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Abstract: The battle for survival between microbes such as bacteria and archaea and viruses (bacteriophages)
is an arms race. Bacteria and archaea have evolved innate and adaptive immune systems to protect themselves
from viruses. Viruses use different counter-defense strategies to evade these phage defense mechanisms. The
CRISPR-Cas (clustered regularly interspaced short palindromic repeats-CRISPR-associated) system is an
adaptive immune system that is widely encoded by bacteria and archaea to resist foreign genetic elements
such as viruses. At the same time, viruses also evolved specific anti-CRISPR to resist the immunity of the
CRISPR-Cas system. In this paper, the discovery process, classification and mechanism of anti-CRISPR
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have been systematically reviewed, and their potential applications have prospected.

Keywords: CRISPR-Cas, anti-CRISPRs, adaptive immunity, nucleic acid cleavage
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Figure 1 The immune mechanism of the CRISPR-Cas system
1. a: Spacer #KHU; b: crRNA UfII T 54H%%; c: Target BT

Note: a: Spacer acquisition; b: crRNA biogenesis; c: Interference
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%1 anti-CRISPR EH
Table 1  anti-CRISPR proteins

5 1% K 4R F 4 B CRISPR-Cas 2 G 4] 43+ LA
TFRFIH .
1.3 anti-CRISPR B4 2

HA ki 7 82 FhEeag s34 1. 11, I,
V il VI & CRISPR-Cas R HPEIGTER Acr &
I s 1 R, PR IV % CRISPR-Cas 2 4%
1 Acr 25 IR AR WLHRGE . AR5, X8 Acr 251
KEB A3 & 3 55 CRISPR-Cas R 45 1 & A RS &
Cas 2 VR ELAT P 400 1) e g2 2k

BRT Acr FEFIZAN, HATAHGE T 2 FrEkm
P 1A anti-CRISPR $R0E AT LIHKIHITE & CRISPR-Cas
RGP, — R B R AE I A%
FHLAH 1 % CRISPR-Cas G G, 55—l
2 FH Wi TRTARATT 2B 1 22 RO A i) CRISPR-Cas9 194
REWEME(E] 2).

