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a  b  s  t  r  a  c  t

The  CRISPR-Cas  (clustered  regularly  interspaced  short  palindromic  repeats  [CRISPR]-CRISPR  associated
proteins  [Cas])  system  can  provide  prokaryote  with  immunity  against  invading  mobile  genetic  elements
(MGEs)  such  as  phages  and  plasmids,  which  are  the  main  sources  of  staphylococcal  accessory  genes.  To
date, only  a few  Staphylococcus  aureus  strains  containing  CRISPR-Cas  systems  have been  identified,  but  no
functional  study  in these  strains  has  been  reported.  In  this  study,  6  clinical  isolates  of  S.  aureus  with type
III-A  CRISPR-Cas  systems  were  identified,  and  whole-genome  sequencing  and functional  study  were  con-
ducted subsequently.  Genome  sequence  analysis  revealed  a close  linkage  between  the CRISPR-Cas  system
and the staphylococcal  cassette  chromosome  mec  (SCCmec)  element  in five  strains.  Comparative  sequence
analysis  showed  that the  type  III-A  repeats  are  conserved  within  staphylococci,  despite  of  the  decreased
conservation  in trailer-end  repeats.  Highly  homologous  sequences  of  some  spacers  were  identified  in

staphylococcal  MGEs,  and  partially  complementary  sequences  of spacers  were mostly  found  in  the  cod-
ing strand  of lytic  regions  in  staphylococcal  phages.  Transformation  experiments  showed  that  S. aureus
type  III-A  CRISPR-Cas  system  can  specifically  prevent  plasmid  transfer  in  a transcription-dependent  man-
ner.  Base  paring  between  crRNA  and  target  sequence,  the  endoribonuclease,  and  the  Csm  complex  were
proved  to  be necessary  for type  III-A  CRISPR-Cas  immunity.

©  2016  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Staphylococcus aureus is a human pathogen that can cause a
ariety of diseases, from mild infections to life-threatening dis-
rders (Lowy, 1998). Through horizontal gene transfer (HGT), S.
ureus can acquire mobile genetic elements (MGEs) conferring high
irulence and broad-spectrum antibiotic resistance, which enable
t to respond to host immunity and survive antibacterial treat-

ent (Lindsay, 2014). However, some of the MGEs, such as lytic
hages, can bring detrimental threats. To deter such invaders, S.
ureus has developed several antiviral defence systems, such as
he restriction-modification system and the CRISPR-Cas (clustered

egularly interspaced short palindromic repeats [CRISPR]-CRISPR
ssociated proteins [Cas]) system (Westra et al., 2012).

∗ Corresponding author.
E-mail address: sunb@ustc.edu.cn (B. Sun).

ttp://dx.doi.org/10.1016/j.ijmm.2016.08.005
438-4221/© 2016 Elsevier GmbH. All rights reserved.
The CRISPR sequence features direct repeats (DRs) and inter-
spersed spacers. The repeats are conserved within a species and
typically 24–48 bp in length, while the spacers vary from 26 to
72 bp, and most were derived from MGEs (Bolotin et al., 2005;
Grissa et al., 2007; Mojica et al., 2005). According to the Cas pro-
teins included, CRISPR-Cas systems are generally classified into two
classes and five major types (type I to V) (Makarova et al., 2015). All
these systems provide immunity against invading genetic elements
via a three-stage process: adaptation, expression, and interference
(van der Oost et al., 2014). The Cas proteins involved in interfer-
ence can be guided to target sequence by specific crRNA via base
paring. In type I and type II systems, PAM (protospacer adjacent
motif) is important for target recognition in both adaptation and
interference (Datsenko et al., 2012; Heler et al., 2015; Li et al.,
2014; Sapranauskas et al., 2011; Sternberg et al., 2014).The PAM-

proximal short sequence was identified as seed sequence, and base
paring in this region is crucial for CRISPR-Cas immunity (Semenova
et al., 2011; Wiedenheft et al., 2011). However, PAM is not found
in type III system, and the complementarity between crRNA and

dx.doi.org/10.1016/j.ijmm.2016.08.005
http://www.sciencedirect.com/science/journal/14384221
http://www.elsevier.com/locate/ijmm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmm.2016.08.005&domain=pdf
mailto:sunb@ustc.edu.cn
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Fig. 1. Screening of S. aureus clinical isolates with type III-A cas genes. (A) The
general organization of staphylococcal type III-A CRISPR-Cas system. The CRISPR
array and cas genes were coloured and indicated on the bottom. The amplicon posi-
tions and sizes of cas genes were indicated on the top. (B) PCR results of 4 controls
(upper panel) and 6 newly identified cas-containing clinical isolates (lower panel).
M,  marker; lane1, cas1; lane2, cas2; lane3, cas6; lane 4, cas10. The corresponding
genomic DNA of indicated strains was used as template in each amplification. S.
aureus strains NCTC8325 (8325) and MW2  were employed as negative controls, and
S.  epidermidis RP62a (RP62a) was employed as positive control. No template DNA
was used in the blank control (None).

