 525336474 — —
subsp. aureus NC_016941_1D  GTTTTTCATAGTTAATCAATCCCTTTTCTTTTTT 398255565, 670139430 — —
MSHR1132
08BA02176 NC_018608_1M AAGTTAACGGCATTACCTAATAAAAATATTTITAGG 365189246, 365189224, — -

Similarity was identified by BLAST/nr with default settings. Only hits similar over the whole length of the query are shown. In general, these contain no more than 3 mis-

matches from the query.

strain 08BA02176 and strain MSHR1132, whose repeat sequences
showed strikingly variation from that of the other S. aureus.
Moreover, the Cas genes were only found in the genomes of the two
strains.

Considering this phenomenon, we analyzed the identified
CRISPRs in 5 strains (Staphylococcus epidermidis RP62A, Staphylo-

Staphylococcus pasteuri SP1, Staphylococcus pseudintermedius
ED99), which were closely related with S. aureus species. The multi-
sequence alignment of the CRISPR loci showed the CRISPR loci in
the 2 S. aureus strains had high similarity with the S. lugdunensis
HKUO09-01 and S. lugdunensis N920143. The Cas coding domain
sequences (CDSs) in MSHR1132 were homologous and syntenic

coccus lugdunensis HKUO09-01, S. lugdunensis N920143, with those in the genomes of S. epidermidis RP62A and S.
Table 3a
The MLST type and CRISPR type in CRISPR cluster 1.
Strain CRISPR ID CRISPR type CRISPR of strain MLST type Agreement rate
Sa 04-02981 NC_017340_5 A A+E ST225 75.0%
NC_017340_10 E
Sasa ED98 NC_013450_5 A A+E ST5
NC_013450_9 E
Sasa JH1 NC_009632_4 A A+E ST5
NC_009632_9 E
Sasa JH9 NC_009487_4 A A+E ST5
NC_009487_9 E
Sasa Mu3 NC_009782_4 A A+E ST5
NC_009782_10 E
Sasa Mu50 NC_002758_4 A A+E ST5
NC_002758_10 E
Sasa N315 NC_002745_5 A A+E ST5
NC_002745_11 E
Sasa ECT-R2 NC_017343_3 A A+E —
NC_017343_8 E
Sasa VC40 NC_016912_6 B B ST8 83.3%
Sasa NCTC 8325 NC_007795_6 B B ST8
Sasa str.Newman NC_009641_7 B B ST8
Sasa USA300 NC_007793_6 B B ST8
Sasa USA300_TCH1516 NC_010079_7 B B ST8
Sasa T0131 NC_017347_9 B B ST239
Sasa M013 NC_016928_4 C C ST59 100%
Sasa SA40 NC_022443_5 C C ST59
Sasa SA957 NC_022442_4 C C ST59
Sasa MSSA476 NC_002953_2 D D ST1 75.0%
Sasa TW20 NC_017331_4 D D ST239
Sasa Z172 NC_022604_4 D D ST239
Sa Bmb9393 NC_021670_4 D D ST239
Sasa COL NC_002951_4 D D+B ST250
NC_002951_6 B
Sasa MW2 NC_003923_3 D D+] -
NC_003923_9 ]
Sasa LGA251 NC_017349_3 H H ST425
Sasa MRSA252 NC_002952_6 F F ST 36
Sasa ED133 NC_017337_9 I I ST133
Sasa CN1 NC_022226_4 G G ST72

“Sa” represents Staphylococcus aureus.
“Sasa” represents Staphylococcus aureus subsp. aureus.

“A”, “B”, “C”, “D", “E”, “F", “G”, “H", “I” and “J” represent group 1, 2, 3,4, 5, 7, 8,9, 10 and 17, respectively.
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Table 3b
The MLST type and CRISPR type in CRISPR cluster 2.

Strain CRISPR ID CRISPR type CRISPR of strain MLST type Agreement rate
Sasa 71193 NC_017673_1 a a ST398 100%

Sasa S0385 NC_017333_1 a a ST398

Sasa HO5096 0412 NC_017763_1 b b ST22

Sasa CN1 NC_022226_6 c c ST72

Sasa Z172 NC_022604_7 d d ST239

“Sasa” represents Staphylococcus aureus subsp. aureus.
“a”, “b”, “c” and “d” represent group 6, 11, 12 and 13.

Table 3¢
The MLST type and CRISPR type in CRISPR cluster 3.

Strain CRISPR ID CRISPR type CRISPR of strain MLST type

Sasa MSHR1132 NC_016941_1 I 1l ST1850
NC_016941_2 1l n

Sasa 08BA02176 NC_018608_1 | | ST398

“Sasa” represents Staphylococcus aureus subsp. aureus.
“I,” “I” and “III,” represent groups 14, 15 and 16, respectively.

lugdunensis HKUQ9-01. We infer that the CRISPR loci in S. aureus
08BA02176 and MSHR1132 may partly belong to the CRISPR of S.
lugdunensis species, and not only CRISPR loci but also the Cas
proteins adjacent to them can be mobilized, meaning the CRISPR/
Cas structure can transfer among different but closely related
species. We also found the CRISPR locus in the strain 08BA02176
was located in the J1 region of a SCCmec V element and the CRISPR
loci in the strain MSHR1132 adjacent to a SCCmec IVa structure
were inserted into the orfX region [18—21]. This makes it possible
that the loci in the two S. aureus strains were obtained through
recombination from different but closely related species. Strong
evidence for HGT of CRISPR/Cas in other genera may also support
our viewpoints [12,22].

