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H B AEKRRREEMAGER N RE, AL ERAMBENFEFRSAN, EFERKAALS
RGNS TIAE I F IR P A KGR, ERARE B L mRL AL A EEA,
BIERM . NZF LB, AHREAE, KT ARERRE A G BB, AR RN A o B 2
HARMLEMMERIRG A L, TENLBEEREB IR @AM LERANES, W RRRRE
8. AIkEE. FILE. DNA RAoBE. EKREMHFES A (NDIA). FHEF. %cmeﬁémm
Fa - FHAREZEO S, /\#Fr'fzﬂ‘iéﬁéa\%% s B A A AR R R TR i A RO R AR - TE e ) A
TR TR, AT EAFHINIRIZS) RFE AR IR S 8 2 AR A IRFEAR AR R 69 -0k B 2%
&iwi%ﬁ AL AT X s Gt AR LA K TR AR AR S HATE k%ﬁ%,bﬁT%

WIERFE A B A AR R e ey Eah b, Bk R AR R AR Je Al K B 0 o AR AT T2 A
. VAT R A FROK A R E IR R, :&fﬁﬂ»}uﬂmﬁz’vﬁlﬁmié‘ﬁaiﬁ)ﬂ#}Liﬁo

FEER: AR, R I EMEMRAR, £ME G, NIk, JEARIEME G A (NbIA), 3L CRISPR
& €1 (Acr)

Genes associated with cyanophage infection: a review
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Abstract: Cyanophages are viruses that infect cyanobacteria. They are able to regulate the abundance and
diversity of the cyanobacterial populations, and play a critical role in food web dynamics and
biogeochemical cycling of many aquatic ecosystems. Cyanophages perform various interactions with the
host cells, such as adsorption, invasion and replication, and thereby participate in infection process and
complete their life cycle. Based on the relation between cyanophage life cycle and the genome structure,
the review mainly introduced several significant cyanophage proteins that interact with cyanobacteria,
such as viral attachment proteins, endopeptidases, holins, DNA polymerases, non-bleaching protein A
(NbIA), virulence factors, virulence factors, anti-CRISPR proteins (Acr), and small heat shock proteins,
and thereby analyzed their molecular characteristics and elaborated the molecular mechanisms of

Foundation items: National Key Research and Development Program of China (2018YFA0903101, 2018YFD0900302-2);
National Natural Science Foundation of China (31772890)
*Corresponding author: E-mail: zhangqy@ihb.ac.cn
Received: 28-05-2020; Accepted: 12-08-2020; Published online: 27-08-2020
HEEWH: EFREAHEITRI(2018YFA0903101, 2018YFD0900302-2); EZ H ARMF K42 (31772890)
*B{51E&: E-mail: zhangqy@ihb.ac.cn
Yrks BHE: 2020-05-28; & HHA: 2020-08-12; MKEEAZHH: 2020-08-27



3278 TEY I8

Microbiol. China

cyanophage infection and cyanophage-cyanobacterium interaction. To comprehensively know the driving
strategy, infection efficiency and ecological influence of diverse cyanophages with their hosts and aquatic
environments, this review not only summarized and discussed the research advances and trends on these
significant genes associated with cyanophage infection, but also proposed significant ideas for performing
extensive function studies on the related genes with cyanophage infection by using new gene editing
technology, and thereby to expand global aquatic virus databases and to enable us to understand more
about mechanisms of interaction between cyanophages and the host cyanobacteria.

Keywords: Cyanophage, Genes associated with virus-host interactions, Structural protein, Endopeptidase,
Non-bleaching protein A (NblA), Anti-CRISPR protein (Acr)

I B K (cyanophage) f& J&& U W 40 B
(cyanobacterium, H{FRWAHE bluealgae) R eE, | 12
IATESFIRIARIREE R, A5 e R,
BT o3 B T I A S L DR A AR R A R i v
Nt 2o Mg B R R AT R WE TR A H (Caudovirales)
RGT, MIERIZH KN 18-500 kb, Zifith 27-600 4~
JEDR LR IUE DNA Fg e, ek a4 —
| T AT FR 11 S 35 R X AR 1 R AR 4, 3k
il ene - SOSEAER 4 N S e e 1 ) | R = 5 N
3-570 nm, AK B ARG, KA AT IS4 Fe 2
RIFFERL, BIHEARER. £PRY) . B4k
HoAB et e I S K, ATRR AL
K e owe o Ik
Mo RBomE om K
(cyanopodovirus)!'>"?1 R 3 518 32 W AT
FRRE EL AR T L X6 i 32 4 ) 2 A e ek e i £ i o
LS S 5K AR RENEER 2S5 R
U g R T AN A AR SR &)
PR KAEZS R G K ER Y FL 2R S AR G A
b 7 (1 NI Sy N UL 7)o L