Table 1
Typing results of identified strains with type III-A CRISPR-Cas systems.

Strain STa Spa SCCmec

AH1 10-n-8-6-10-3-2 t1081 V
AH2  ST630 t4549 V
AH3  ST630 t4549 V
SH1  ST630 t4549 V
SH2  ST630 t4549 V
L. Cao et al. / International Journal of 

arget in the upstream repeat region is responsible for self-nonself
iscrimination (Marraffini and Sontheimer, 2010).

Type III-A and III-B account for the majority of type III CRISPR-
as systems (Makarova et al., 2015; Vestergaard et al., 2014), and
heir interference processes are mediated by the Csm and Crm
omplex, respectively (van der Oost et al., 2014). Unlike type III-B
ystem, which mostly interferes with RNA (Hale et al., 2009; Zebec
t al., 2014), type III-A system targets both DNA and RNA in a co-
ranscriptional way (Kazlauskiene et al., 2016; Samai et al., 2015).
he nine Cas proteins in type III-A system are classified into three
roups according to their functions (Makarova et al., 2015). Com-
on  among all CRISPR-Cas systems, the proteins Cas1 and Cas2

re involved in spacer acquisition (Wiedenheft et al., 2009). The
eta-independent endoribonuclease Cas6 is essential for type III-

 crRNA primary processing (Carte et al., 2008; Wakefield et al.,
015). The proteins Csm1 to Csm5 compose a Csm effector com-
lex to directly interfere with target sequence (Hatoum-Aslan et al.,
013). The RNase Csm6 is not involved in DNA degradation, but
rovides an auxiliary RNA-targeting function to the Csm complex
Jiang et al., 2016; Niewoehner and Jinek, 2016).

To date, several S. aureus strains that harbour complete CRISPR-
as systems have been identified (Golding et al., 2010; Holt et al.,
011; Kinnevey et al., 2013), but no functional study on these sys-
ems has been reported. Staphylococcus epidermidis has a type III-A
RISPR-Cas systems that also works in S. aureus,  and it can specifi-
ally prevent plasmids conjugation and transformation, as well as
hage infection (Goldberg et al., 2014; Marraffini and Sontheimer,
008). However, the functions of S. aureus CRISPR-Cas system, espe-
ially in clinical isolates, need to be verified urgently. In this study,
e identified 6 strains containing type III-A CRISPR-Cas systems

hrough PCR-based screening among clinical isolates of S. aureus.
hole-genome sequencing and genome-wide sequence analysis of

he strains were subsequently performed, followed by comparative
equence analysis of the CRISPR repeats and spacers. Transcription-
ependent targeting of the type III-A CRISPR-Cas immunity in one
train was confirmed via plasmid challenge assay. The importance
f base paring between crRNA and target sequence, and the con-
ribution of each Cas proteins to immunity function were also
nvestigated.

. Results

.1. Identification of six S. aureus strains harbouring type III-A
RISPR-Cas systems from 636 clinical isolates

To screen for S. aureus strains that harbour CRISPR-Cas system,
 total of 636 clinical isolates were collected from four hospitals in
efei and Shanghai, China (Supplementary Table S1 in the online
ersion at DOI: 10.1016/j.ijmm.2016.08.005). The S. aureus strains
ere cultured overnight and then mixed by orthogonal design,

nd genomic DNAs were extracted from each of the mixture cul-
ures. Degenerate primers for four cas genes (cas1, cas2, cas6, cas10)
ere designed according to three known staphylococcal type III-

 systems (Supplementary Table S2 in the online version at DOI:
0.1016/j.ijmm.2016.08.005). Subsequently, extensive PCR experi-
ents were conducted in parallel with these primers and the total
NA of clinical isolates as templates. Altogether, specific PCR prod-
cts of all four cas genes were observed for 6 clinical isolates of
. aureus.  (Fig. 1B). The CRISPR arrays were then amplified using
dditional primers (Supplementary Table S2 in the online version

t DOI: 10.1016/j.ijmm.2016.08.005) and verified by sequencing. As

 result, 6 strains harbouring type III-A CRISPR-Cas systems were
dentified and designated as S. aureus AH1, AH2, AH3, SH1, SH2, and
H3, respectively.
SH3  ST2250 t5078 None

a For a new ST type the ST profile was given, and n represents a new aroe allele.

2.2. Whole-genome sequencing of six clinical isolates of S. aureus
with type III-A CRISPR-Cas systems

To dissect the genetic features of the identified strains,
high-throughput genome sequencing was  conducted to obtain
their draft genome sequences. Overall, the genome sizes range from
2.78 Mbp  to 2.92 Mbp, with a GC content of approximately 32.6%. As
described in the Methods section, the coding sequences (CDS) were
predicted and annotated. The Multilocus sequence typing (MLST),
spa typing, and SCCmec typing were also conducted and shown in
Table 1. The same typing results in four strains suggest that they
are closely related, and consistently they also have similar CRISPR
sequences. As in other S. aureus strains (Golding et al., 2010; Holt
et al., 2011), the CRISPR-Cas loci in these strains were found in
labile regions, mostly adjacent to their SCCmec  elements, which
is in agreement with the hypothesis that the CRISPR-Cas systems
are mobile. However, strain SH3 has no SCCmec, implying that the
transfer of the CRISPR-Cas system relies on other MGEs instead of
SCCmec.