AR YR iDL AR ] CRISPR-Cas i BBt LiLtay EEPTN
Name The origin of species Number of encoded %t Stage inhibited Target References
amino acids Subtype inhibited
AcrIB1 Leptotrichia buccalis 193 I-B Unknown Not determined [30]
DSM1135
AcrIC1 Moraxella bovoculi 190 I-C DNA )| Cas3 [31]
prophage DNA cleavage
ActlC3  Pseudomonas 100 I-C DNA )| Cas3 [31]
aeruginosa DNA cleavage
AcrIC4  P. aeruginosa 57 I-C DNA 25& 80 H BP9 Not determined [31]
DNA binding or steps
upstream of it
AcrIC5 Pseudomonas delhiensis 60 I-C DNA 454 s bl 5§ Not determined [31]
DNA binding or steps
upstream of it
AcrIC6 Pseudomonas sp. S-6-2 144 I-C/I-E unknown Not [31]
determined
AcrlC7  Pseudomonas stutzeri 94 I-C/I-E DNA 454 5 bl 5§ Not determined [31]
KOS6 DNA binding or steps
upstream of it
AcrIC8  P. aeruginosa 80 I-C/I-E DNA 254G 80 H BiifE %% Not determined [31]
DNA binding or steps
upstream of it
AcrlC9  Rhodobacter RcapNL 79 I-C Unknown Not determined [32]
phage
AcrIC10  Xanthomonas 94 I-C Unknown Not determined [32]
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AcrID1 Sulfolobus islandicus 104 I-D DNA 454 Cas10d [33]
rudivirus 3 DNA binding
AcrlE1 P. aeruginosa phage 100 I-E DNA ]| Cas3 [34]
JBDS DNA cleavage
AcrlE2 P. aeruginosa phage 84 I-E Unknown Not determined [21]
JBD88a
AcrIE3 P. aeruginosa phage 68 I-E Unknown Not determined [21]
DMS3
AcrlE4 P. aeruginosa phage 52 I-E Unknown Not determined [21]
D3112
AcrlE4-F7 Pseudomonas 119 I-E/I-F Unknown Not determined [24]
citronellolis prophage
AcrlES Pseudomonas otitidis 65 I-E Unknown Not determined [24]
prophage
AcrlE6  P. aeruginosa prophage 79 I-E Unknown Not determined [24]
AcrlE7 P. aeruginosa prophage 106 I-E Unknown Not determined [24]
AcrlE8 Klebsiella 63 I-E Unknown Not determined [25]
michiganensis
AcrIE9 Pseudomonas 75 I-E Unknown Not determined [31]
pharmacofabricae
AcrIF1 P. aeruginosa phage 78 I-F DNA %54 DNA binding Cas7 [35]
JBD30
AcrlF2/  P. aeruginosa phage 90 I-F/I-C DNA 454 Cas3, Cas8 [35]
(AcrIC2) D3112 DNA binding
AcrlF3  P. aeruginosa phage 139 I-F DNA YJ&| . B3k Cas3 [35-36]
JBDS DNA cleavage, primer
acquisition
AcrlF4 P. aeruginosa phage 100 I-F Unknown Cas8f [20,22,35]
JBD26
AcrIF5 P. aeruginosa phage 79 I-F Unknown ND [20,22]
JBD5
AcrIF6 P. aeruginosa prophage 100 I-E/I-F DNA Y| DNA cleavage  Cascade [37]
AcrlF7  P. aeruginosa prophage 67 I-F DNA %54 DNA binding Cas8 [22]
ActIF8  Pectobacterium phage 92 I-F DNA YJ#|, DNA 454 Cascade 371
ZF40 DNA cleavage, DNA (Cas7)
binding
AcrIF9  Vibrio parahaemolyticus 68 I-F DNA %54 Cascade [37]
mobile element DNA binding
AcrIF10  Shewanella xiamenensis 97 I-F DNA 454 Cascade [22]
prophage DNA binding
AcrlF11  P. aeruginosa prophage 132 I-F DNA %44 DNA binding Cas8 [24]
AcrlF12  P. aeruginosa mobile 124 I-F Unknown Not [24]
element determined
AcrlF13  Moraxella catarrhalis 115 I-F Unknown Not [24]
prophage determined
AcrlF14  Moraxella phage Mcat5 124 I-F DNA %54 DNA binding Cas7 [24]
AcrlF15 K. michiganensis 69 I-F DNA %54 Z i Not [25]
Before DNA binding determined
(T548)
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AcrIF16  Pectobacterium 171 I-F DNA 455 2 )5 Not determined [25]
parmentieri After DNA binding
ActIF17.1 Pectobacterium 116 I-F DNA #5452 )5 Not determined [25]
carotovorum (Erwinia After DNA binding
carotovora)
AcrIF17.2 Citrobacter koseri 112 I-F DNA 4542 )5 Not determined [25]
After DNA binding
AcrlF18  Serratia marcescens 69 I-F/I-E DNA %54 Z Hi Not determined [25]
Before DNA binding
AcrIF19  P. carotovorum 93 I-F Unknown Not determined [25]