B T AR R AN e A ) A2 T
W9 g A e A 5 R Y S R A T Y TR A A
[ S 8 SO ¢ 3 U NIV S DR rA LN
I S A 5 i o = ) DR A KOE R R 20 M AR
JH Btk 7K B 355 14 56 Wiy 725 465 Jhy T A B S 40 A T
Ji o A S0 A O W A R b G R I A F 5
BT SCBREFAR TR o

B W ¥ {K (cyanomyovirus) .

(cyanosiphovirus)

1 WK Ay A 5 2R A S

FEARAIREE W e IS5 3 1 AR S T e
Bk FEAM150E B2 MR, 2y
I 8 R 2 11 5 1 2 A0 T ke A A EAE R A i A
WA Y A2 1 e A AR PO UL MR Al
], HAf R TRk, I in T
T EMEREARATE LY, Sl 7e1E A0 2 1E 7 Ak
XPRRPEAR R | 8 Z R E5 AR 1L, SR R EE A
) e e I W s O R AN L R
M SE R SR, R R At
XA bR, TR

M AR IR 2L 0 ) 2 243 S5 i S IR L A2
A OG5 IR R It o A A S R TR LA 40 5 A S i
B ARG KR . INTE F Pt iR sk Uk
FH A P P2 G R I AR VR 2 B
IR i Bk (Planktothrix agardhii virus isolated from
Lake Donghu, PaV-LD)#y3& R4 5% #r s, H
R DRI 20 SR S T A 0 S B R A T R S Y,
R 53" DNA S IAHOCHE A . A= W5 A
FEDH L R A O L R R A
FRAMIIEH P,

XL R BESE IR B Ma-LMMO1 75/
R P SR A AT B A R, HREE R Al
AR 3 FIRARIREE R, AT 2 R
BhEfE ) HP A (O ) FRGEIH (v B 2 2k MBS R )
JUR AP g g8 A 5 45 ol 7 415 i 0 2 7 2L K 41
AN R DR R A D AR
o B, I R RT e B RE A AR OC Y il
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R B g, A TR ) B RS T Sk 1 3
PRICT . gt A1 11 SO 2R 55 PSTAI PSITARG
FEPSOL D B IR S he R . IR /AL
AR R

2 EERASHEEHEEREAR

JEAE H A AR 5 1E A A EAE
PR 0 =2 B/ (B I TR A 2 1 T b
EHW DNA BAET . MREERE LR
AR A A 1 AT g R (A B A )
B 45 18] 3¢ 85 & ¢ 41 CRISPR #& [ (anti-CRISPR
protein, Acr)HIBIFEE IFR
2.1 WEE{KIR Mf £ B (viral attachment protein)

TE T4 24 TR 200 2 T V2 O S e s A SR e 1) S )
AT, WM AR TR A . B E AR,
A RMEEE (TR IR T, FEREIZ IS GEN
(tail receptor binding proteins, RBP)575 F 44
T SR A2 RS T 25 5 g e AR ST o L i
& A-1I(LRIAFFER R : A-1(L) ORF36 /&—> RBP,
e £ IR i T IR 2 Wi (lipopolysaccharides, LPS)AY
OPLIFLs &, MEWEEEIR A- 1R . A AT
WSt R SE PCC 7120 Ry e ™, (HanRAl
R e AR R ARG T B O Bl
A-T(L)VUI25 PR TG 308 A 6 28] 1 3 4 L 8 1 i i 2k G
G ey R EEIR 2 S A A 1L
A7 T8 5 A AT 3 43 BEL 00 g e AC R Y 5 3 ) #
A-1(L) ORF35 JZWE#fkr) s — 1 EEN, X
M8 A-1(L) ORF36 [WHLifEraESRZIANT ] A-1(L)
S B MKIE, A-1(L) ORF36 Sfafji
B PCC 7120 MRIVIEZHMAFAERF S EAE A, UG
F L s e A 1) e 22 2 1 5 00 7R A BT R T g 22
BE PR TR B BRI A-1(L) AR TE ER b2
S R VR L DR 4R R B
AR B 1 FE RS A TSRS, S5 IR R IR TR AR 2
BRI SR T, 29 45°8ak H 3 AR
FARE, JFAER 2 we e A e A LA Al 1y ) 2 3% At Y
RE X — W i e S5 B Be i S, s iR AR 5