2.3. CRISPR repeats in staphylococcal type III-A CRISPR-Cas
systems are conserved
To better understand the organization of type III-A CRISPR-Cas
system in staphylococci, we investigated 15 sequenced staphy-
lococcal strains with complete type III-A CRISPR-Cas systems

http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
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Fig. 2. Sequence conservation of staphylococcal type III-A CRISPR repeats. The leader-end and inner (A), or the trailer end repeats (B), including their upstream and downstream
flanks,  were aligned and shown as sequence logo. N indicates the number of repeats. (C) C
ID,  core region sequence, and strains were shown from left to right. An extra cytosine C o

Table 2
Staphylococcal Type III-A CRISPR-Cas systems.

Straina Number of spacerb Direct repeat

Upstream Downstream

S. aureus AH1 3 N DR1, DR2
S.  aureus AH2 14 2 DR5, DR6, DR7, DR8
S.  aureus AH3 15 2 DR5, DR6, DR7, DR8
S.  aureus SH1 14 2 DR5, DR6, DR7, DR8
S.  aureus SH2 15 2 DR5, DR6, DR7, DR8
S.  aureus SH3 5 5 DR1, DR2, DR4
S. argenteus MSHR1132 6 4 DR1, DR2, DR3, DR4
S.  aureus 08BA02176 15 3 DR5, DR6, DR7, DR8
S.  aureus JS395 6 3 DR5, DR6, DR7, DR8
S.capitis CR01 15 2 DR5, DR6, DR7, DR8
S.  schleiferi TSCC54 16 3 DR5, DR6, DR7, DR8
S.  lugdunensis HKU09-01 N 6 DR9
S.  lugdunensis N920143 N 4 DR9
S.  equorum KS1039 6 8 DR10, DR11
S. epidermidis RP62A 3 2 DR12, DR13, DR14

(
C
c

boundaries of the repeats (Fig. 2A). In this study, we  defined the
a The generic name Staphylococcus was abbreviated to the initial capital letter S.
b N, no typical CRISPR array was characterized.
Table 2). Interestingly, most strains were found to contain two
RISPR arrays with each one in upstream and downstream of the
as operons. Unexpectedly, S. aureus AH1 has a single repeat in the
lassification of staphylococcal type III-A DRs according to the sequence. The count,
f DR8 was shown alongside.

downstream of cas operon at the same positions of other down-
stream CRISPRs.

Analysis of the repeats indicates that the trailer-end repeats are
not so conserved compared to the leader-end and inner repeats.
Therefore, multiple sequence alignment of the 182 leader-end and
inner repeats (including the single downstream repeat of S. aureus
AH1) with their upstream and downstream flanking nucleotides
was first performed, and the sequence conservation was visualized
using WebLogo (Crooks et al., 2004). As shown in Fig. 2A, a highly
conserved core region with a C cassette (four cytosines) and a G
cassette (four guanines) was observed, and the downstream part of
core region was more conserved compared with the upstream part,
perhaps because the cleavage site for crRNA primary processing is
near the G cassette (Hatoum-Aslan et al., 2011). A similar analy-
sis was also performed on the 27 trailer-end repeats (Fig. 2B), in
which the downstream conservation broke down. Obviously, the
first cytosine of the C cassette in the trailer end repeats was  fre-
quently changed from C to T, which may  affect the stability of the
stem loop and the processing of the corresponding crRNAs.

The extremely random 12th and 50th sites seemed to be
36 bp sequence from 13th to 48th as the repeat, given that the
49th site was not conserved. According to the sequence, the 182
repeats were divided into fourteen subtypes (Fig. 2C). The seven
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Fig. 3. The schematic diagrams of S. aureus type III-A CRISPR-Cas systems. (A) The schematic diagram of CRISPR-Cas system in S. aureus AH1. (B) The comparative schematic
diagrams of CRISPR-Cas systems in S. aureus 08BA02176, AH2, AH3, SH1, SH2, and JS395. (C) The comparative schematic diagrams of CRISPR-Cas systems in S. argenteus
MSHR1132 and S. aureus SH3. Repeats and spacers were shown as diamond and rectangle, respectively. The numeric identifier of repeat was given inside of diamond, and so
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id  that of spacer but in vertical direction (from top to bottom). To enhance readabi
inked  with S13 as they only have one different nucleotide. The cas loci were folded

. aureus DR subtypes have the same upstream variable sequence
GATAACT), implying that this region may  be species specific. DR3
s located in the downstream CRISPR array of Staphylococcus argen-
eus MSHR1132 (Fig. 3C), and it appears to be a pseudo subtype of
R2 with only one different nucleotide. Because the mutation site

s in the stem, we speculate that the immunity function of S27 could
e at least partially impaired. In addition, it is interesting to note
he existence of an extra cytosine (C) in DR8.