A previous study showed that the longer CRISPR arrays
appeared to be more active than short arrays in spacer acquisition
[23]. Moreover, there were no Cas 1 or Cas 2 proteins, and the
probable proto-spacer from the plasmids and phages were not
found in the strains genomes except for stain 08BA02176 and
MSHR1132. We can infer the CRISPR loci in the two strains were
more active and the CRISPR loci of the other strains in the database
were inactive or have no function at present.

Mojica et al. first reported the palindromic structure of repeats
[24], and an experiment demonstrated the transcription of CRISPRs
into non-messenger RNAs [25]. Our study showed the CDRs in the
32 S. aureus could all form stable RNA secondary structures of stem-
loops. One study showed that stem-loop structures of some repeats
may serve to facilitate recognition-mediated contact between the
spacer-targeted foreign RNA or DNA and Cas-encoded proteins [5].
We infer that the stability of RNA secondary structures may influ-
ence the function of CRISPR. Moreover, we found the influencing
factors of the RNA secondary structures may be the following: in
the same cluster, the first may be the length of the “stems”. The
longer the “stem,” the higher the stability of the secondary struc-
ture becomes, resulting in a higher possibility of a functional
structure. Other factors, such as the length of the repeat sequence
and its “GC” content, may influence the stability, as well. The longer
the repeat sequence is the more stable the structure may be. In the
same cluster, repeats of equal length having a higher “GC” content
are the more stable.

Researchers speculated that spacers have an extra-
chromosomal origin and may show us the history of past chal-
lenges from mobile genetic elements [9]. Our results are consistent
with this speculation. There were more phages than plasmids that
are homologous with the spacers, indicating the high occurrence
frequency of phages' attack in the two strains' evolutionary history
and the importance of phages in the process of gaining new
spacers. We also found that Spacer NC_016941_1F was identical to
part of phage sequences that contained the lukPV genes encoding
the PVL toxin. A study screened 126 CC75 isolates of their collec-
tion, in which the strain MSHR1132 also belonged to, for the lukPV
genes, and all were negative [19]. Thus, this is evidence for the
potential of CRISPRs in S. aureus to impede the acquisition of toxin

e

CRISPR
CRISPR

CRISPR

CRISPR

Fig. 4. The similarities between proteins flanking the CRISPR loci. The “CRISPR” markers represented for different CRISPR Loci. “~3" to “+3” were the protein loci adjacent to the
CRISPR and different shapes represented different proteins. “A”, “B”, “C”, “D”, “E”, “F” were 5 groups and in the same group, the same color represented the same proteins. The
CRISPRS IDs of each group were: A-1: NC_017340_5, NC_009782_4, NC_002758_4; A-2: NC_013450_5; A-3: NC_017343_3, NC_009632_4, NC_009487_4; A-4: NC_002745_5; B:
NC_017340_10, NC_017343_8, NC_009632_9, NC_009487_9, NC_009782_10, NC_002758_10, NC_013450_9, NC_003923_9, NC_002745_11, NC_002952_6; C: NC_018608_1,
NC_016941_2; D: NC_021670_4, NC_022226_4, NC_002951_4, NC_002953_2, NC_003923_3, NC_017331_4, NC_022604_4; E-1: NC_017673_1, NC_017333_1; E-2: NC_017763_1; F-1:
NC_002951_6, NC_007795_6; F-2: NC_022443_5, NC_022442_4,NC_017347_9, NC_007793_6, NC_016928_4; F-3: NC_009641_7; F-4: NC_010079_7, NC_016912_6.
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genes and reveals the possibility of using CRISPR to limit the
transmission of bacterial virulence among S. aureus.

During our work, we found the same type of CRISPR loci could
appear in different S. aureus strains that most had the same MLST
type, and that the same types of CRISPR loci mostly shared some
similar, even identical, proteins adjacent to the CRISPR loci.

The same MLST type strains may be closely related with each
other and be the descendants of a same ancestor. The strains can
inherit the same CRISPR loci, as well as certain important conserved
proteins adjacent to the CRISPR loci from the common ancestor,
similar to JH9, which is a progeny of the isolate JH1 [26]. Another
possibility may be that because the CRISPR loci are able to be
mobilized, the same type of MLST strains may show higher affinity
to the same type of CRISPR loci, as well as certain conserved pro-
teins that may bear some important functions.

In conclusion, our research primarily analyzed the structure of
repeat sequences and spacers, as well as the flanking conserved
proteins, and this study speculated on the functions of each part,
which helps to elucidate the associations between CRISPR struc-
tures and their possible functions. CRISPR's possible functions in
preventing the transition of some toxin genes demonstrated its
importance in limiting the infection of S. aureus.
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