(Erwinia carotovora)
AcrIF20  P. carotovorum 121 I-F Unknown Not determined [25]
(Erwinia carotovora)
AcrlF21  P. carotovorum 162 I-F Unknown Not determined [25]
(Erwinia carotovora)
AcrlF22  P. parmentieri 88 I-F Unknown Not determined [25]
AcrlF23  P. aeruginosa 228 I-F Unknown Not determined [25]
AcrlF24  P. aeruginosa 159 I-F Unknown Not determined [25]
AcrlIAl  Listeria monocytogenes 149 II-A A EE Cas9 [38]
prophage JO161a Nucleic acid loading
AcrllIA2 L. monocytogenes 123 1I-A DNA 454 Cas9 [39]
prophage JO161a DNA binding
AcrlIA3 L. monocytogenes 125 II-A Unknown Not determined [40]
prophage SLCC2482
AcrllA4 L. monocytogenes 87 II-A DNA 454 Cas9 [39,41]
prophage JO161b DNA binding
AcrlIAS  Streptococcus 140 II-A DNA HJ#| Cas9 [42-43]
thermophilus phage D4276 DNA cleavage
AcrlIA6  S. thermophilus phage 183 II-A DNA 454 Cas9 [44]
D1811 DNA binding
AcrlIA7  Metagenomic libraries 103 II-A Unknown Cas9 [45]
from human gut
AcrlIA8 M. libraries from human 105 II-A Unknown Cas9 [45]
gut
AcrlTIA9 M. libraries from human 141 II-A Unknown Cas9 [45]
gut
AcrlIA10 M. libraries from human 109 II-A Unknown Cas9 [45]
gut
AcrlIA11  Lachnospiraceae phage 182 1I-A DNA YJ#] DNA cleavage  Cas9 [46]
AcrlIA12 L. monocytogenes 83 II-A Unknown Not determined [47]
R2-502
AcrllA13  Staphylococcus 131 II-A DNA %54 Cascade [26]
schleiferi strain 5909-02 DNA binding
AcrlIA14  Staphylococcus 159 II-A DNA HJ#| Cas9 [26]
simulans strain 19 DNA cleavage
AcrlIA15  Staphylococcus 170 I-A DNA %54, sgRNA 2548  Cas9 [26]
pseudintermedius strain DNA binding, sgRNA
104N loading
(T548)
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ActlIA16 L. monocytogenes 202 II-A Al RES 5T sgRNA /K sgRNA, Cas9 [48-49]
May involve manipulation
of sgRNA levels or loading
AcrlIA17  Streptococcus 100 II-A Al fEZ 54T sgRNA /KF  Cas9 [48]
gallolyticus SR
May involve manipulation
of sgRNA levels or loading
AcrlIA18  Streptococcus 182 II-A DNA 454 8% bk B Cas9 [48]
macedonicus DNA binding or steps
upstream of it
ActlIA19 . simulans 124 II-A A EZ 57 sgRNA /K- Cas9 [48]
May involve manipulation
of sgRNA levels or loading
AcrlIA20 Streptococcus iniae 64 1I-A DNA %54 DNA binding Cas9-sgRNA  [49]
UEL-Sil
AcrllA21 Streptococcus 108 II-A Unknown Not determined [49]
agalactiae DK-NI-014
AcrllA22  Clostridium sp. 54 II-A Unknown Not determined [50]
AcrlIA23 ND ND II-A Unknown Not determined [51]
ActlIC1  Neisseria meningitidis 85 II-C DNA %] DNA cleavage  Cas9 [52]
ActlIC2  N. meningitidis 123 II-C ISR Cas9 [53-54]
prophage Guided nucleic acid loading
AcrlIC3  N. meningitidis 116 11I-C DNA %54 DNA binding Cas9 [52,54-55]
prophage
ActlIC4  Haemophilus 88 1I-C DNA %54 DNA binding Cas9 [56]
parainfluenzae prophage
AcrlICS  Simonsiella muelleri 130 1I-C DNA %44 DNA binding Cas9 [56]
prophage
AcrllIB1  Sulfolobus virus SIRV2 249 1II-B 454 Cor UL E A Cmr effector  [57]
gp48 Bind Cmr effector complexes
complexes
Actlll-1 8. islandicus 138 I R gt oz PRl F CA4 signal [58]
rod-shaped virus 1 Degradation effect factor molecule
AcrtVAl M. bovoculi prophage 170 V-A gRNA 1] gRNA cleavage Casl2a-gRNA [59-60]
AcrVA2 M. bovoculi prophage 322 V-A Unknown Casl2a [24]
AcrVA3 M. bovoculi prophage 168 V-A Unknown Casl2a [24]
AcrVA4 M. bovoculi mobile 234 V-A crRNA %54, DNA iH5], Casl2a [59-61]
element DNA 4|
crRNA binding, DNA
recognition, DNA cleavage
AcrVA5 M. bovoculi mobile 92 V-A DNA 454 Casl2a [59,62]
element DNA binding
AcrVIALl Listeria seeligeri 229 VI-A DNA 454 Casl3a [27]
phage 46 DNA binding
Csx27 Bergeyella zoohelcum 219 VI-B Unknown Casl3b [63]