.4. Comparative analysis of S. aureus CRISPR arrays

We  further performed a comparative analysis of the S. aureus
RISPR arrays with respect to the spacers. The S. argenteus
SHR1132 was employed in the analysis because it shares similar

RISPR sequences with S. aureus SH3 (Fig. 3C). Besides, it was  ini-
ially identified as an early-branching S. aureus lineage (Holt et al.,
011). In total, 39 unique spacers were characterized (Supplemen-
ary Table S3 in the online version at DOI: 10.1016/j.ijmm.2016.08.
05), with some spacers that were common and had uniform rel-
tive positions among the newly identified and the known CRISPR
rrays (Fig. 3B and C). Whereas, some spacers were only found in the
ewly identified CRISPR arrays, such as spacers S29–S31 in strain
H1 (Fig. 3A) and spacers S35–S39 in strain SH3 (Fig. 3C).

Additional findings were observed when we further analysed

hese arrays. Firstly, the CRISPR arrays are made up of repeat-spacer
nits, and the spacers pair up with specific repeats despite the
iversity of repeats (Fig. 3). For example, all of the spacers S1 in
hese strains are paired with DR5, suggesting that the same spacers
lours were used, and the same spacers were linked and aligned vertically. S34 was
 their differences were not taken into account in the analysis.

in these different CRISPRs may  have the same origins. In addi-
tion, higher diversity of spacers has been observed in the upstream
CRISPRs, where the leader-end units appear to be more changeable.
As shown in Fig. 3B, some units are likely to be more dynamic than
others. Compared with S. aureus 08BA02176, the four strains AH2,
AH3, SH1, and SH2 all miss spacers S7, S8, and S18, and have S32
and S33 inserted between S11 and S12. And simultaneously, SH1
and AH2 miss S10 and S3, respectively. Meanwhile, strain JS395
misses many leader-end units that are located in upstream CRISPRs
of other five strains. Consistently, S. argenteus MSHR1132 and S.
aureus SH3 also share units in the trailer-end and differed in the
leader-end (Fig. 3C). The larger size and diversity of the upstream
CRISPR suggest that it may  be more active in spacer acquisition, pos-
sibly due to the difference in its flanking sequences or the repeat
sequences themselves.

2.5. Partially complementary target sequences of CRISPR spacers
have strand bias

It is well recognized that the complementary sequence of spacer
is the target of CRISPR-Cas immunity (Marraffini, 2015). Whereas,
the CRISPR-Cas system may  also perform other functions, in some
cases through partial complementarity between spacer and its
target sequence (Westra et al., 2014). Here we  investigated the

partially complementary sequences of the 39 spacers in the Gen-
Bank database, as described in the Methods section. As shown in
Fig. 4A, high-quality partially complementary sequences of CRISPR
spacers, which had normalized BLAST scores higher than 60, were

http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
http://dx.doi.org/10.1016/j.ijmm.2016.08.005
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Fig. 4. Location of partially complementary sequences of CRISPR spacers. (A) Distribution of BLAST scores of 39 unique S. aureus CRISPR spacers. Blastn-short tasks were
employed in this analysis with a cut-off of 1000 for the e-value. The spacers were used as queries to blast the NCBI nucleotide collection database (the 6 newly identified
strains  included). The results were divided into three parts: Virus/Phage hits under taxid 10239 (Virus), S. aureus hits under taxid 1280 (S. aureus) and the rest (Others).
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istogram plots were generated for each spacer using R ggplot2 library (http://ggplo
he  assigned values were defined according to the transcription of the target seq
equence was in the coding strand of transcribed region; 0, target sequence was in 

ainly distributed in S. aureus and viruses but not in other species.
he protospacers have strand bias with most of them located in
he template strand of target genes (Goldberg et al., 2014), i.e., the
rRNAs could anneal to the transcript of target genes. To analyse
he situation in the partially complementary sequences that were
lso regarded as CRISPR targets, we used an in-house Perl script
o analyse their positions and transcription contexts. As shown in
ig. 4B, partially complementary sequences were found mainly in
DS regions. The assigned value according to their locations were
ominantly -1, meaning that the sequences were mostly located

n the template strand of transcribed regions. And the crRNAs
ould also anneal to corresponding target transcripts, although
nly with partial complementarity. Therefore, we perhaps can con-
lude that the partially complementary sequence of CRISPR spacer
hares the same strand bias as the protospacer. In addition, the par-
ially complementary sequences in staphylococcal prophages were

ostly located in the lytic regions. For example, all of the partially
omplementary sequences of CRISPR spacers found in strain AH1
rophages were located in the lytic regions, away from the inte-
rase genes (Supplementary Fig. S1 in the online version at DOI:
0.1016/j.ijmm.2016.08.005).