HL 2 I i % S T A A Bt AT S BT
B K 57 UK B0 B8 )% (the phage receptor database ,
PhReD)™"!, Ay T fife W T VA I B4 FH) B HAH G R 3
PR T IOIE
2.2 HNBAEEFNZ FL 2 (endopeptidase and holins)

TENE AT A rh, —Se g5 A A [R] BUAH T
MEERSEA, ENNhReda i ARSAA 2
FEPE . QR ANTR PN IR AT 2 55 40 T 5 AR SR B
f AR, L AR A B R A0 Y B RN A o
U4 W T A R 5 280) 0 240 T A L T FS L S TE A i
AL, LUK AR d /LA AN, X —
b PR AT A B HA TR SR A e 1 P 1 P G 2 REAE
R0 2R T B NL I AL R DR S Y . G
WG BEAR TR 22 5505 B A Wbk PaV-LD Ry R 20 rh %
FE T2 AR L3 G oA e AN 2L R A S
123L-124L ; #5320 APy 3 20 T kL
pOP/23L-124L % A 0E B4 i PCC6803
o, R SR BRI A KA EH, 45RO
ASUfef B 20 e 5 2 A e AR R I 52, i L
T H B T AT L 2 9 20 ) N R 5 A ) S 2 B
WAR BRI R 2 o ML PN st A B A ik B 2
Wi ™, O IEEETR PaV-LD PY KRN ZEFL 1Y
) RE T R i 200 1 A BE AR 43 T LB UE S o A
FEFIRAZMAYI T PIN-phoh 21T, HAT IR
AT IIRE . PP SR Bk ke 5L 8 ) g
BERIBGER A, BRI SYNWI946 1Y
PIN-phoh £ FI/EI}, R TR BR¥E 1 LR Wi (4
Syn9 HELAIZH K il A e AU AR B ET R, X
FUME EIEH 1Y PIN-phoh &K [0 RESN il e BE (A 11
JERP Ay gt () IR A B B ) B A S
YIREZREME, BERIFRAE R TP,
2.3 DNA BATESDNA polymerase) 5 5EAB K%
fi#2 8 A (non-bleaching protein A, NDbIA)

DNA RAHHELCESS DNA AR . LY
dNTP 7 TR G T DNA (1§, /& DNA A
Yy U LT T . (ATEARR AP, DNA R
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Bl o FAT A5 AR . ZEMES IR LN 4 rh &
BT PR ORAD 8 LR A ) DNA B4y 2L
RGeS 1 R AR Miicl BE[RIZH ks
T 9t 1E ORI DNA B4 v JLK (ORFSS Fl
ORF86)7, X Gugpaihal SAE N A . BA
e (A DX 20 5 TR OB B &Y DNA SR G, B
SR A FHA R RS . RN BE B R S R
PRRTEAE A, IR R DR A b iy Zoks
& DNA RA il 5L 8 AT Rg 2t i 38 /K38
Mk, HT P RIEM: i X DNA RERK
ARG KRBT, BB S BRI E R B R
[] Y5 3 [K] ‘B $ (non-orthologous gene displacement)
KRR 54 # (horizontal gene transfer, HGT, X
BN m) FE R ¥4 7%  lateral gene transfer, LGT)RY{it
A, BEEHTE F40M DNA BAEFIE ; MRS
Huta RIS A-1(L)FI N-1 iYL, 535
B4t DNA REHE B ML, FFE S0k S
R W 20 B 22 ] B 20 T e R DR A R T
BN FENHCEN-ORXES
W, HbhEASEHETEIHREED S &M
50%°Y, Mz BB, W 40T k28 B AR A
Vefite, MTHMBPANRESTR . —F/NrFEiiE
NEAARF#AREE T A (phycobilisome degradation protein
A, % non-bleaching protein A, NbIA)#E &/ #EAH
PRBEAR A OCHER 1o JEUACR AN T HA B9 NbIA gk
A, HIE— S R L N 4 g R Y., K
FEWEBE AR 22 BEA T AR WP PaV-LD NbiA R] %5
54 MR . A F 29 7 kD (1 NblA 1, K
HAT NblA [ KR R RE . PaV-LD
NbIA TEWGEHEERBAIMS 1 236 h JFIRTE AR
ik, BER YL R RE R, ek AR )
JETE S TR W, R AR AR MR AT e i e A
SIS 8] B SE A TTZ A%, 78 PaV-LD NbIA
A I 70 200 M0 W 2 1) o ol T UL R i
PRIE AR (Microcystis aeruginosa myovirus isolated
from Lake Dianchi, MaMV-DC)I{JFEKZHH, tiff
TEZif% NbIA (93 MaMV-DC ORF 5L, fr4wfsi