ATCC 43767
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Figure 2 Classification of anti-CRISPR
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Figure 3 Mechanism of action of anti-CRISPR protein
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sgRNA #1362 5 Hi%ES Cas9-sgRNA B &KL G
PEMIRH I 4EFR dsDNA [WREAE, 3 H AcrllA20 5
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Cas9-sgRNA &S KMZE 5 28T AcrllA2 1)
454 ULIHIX 24> Acr 8 2B L 254 Cas9-sgRNA
55 VR A T — 57 A5 AT A A R g 5 ).

V % CRISPR-Cas Bl ZR4iH, AcrVAL il
B4l PAM JF 8 VI EI S5 G 7 Cas12a B o2 1EE
FHHY) crRNA, fiff crRNA Wi ok 5 ¥ bR RV L,
A5 Sy HbA T CRISPR-Casl12a fiE MY, i
AcrVAS WIVER—Fh O I BE T Casl2a 2K
F, il HE LR HERR dsDNA  ET & 4% e ol
fE152 [R]RE, 7E VI %I CRISPR-Cas 241, AcrVIAL
5 Casl13a tEA%5 &M I Cas13a-crRNA B &
IR BIFLE S HAR RNA, IEFE TR ssRNA Y
H g7,

2.3 [H1E$4R DNA/RNA By E|

Acr & 14K CRISPR-Cas 258 Sy (145 3 Fil
W7 2 B I CRISPR-Cas &40 & A A% 41
PEFEAR IR PIE] . AcrlF3 24— A0l & PLAE
il CRISPR-Cas R0 & G KR EER) Acr 2
H, AcrlF3 LI —RIAMIEXL A3 Cas3 FHHMK
S4EMIE, HD . Linker #1 CTD 71 AcrlF3 — %
{RFN Cas3 Z [\ IZ A BEAEFE R T Cas3 E 1Y
—ANKMH, L ADP JEUBiE Cas3, ARLMIET
CRISPR-Cas &0 & G 1A$HSE Cas3 #4745 DNA
)P eAh ) Hi] Cas3 5 DNA FEffL2:
kI Spacer AR,

FHE ML, AcrlIA11l A LI SFHEM S Cas9
() —ARAFESHIRES &, JFEd Cas9 M5
A SRS E dsDNA, JEmiin Cas9 &
PRI BTG PN, XA R T Cas MR
ST 5 6] 2 2 TR R TR 1A S5 8% Bl ot A% DT P E A %2
P AR, AT — e R E Bk
CRISPR-Cas R4t il 1 &1 FI R AS B Acr F 111
i
2.4 457KREY Acr BB

ActlII-1 AE40 111 % CRISPR-Cas S0% & &A1)
SEFFNINEE, AR LA By skt 111 B CRISPR-Cas

ZEEN R TN, Acrlll-1 7T LURE S M 45 4
111 £ CRISPR-Cas &0 & SARTEA R HEPR RNA 2
JE A RIS S FIRBRAT IR CAs, - REFFH CAy
f555rF, HmEetEImifl 11 £ CRISPR-Cas R4E
Y AcrIll-1 HA AR TE A5 38, 6405 A
TRz, XARe S O E EEER T
CRISPR-Cas R0 A5 VA T 38 2ok 48 ) [ A5 5
T CAy A1 & FEAW I A P, sl i
T ARG 50 FFEE TSR & w 3
Y SEEREEF