.6. Transcription-dependent DNA targeting of the S. aureus type
II-A CRISPR-Cas immunity

The type III-A CRISPR-Cas system in S. aureus AH1 has three
pacers (Fig. 3A), and the first two spacers have matches in sev-
ral staphylococcal phages. Spacer S29 matches to a region of gene
oding for DNA polymerase, and S30 matches to the ORF region of

 hypothetical gene (Supplementary Table S3 in the online version
t DOI: 10.1016/j.ijmm.2016.08.005). To investigate whether the
pacers of S. aureus AH1 have immunity function, we  first employed
n inducible plasmid pRMC2 (Corrigan and Foster, 2009). By insert-
ng sequence of S29 in two orientations (direct and inverted)
nder the anhydrotetracycline-inducible promoter, the recombi-
ant plasmids (pRS29D and pRS29I) were constructed. The inserted
equences in pRS29D and pRS29I were the same or complemen-
ary to S29, respectively. Then we transformed the plasmids into

. aureus AH1 wild type (WT) or CRISPR knockout cells by elec-
roporation and checked the number of transformants. As a result,
he AH1 WT  strain gave nearly no transformant when transformed
ith pRS29SI, whereas it gave many transformants when using
/). (B) Location of partially complementary sequences of CRISPR spacers in GenBank.
s (−1, target sequence was in the template strand of transcribed region; 1, target
enic region and its adjacent ORFs were in different orientations).

pRS29D, and the AH1 CRISPR knockout strain gave many transfor-
mants when using pRS29I (Fig. 5A). These results demonstrate that
S. aureus type III-A CRISPR-Cas system performs DNA targeting in a
transcription-dependent manner.

It’s noteworthy that the above experiments were conducted
under conditions with no inducer, meaning that the basal level
transcription was enough for CRISPR-Cas immunity. To further
confirm the transcription dependence of CRISPR-Cas immunity
and determine the immunity function of the other two  spacers,
we employed a plasmid pALC-GFP in which GFP is constitutively
expressed. By making sequences of S29 and S30 inserted in the
3′ end of gfp and sequence of S31 in the 5′ end, each in two  ori-
entations, we constructed the pASD plasmids (pAS29D, pAS30D,
pAS31D) and the pASI plasmids (pAS29I, pAS30I, pAS31I). As to all
the three spacers, no transformant was  obtained from the AH1 WT
strain when using the pASI plasmids, whereas many transformants
were obtained when using the pASD plasmids, and many transfor-
mants were obtained from the AH1 CRISPR knockout strain when
using pASI plasmids (Fig. 5B). These results confirmed that S. aureus
AH1 type III-A CRISPR-Cas system has three functional spacers and
provide antiplasmid immunity in a transcription-dependent man-
ner.

While spacer S30 has perfect matching with its targets in
sequenced phages, S29 has several mismatches with each of the
potential target sequences in phages. To detect whether these
mismatches would impair the CRISPR-Cas immunity effect, we
constructed target plasmids with these potential target sequences
integrated into pRMC2, and performed the transformation exper-
iments. No transformant was  obtained when the target plasmids
were used to transform S. aureus AH1 WT strain (Supplementary
Fig. S2 in the online version at DOI: 10.1016/j.ijmm.2016.08.005),
suggesting that the mutations were tolerated by CRISPR-Cas immu-
nity.

2.7. The complementarity between crRNA and target in 5′ end is
more important than that in 3′end

Although the mismatches between S29 and the sequences in

staphylococcal phages were tolerated by type III-A CRISPR-Cas
immunity, we speculated that some mismatches would disrupt the
immunity, and matching in some region may  be more important. To
investigate this, we stepwise mutated the perfectly matched target

http://ggplot2.org/
http://ggplot2.org/
http://ggplot2.org/
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Fig. 5. The S. aureus CRISPR-Cas system provides immunity against plasmid in a
transcription-dependent manner. (A) The transformation results of S. aureus AH1
WT  or CRISPR knockout strains with target plasmids of S29. The base pairing
between crRNA of S29 (with 5′ tag) and its target sequence were shown. The direct
version (D) or inverted version (I) of spacer S29 were inserted into plasmid pRMC2
at indicated site. (B) The transformation results of S. aureus AH1 WT and CRISPR
knockout strains with target plasmids of three spacers. Plasmid pALC-GFP was  inte-
grated with spacer sequences in directions D or I (S29, S30 in site2, S31 in site1).
Plasmids used in these experiments were from strain RN4220. Three repeat experi-
m
s

s
w
i
p
p
g
m
m
m
p

strains in this study only represent three lineages, it is reasonable to
ents were performed to confirm the results, and the representative pictures were
hown.