HEH5HTEE NbIA PR R, #fEN MaMV-DC
ORF 5L &R A 18 F s N fa F= < My ¢ i ok
MaMV-DC NblA TEWE#ERRRGLmERIK, ALRE
W fe RS A O, E AT 4R AR
FraE; X RUIESEEIR MaMV-DC NbIA 78 /8L i1
A LA E SRR, DT A W AR S5 4 2 15 B
U6 T T O Sk I L B A, e A
Ma-LMMO1 f 3K 41 Hh th 4 5] Nb1AP),

2.4 TEF CRISPR-Cas [l 74t R Wk g R
CRISPR ZE H(Anti-CRISPR protein, Acr)

TEAZ AR W B DR 2R ey, RS R A 1) o 2 [
X & ¥ ¥ (clustered regularly interspaced short
palindromic repeat sequences, CRISPR)/&H]TFH 1k
W AR AT A IR B R 508 g
() R IBUAH B Y S B A SR, B4 22— Al 5  i
f%4¢ CRISPR ZE [ Acr fFERP, 24 Acr S P &
St ¥ oelf CRISPR-Cas T2 R G4 (U Cas-Acr)if,
WA TE TP RGP0 R, ma
(R T 4607 F 51 F A, ks
BEWETEA vB_AphaS-CLI131 HYIERH RS K H 4>
Br, oz A aE AR W R A2 PR i Rk T
F, MHAEHEEHRA DA Acr (EE, TR
6 ¥ DNA 5| & i % 2L £ [ (DNA primase
pseudogene) [z Bl &4t V-U2 CRISPR-Cas, JFfRE
075 FER RSSO, LI hE .

i 2 i B LR SR /R MaMV-DC ZEfIGIR vKAF
AFEUE IR, AMUBREEXT H SR 16 £ Microcystis
aeruginosa FACHB-524 TARAGERGLME, 8 BE B ek
TF09 .
aeruginosa TA09 Fll Microcystis wesenbergii DW09
S5 [ Gl R TR PR L (A [R) A R R A
MaMV-DC R EBURPERIANTR] 5 HE— 20 X TRk A g 4
Z 4t CRISPR-Cas #4770 M FUHL, A BAEA [ Ak
Hi CRISPR-Cas (1943 F-45H) 5 & 43 2561, X
Wi £ CRISPR-Cas R G0R2 I AR YL 1, £E
AR MRS VG RO T e
Wi BEAA N-1 4wl AEFe ik CRISPR M1, XS

Ye  Microcystis  flosaquae Microcystis
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F T 5 5L UK T A e,

SRS AR ATAE N FITE L) CRISPR R4,
I3 IR B 1A RE R CRISPR [l R G ok bkt i 3 fyie
ARG, FEE FEOR. R A 5
T 1Y ZE 4% Se B A i Ak s LA O TR DD e Y B
CRISPR #[1(Acrs), i HAEANE S5 A& & )
[l 43 T2 Ak H i SE R T, Rt A IR A
WS APT CRISPR #E[1 Acr AT H5HTHE 20 1 H
$E, NESEAR S ENAHEE AR, mE)T IS
Acr ZE IR BBIEHEAKP I 4R CRISPR 1A
R 515 & BRI A A A ) BR S B RR YT T
HISI - Acr B I/EH CRISPR-Cas Z4:M7E (1M
A, iz e LS an e . RS
G X CRISPR-Cas REBIFE/A TR, Afr
WF & W 2 oK a9 2 R g i T BT
CRISPR-Cas B AR5 | 436 R T AR A A AU
2.5 & ERA (virulence genes) X H4 SF1EH

o AR R R B RE D FR M EE ), X2
HU R . 15 S ANPREE R 2 3 [l e i 2 2 etk U
MR RIS, LB R R I
KA T8 ikt . W R g WA+
(phylogenomics) % 5 & 1 H & WAL N 40T
BERMRIREAR, REAEFLIL R 4 g i A ] 25 7Y
EE ST, QAL % B (pore-forming lysins) .
HNEE & (exotoxins), AR Z (botulinum  toxin) I
Ml (effector proteins, EPs)&. WA v {1
heg R EeE TR, U TE 3R A EUR PR B0 Y
MAYRIRER S, s, i Ssnfg
Tl NGRS 5 AR B S s 1k bk 00 & 11
£ 71NN Y (7S R N g i 631 S 45 3PS R S |
SEFERTH . WA E R UK R A A, T LA
FACANG, RN HEAs B AR 770,
BRI S E R REZ B MR .
S EE S 1E EAHEAEN, R EE I e T
A JENE T