{EA5—42 )2, VI-B B CRISPR-Cas R4 AT
— PR Y Cas 2B [ Csx27 BERZ1HI 55 Cas13b-crRNA
ROV A XTI T RNA (TEEES), Csx27 2
H Hii CRISPR-Cas # 4t 4 [ % v & B i) Mk — Xt
CRISPR-Cas RGP THMEHAT IR, X
AT fl o Bl 0 7 2 A 4 R R R ML = — 1
3 anti-CRISPR EHK M H

CRISPR-Cas Z %t HEr 8% ) 72 i T3 H 4
B OSEDIPREE L TR AUR B R ST, T
Acr % 1 HAT Y5 CRISPR-Cas RS0 E EPE L)
fig, AT LATE CRISPR-Cas 2 G0 [A] 41 3 5+
A Acr 2 T & AR A9 T 2P
30 HEERREPIINLA

TE CRISPR-Cas J:[H 4wt He AR RN I rpr, R4
CRISPR-Cas #Z R H A Hm i e 5wk, (H2 A
AR TR 2 i 4 5 P P B 500 4TS S8 A CRISPR-Cas
ARG 12 A R T AR Acr 2 A R L
CRISPR-Cas R GEIRYIHIE ERMGIVER, ATLL
FHT CRISPR-Cas B[R iR od FEAFE I, filan, 25
F A AR AL SEBGUERE T AcrTIA4 2 (AL AT L
BHWT CRISPR-Cas9 50 & &A% 45 DNA iR
S, 3T A3 S TR A A AR 2k B R TR X
B AN, TR EER g i 8OR, B> Cas9
e e AR 0 [ElRt, fF 1T % CRISPR-Cas
ARG Acr 1 HA BHLIE CRISPR-Cas 20 & A 14
454 DNA 1BeJT, B eI ar LU T4 dCas9
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TG TE, DARR GBI A B el A g R
L WS T Acr B F B AN S % L S
AP, TR T —Fh oy ok A S R g
A, B 1R AR B RE DR G, B 2 SN E i — 2
W17 anti-CRISPR A] LA T2 5T CRISPR-Cas
Fi 35 DR A s o e 21
3.2 EEREREMBERILZA

IT4F3K, CRISPR JJLER(CRISPR Interference,
CRISPRI) 4 AR O 4 8 ) 12 i FH F 3 [N 2 38 A o
#1831 dCas9 (dead Cas9)te: Cas9 ) —Fh JCHE 1% 1
FRAMA, FLH > YT RR IS M, AT DA SE BT fof S
PRl = 22> S LR A BB 1] T AS 5] AAS AT 38 1) DNA 51453
RASBY . dCas9 2 11 ELA AT LUKE 6 i i A H At 85 1
555 DNA SE S R9RE Y, filhn dCas9 mT LL#E ]
B N R A E GRS TR R R X S T
TERG SO E e U0

1E BA 15 PR 1-F B CRISPR-Cas 24t (1410
HiILZRIE AcrlF3 FIHEIA S 3T crRNA B, I-F
Al CRISPR W& A A TT URE S ESS 6 )G 2hFBH
it RNA RAMWHE, B AcrlF3 SiHIZ% LG
Cas3 XTHEARIE S FREBR IR, M SEBLES Stk
- R B

[FFE, dCas9 AT LA T ARER IR B0E , X Fh
57 B Rl CRISPRa (CRISPR activation)®®
CRISPRa 244 dCas9 %% s iis W (d i WL 1Y S
VP64 AT Rl G, RlG T % SRIE Y CRISPR-
dCas9 W K AARTE sgRNA 5|5 F IR S 8% H
B DR A SR ks BT R, AT AR Acr 1
il CRISPR-Cas9 3V AT A 45251 T dCas9
(IRE, SCINIE R Fe ks sl il
33 HEREARTHREINA