equence from either ends by substituting the original nucleotides
ith their complementary nucleotides (Supplementary Table S4

n the online version at DOI: 10.1016/j.ijmm.2016.08.005). The
lasmid containing perfectly matched target sequence was  named
RproS29I, and the mutant plasmids were classified into three
roups, “5PM”, “3PM”, and “5P 3PM”. The “5PM” group introduced
ismatches in the 5′ end region of S29, the “3PM” group introduced

ismatches in the 3′ end, and the “5P 3PM” group introduced
ismatches in both ends. Then transformation experiments were

erformed to detect their effects on immunity. When mutations
al Microbiology 306 (2016) 686–696 691

in the 5′ end (Fig. 6A) were introduced, three or more consecu-
tive nucleotide mutations in the first five sites (5P1-3M, 5P2-4M,
5P3-5M, 5P1-4M, 5P1-M) completely disrupted the immunity, but
three consecutive nucleotide mutations in 6th-10th sites (5P4-6M,
5P5-7M, 5P6-8M, 5P7-9M, 5P8-10M) had no effect on immunity.
In addition, two nucleotide mutations containing the second site
(5P1-2M, and 5P2-3M) partially impaired the immunity, as less
and smaller colonies were observed. When mutations in the 3′

end (Fig. 6B) were introduced, 13 consecutive nucleotide muta-
tion was needed to completely disrupt the immunity (3P1–13M),
12 consecutive nucleotide mutation resulted in decreased immu-
nity efficiency, and less consecutive nucleotide mutations had
not effect. Besides, mutations introduced in both ends simulta-
neously exhibited synergy effect (Fig. 6C), because one or two
nucleotide mutations in the 5′ end enhanced the effect of the muta-
tions in the 3′ end (5P1 3P1-10M, 5P1 3P1-11M, 5P1-2 3P1-3M,
5P1-2 3P1-6M, 5P1-2 3P1-9M). Based on above results, we con-
cluded that complementarity between crRNA and its target in the
5′ end is more important than that in the 3′ end, and mutations in
both ends have synergy effect on immunity.

2.8. The Csm complex and Cas6 are required for antiplasmid
CRISPR-Cas immunity

The type III-A CRISPR-Cas system of S. aureus is composed of
one or more clusters of CRISPR arrays and nine Cas proteins. The
participation of Cas proteins in CRISPR-Cas immunity against plas-
mid  conjugation was  investigated in S. epidermidis (Hatoum-Aslan
et al., 2014), and sequence alignment revealed high homology of the
Cas proteins between S. aureus AH1 and S. epidermidis RP62a (Sup-
plementary Table S5 in the online version at DOI: 10.1016/j.ijmm.
2016.08.005). To study the contribution of each Cas protein to the
process of interference in S. aureus,  we  conducted in-frame dele-
tions on the cas/csm genes in strain AH1, and checked their effects
by transforming the corresponding mutant strains with plasmids
pRS29D and pRS29I. As shown in Fig. 7, deletion of csm1, csm2, csm3,
csm4 or cas6 completely disrupted the immunity, while deletion of
cas1 or cas1-cas2 had no effect on the immunity function. In addi-
tion, deletion of csm5 or csm6 partially impaired the immunity, as
less and smaller colonies were obtained from their knockout strains
when transformed with target plasmids.

3. Discussion

The CRISPR-Cas system is a double-edged sword to its host since
it can both provide protection against invaders and hinder the gain
of beneficial accessary genes (Bondy-Denomy and Davidson, 2014).
It has been found in about 90% of archaea and about 50% of bacteria
(Makarova et al., 2015). The relative less distribution in bacteria
may  be attributed to the existence of other defence systems and
the important roles of accessary genes (Westra et al., 2012). Four
ST630 strains in this study have similar CRISPR-Cas systems with
that of ST398 isolate S. aureus 08BA02176. The livestock-associated
(LA) ST398 was supposed to encode less virulence determinants
and have low incidence in human in Canada (Golding et al., 2012).
Whereas, the study on LA-MRSA CC398 in Germany revealed a high
cytotoxic potential (Ballhausen et al., 2014), and ST398 is emerging
as a community-associated lineage in China (Wang et al., 2016). The
CRISPR-Cas systems seem to be enriched in some lineages, and the
low occurrence detected in this study could partially be attributed
to the fact that those lineages are not popular in China. Since the six
speculate that S. aureus strains with divergent repeats should exist.
That ST630 and ST398 harbour the similar CRISPR-Cas system is
interesting, as ST630 is also an emerging lineage in China (Chao
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Fig. 6. Base pairing between crRNA and target in the 5′ end is more important than that in the 3′end. The transformation results of S. aureus AH1 WT strain with stepwise
mutant  plasmids 5PM (A), 3PM (B), and 5P 3PM (C). The mutant plasmids were constructed based on the perfectly matched plasmid pRproS29I, and the introduced mutations
in  target region were used to indicate each transformation experiment. The asterisks were used to mark the plates where the colonies were smaller. Plasmids used in these
e high e
r
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xperiments were extracted from S. aureus AH1 CRISPR knockout strain to ensure 

esults,  and the representative pictures were shown.

t al., 2014). The significance of CRISPR-Cas systems in S. aureus
hould not be undervalued since they were retained in some clinical
trains. And the relevance between staphylococcal CRISPR element
nd pathogenesis also deserves further investigation.

The CRISPR array contains conserved repeats and distinct spac-
rs. The recombination between repeats can result in repeat-spacer
nit loss (Jiang et al., 2013), and high identity between repeats may
acilitate this process. Therefore, we suspected that sequence vari-
tion in the trailer-end repeat may  have been selected to avoid the

omplete loss of the whole CRISPR array. Possibly, the single repeat
ound in S. aureus AH1 is the remnant of a lost CRISPR array. The
RISPR spacers mostly originate from invading elements. However,
nly a few of the identified spacers in this study were found to have
xperimental sensitivity. Three repeat experiments were performed to confirm the

complete homologous sequences in staphylococcal phages or MGEs
(Supplementary Table S3 in the online version at DOI: 10.1016/
j.ijmm.2016.08.005), possibly because a large number of staphy-
lococcal phages have not been sequenced. In addition, partially
complementary sequences of spacers were found on phages, which
are likely to be the homologous sequence of their protospacers and
could be targeted by CRISPR-Cas immunity. Most target sequences
identified were located in the lytic region of the prophage, where
the genes are not expressed under normal conditions. A typical

example was  found in S. aureus SH3, where two identical partially
complementary sequences of S24 with only five mismatches were
located in prophage region. The co-existence of the spacer and its
target can be explained with the conditional tolerance of temper-
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Fig. 7. The Csm complex and Cas6 are required for antiplasmid CRISPR-Cas immunity. (A) The CRISPR-Cas system in S. aureus AH1. The repeats (diamond) and spacers
(rectangle) were coloured, and the single repeat downstream of the cas operon was also indicated. The nine cas/csm genes were coloured to indicate their involvement in
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RISPR-Cas immunity according to the results from this study. (B) The transforma
sed  in these experiments were extracted from S. aureus AH1 CRISPR knockout stra
onfirm the results, and the representative pictures were shown.

te phages (Goldberg et al., 2014). This also suggests that some
RISPR-Cas systems can benefit their hosts by helping to maintain
he lysogenic state of prophages.

The base paring between crRNA and its target is necessary for
RISPR-Cas immunity, but mismatching can also be tolerated. In
his study, the first five nucleotides in the 5′ end seem to be more
mportant, and the seed sequence in type III-A CRISPR-Cas system, if
xists, is supposed to be located in 5′-proximal region. Mismatching
f about 12 nucleotides in the 3′ end did not impair the immunity,
hich is in agreement with the finding that secondary processing of

he crRNA results in 6-nt interval trimming, and the shortest func-
ional crRNA was 12-nt trimmed (Hatoum-Aslan et al., 2013). The
pacer sequence itself is also important in CRISPR-Cas immunity, as
nfluence of mismatches was reported to be sequence-dependent
Hsu et al., 2013; Maniv et al., 2016). Thus, the important sites for
ther spacers may  not be exactly the same as indicated in this study.
he difference may  result from the GC content of spacer sequence
nd the secondary structure of crRNA.

Both S. aureus AH1 and S. epidermidis RP62a have a CRISPR array
ith three functional spacers. In this study, Csm1, Csm2, Csm3,
sm4 and Cas6 were essential for type III-A CRISPR-Cas immunity,
ut Cas1 and Cas2 were not involved in interference. These data
re consistent with the previous reported Cas functions in S. epi-
ermidis RP62a (Hatoum-Aslan et al., 2014). Whereas, Csm5 and
sm6 seemed not essential for preventing plasmid transformation,

hich is not in agreement with the previous report, in which Csm5

nd Csm6 were required for plasmid conjugation (Hatoum-Aslan
t al., 2014).
sults of S. aureus AH1 cas/csm deletion strains with S29 target plasmids. Plasmids
nsure high experimental sensitivity. Three repeat experiments were carried out to

In conclusion, the clinical isolates of S. aureus with type III-A
CRISPR-Cas systems identified in this study, together with the
sequence analyses and functional studies should provide new
insights into further functional and mechanistic understanding of
CRISPR-Cas system in S. aureus.

4. Material and methods

4.1. Bacterial strains and culture conditions

The sources of the clinical isolates were listed in Supplemen-
tary Table S1 in the online version at DOI: 10.1016/j.ijmm.2016.08.
005. Escherichia coli and S. aureus strains were cultivated with shak-
ing (220 rpm) at 37 ◦C, in lysogeny broth (LB) medium (Oxoid) and
tryptic soy broth (TSB) medium (Difco), respectively, or on corre-
sponding solid medium supplemented with agar. When required,
the media were supplemented with 15 �g/ml chloromycetin for S.
aureus and 100 �g/ml ampicillin for E. coli.  The S. aureus cultures for
genome or plasmid extraction were pre-digested with a digestion
buffer containing 40 U/mL lysostaphin, 10 mg/ml lysozyme, and
10% (v/v) glycerol. Genomic DNA was prepared using a standard
protocol for Gram-positive bacteria (Flamm et al., 1984).

4.2. Whole-genome sequencing, annotation, and bioinformatics

analysis

Whole-genome shotgun sequencing was performed on an Illu-
mina HiSeq 2500 platform with paired-end libraries (read length,
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00 nt). For each genome, more than 20 M high-quality reads
Q20 > 95%, Q30 > 85%) were obtained after filtering. Reads were
ubjected to de novo assembly using SPAdes software (Nurk et al.,
013). Then, low-coverage contigs (coverage <25×) and short con-
igs (length <500 bp) were removed. Contigs were subject to gene
rediction and annotation using the MicroScope platform (Vallenet
t al., 2013). The sequences and annotations were deposited in the
uropean Nucleotide Archive (ENA).