Wi 75 22 Fh M 245 A B B, AT el B A
BRI TR AR 7 TR ™ A T 2 o 78R FH W A AR i
A7 24 TR B VA IR, — i 247 7 0 2o A1 B s R
MERRAR ZEFAT 1R S5 i i A 15 M) CRISPR-Cas R
G5, 3K FT g2 PELAG G R4S G 1 3 4 TR A 4R e A

B, BRARMER IR T TR0 Ik, MR A
IBIT AT Acr 2 1 HS B MR AT /A B3k CRISPR-Cas
RGN I T, W] BB i W A A TR Y T T 24 240 1A
IR ROERZ —
4 RY

HATRZXIWER A anti-CRISPR B¢ 1IATR
TR PR G A (4 45 Fl Acr A, T HLX#EEL 4
B Acr & H FEAEH T CRISPR-Cas I
KRB EIRR T X —, W27
anti-CRISPR YEFIALHI, l4nxt7g & CRISPR-Cas
F G0 AR B B S AR A A = L
AT R X TEFZ I FNFFEATH T anti-CRISPR  JeH
VE R B 55 20 22 0 T

& anti-CRISPR B FH 7T, BFFEE e 4
Z 12 A FH S B CRISPR-Cas 7 FH T AOoHG g
il , FATTA R A T 0% K AR KA A anti-CRISPR 43
TR AR ML 2 5, U 70 40 e R X G 4 T
e, N TFAL A YT REAH H AR (1 2R i e
AN A, EFEZH A EAANY
CRISPR-Cas &0 & & WA F45 5 1ARE, 0T L
FIF Acr 2 FAJF & 41 H CRISPR-Cas & A e Pk
FUE AT AR

HETERZ AW b 2 F ok wg ok fl A
CRISPR-Cas RGN A gy, RIGIA—A5%%
# 1) SMJE CRISPR-Cas R4 8l il i Rk —4> A
1 crRNA FIHITE 3 A S 4abS i) N8 CRISPR-Cas
FG° i, A — AT mini-CRISPR
FASAEARTFSIH DNA A H- B iy 5L g 48
JokE, BPAT LR R TR RS g PR 1-A LA
III-B % CRISPR-Cas Z %t 5% PR i 40 () 3 K 4H 4
B ORI — S 4 R B RS Acr B
SELEF ANV CRISPR-Cas RS LA AL
(0 5L DR 20 4, DRI AT DA 3 BB Aer 4 A 5k
DR i o0 o] JEL 3 P ok 5 B 3 SR AR O R
CRISPR-Cas 4t 1Y 5: K 4H g A
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JEF A A= 40 W S R 2 [ < 2 4% 5 B8 S AN W
T ZE S X AR R AR M RE RS HE AL H BT I SR gk
STHLE R, LU anti-anti-CRISPR. 4N, #AE
AcrlTAL F8 N 3 45 #6) 38 % ] 05 4 410 1l e 1 4K
anti-CRISPR 97357, 7£ 1-C %I CRISPR-Cas %
Givh, Cas3 Ml Cas8 £ HAI@A AT LAZEL AcrlC3
%t CRISPR-Cas %% &2 A M S 1 M iy am i B 5 3
T & AEWE 58 & B0 vk 5 Bk Ak 3 1-B AU
CRISPR-Cas (Cmr-B)Z 45 HiAth 11T % CRISPR %%
NEARAN, Cmr-B &AW E5H B A
WL B Cmr7 & PR S Rk 3P, ]
AE 2 1E E L A9 —Fh anti-anti-CRISPR 5 M
WeAh, WA MR Aca &5 AT I Acr H%:
P X Aca B LTI T A ASF B

Zi F iR, anti-CRISPR Fll anti-anti-CRISPR
1) i BRI 2 5 Bl ATTR D A2 A W g B 4 2 )
(5T T H T ##, I CRISPR-Cas )i/
FAHEAR T & v 52 BURS EFs R AL T8 1) SR gt [
i, WSR2 S e E 2 T A AE ELAVE R AL
oAy P 7 fede o 3T SR B P 0 1 B T B At
THIEES.
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