Multilocus sequence typing (MLST) of these isolates was  con-
ucted in the MLST webserver (http://www.mlst.net/) (Enright
t al., 2000). The staphylococcal protein A (spa) typing was con-
ucted based on analysis of the short sequence repeats of spa
Mellmann et al., 2007). The SCCmec typing was determined follow-
ng guidelines (International Working Group on the Classification of
taphylococcal Cassette Chromosome Elements (IWG-SCC), 2009).
esides, the putative prophages were predicted, annotated and
isualized using PHAST (Zhou et al., 2011). CRISPRs were pre-
icted using CRISPR finder (Grissa et al., 2007), Piler-CR (Edgar,
007), and/or CRT (Bland et al., 2007), and the results were com-
ined and manually curated. To analyse pre-existing staphylococcal
RISPR-Cas systems, publically available staphylococcal genome
equences were retrieved from GenBank (April 2016) and sub-
ected to similar analyses. Multiple sequence alignments were
erformed using MEGA (Tamura et al., 2013), and spacer homo-

ogues were determined using the BLAST+ software (blastn-short
ask was employed). Because the lengths of the spacers were differ-
nt, the BLAST scores of the spacer homologues were normalized
hrough dividing by the corresponding spacer length and multi-
lying by 100 (normalized BLAST score = original BLAST score *
00/spacer length).

.3. Plasmids construction

Sequences of spacers S29, S30, and S31 were ligated into plas-
ids pRMC2 or pALC-GFP by SLICE (Zhang et al., 2012), each in

wo orientations. Briefly, fragments containing the spacers were
esigned to have overlaps with the corresponding plasmids, and
he fragments were first obtained by annealing two overlapping
rimers, and then ligated to linearized plasmids by SLICE with the
ecommended procedures and conditions as previously described
Zhang et al., 2015). With the same method, the supposed target
equences of S29 and S30 in phages were also ligated into pRMC2 to
et the plasmid pRS29I-ph66,-phGRCS,-phPsa3, and pRS30I-phvB.
o construct pRproS29I, to which S29 perfectly matches, a frag-
ent was amplified by PCR using primer pair P34 and P38 with

RS29I-ph66 as a template, and the fragment was  then digested
ith EcoRI/XbaI and cloned into pRMC2. The mutant plasmids were

onstructed based on pRproS29I. In general, mutations were intro-
uced by two consecutive PCR steps with internal primers carrying
utations, followed by an overlap PCR with the external primer

air P37 and P38, and the fragments containing mutations were
hen digested with EcoRI/XbaI and cloned into pRMC2. To create
RISPR knockout strain and in-frame deletions of the cas/csm genes

n S. aureus AH1, the homologous recombinant plasmid pBTs was
mployed as previously described (Hu et al., 2015). All the primers
sed in this study were listed in Supplementary Table S2 in the
nline version at DOI: 10.1016/j.ijmm.2016.08.005.

.4. Preparation of S. aureus electrocompetent cells and
ransformation experiments

S. aureus cells were streaked and grown overnight on TSB agar,

 single colony was picked and inoculated in 2 ml  of TSB. After 10 h
rowth (220 rpm), the culture was diluted in fresh medium without
ntibiotic to an optical density at 600 nm (OD600) of 0.05, and con-
inued to grow about 2.5 h to OD600 of 0.5-0.7. The cells were cooled
al Microbiology 306 (2016) 686–696

down on ice for 5 min  before collected by centrifugation (5,000g for
10 min) at 4 ◦C. Two or three washes were performed using chilled,
sterile sucrose (0.5 M),  and cells were ultimately resuspended in
1/50 vol of sucrose (0.5 M)  and 100 ul of aliquots were prepared for
storage at −80 ◦C.

Plasmids for detection of the CRISPR-Cas immunity were
extracted from S. aureus RN4220 or AH1 CRISPR knockout strain.
The concentrations of plasmids were measured using a Nano-
Drop2000c Spectrophotometer (Thermo Scientific) and adjusted to
100 ng/�l. Aliquots (100 ul) of competent cells were transformed
with 500 ng of plasmid DNA per transformation using a MicroPulser
electroporator (Bio-Rad) following the parameters: 2.5 kV, 50 �F,
200 �,  2 mm (the preset program Ec2). After electroporation, cells
were immediately resuspended in TSB to a final volume of 500 ml
and recovered at 37 ◦C for 1 h with shaking (220 rpm) before plated
on solid medium containing chloromycetin (15 �g/ml). Plates were
incubated at 37 ◦C for 18–24 h, or 36–48 h for the slower grown
colonies. For each experiment, plasmids from two colonies were
tested with at least two repeats to confirm the results, and the
representative pictures were shown.
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