Uiz FH B3 2 S DR A AN 26 oA . S R ARV
(A A 25 K sl A 70 4y QO 3 B R R HL AR 224

FHHEATVRAL ,  FoUI0 e BT (G5 ) 1A S DR 2 Hh PR 50K 5y R
ST ) 37 2 A A 4 8 0 L2 e 9 A Sk e
A9 BELA T 20 TR 200 L, 0 L e e AR SR AN [
RERBEE N SBACE, &8 T H TR sk
BEPE ORI SR A B b A B R R
B,

2T TR (B IR SE IR AL, W A AP
JE 58 SRR A R H A AT B R Gl ) A
SE DR A7 3 5 B TR ) SR L DR sl #9719, I8 AT R
FE 2 A R R T S I Gl Ak TP
i AFTE AR BR (M) D RE R, XL B 1 1 5o
B AOOE I P 3 A R IR £ ) RN AR
TR BN 5 AR SR, A JF B i HE S TR
B VR R AT B Bk, RS E R
RE 1T BERE Z e 0%, H 3 ) 5L R D e Ak OR
B ISST 2t B o 5 DR (1 o R AT SR A, il
HOTRE U ERACE . R, W R R
B 7 3 DR AT (5 T A g 200 B g g
ARG WER AR ) IR G, H 5 TR AR
WISeHR L, WA Bk RN A IE
P W], B 7 5L R AT R R i S s Ak S
TRRETEAE T2 SR B A5
26 /4 F IR E H (small heat shock
proteins, sHSPs)

MM A Y T AR AL E T, N
PR T 1 sHSPs. 441 s LI 2 58 T = il
W, S PHE G REA LR A S, &
FEHTEEXT, 7RI o 5 3ok il T it 2o TR OB 11 Wt o A s
AR 3] T AT GRS sSHSPs AOFEDE,  HEDmE 5 A
sHSPs % 1 HA P-P-[YF]-N-[ILV]-[IV]-x(9)-[EQ]%%
R REKERY], WREAKRAY sHSPs
ML — %, SHME MRS LRI S E A
M WA sHSPs b HAT SRR T8 2K 1 4 R
PEIR, TEmRE R T S 81k, e
KFEAMET, sHSPs HATB IEA IR & il . 20
i i S BRSO G R Y B A A 2 5 ) (sHSPL IR )
o FE PO,
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3 BEASEERFENHEER
31 WEASEE

TR ME AR Syn9 t4 H5HATERYLR 3 R %
R AT SE D S5 R R[] 1) 5 Bk i v ik 114
B Sl B )12 RO S A T o0 B, 5 R A I TE &
Yo IR 1 B 0 5 R BERAT G, TWEEE(R Syn9 t4
FEATRNE LT 2 B A A Bt o 8 Lo
HINH, BT ZE BRI, HERRZA
T5 E BIRE ST RR B E BT s AR AR
T ANTE T e AR e g 22 01

W20 B RE 5 R T AR BE T AT 1) 2 A s g
A7, X R T 2R 0 T 40 TR R R e B X i
ARG AR . X P I R A ) P
FEABAE R A A, AR AR ;. WXz
P R T e g R 1 BT P D 3 A B A AN R )
Py, TSR AN ] A 0 1 A 52T 204 s 7 1
DNA #E AETE F4IMIN, S WS DNA # A 18
F IR I AL A TE E TR T LS,
X AT RE SR A 5 A0 B S PR AL 2 A A Y oI
o XE 16 AT AR FRH RS R
FEXE o, 25 RSN B = %0 FE I, R
1 R W e A EL AT 1R B s A AR Sk s K R R e A
A AN E Y HEAR TS 2R WUR 7E K R A 5 1 3= =2 ()
St T3 BRI

Xof AN ) T 265 Ik 388 Al R 0 5 1 T A R R A%
VAT b, 45 S S R 1 A0 P I T AR R
JEE RN AR S5 B TR B ) AN [ T 765 sl 1A 1
F DNA AL AR 5 OB 1 A50% . SR L
B KM RV AR RERERER DNA FiR
B TE WG B AR R AR 2 AR o, LR I o
IRAS R AL RS A AR TR FLERAIR, T R AN R
PR ISR T, PR A2 p A R A R
Gy 22 50N g fu 2 (AL ) 7 W T AR H £
L R BT ek R R R RS A o Az R, 7
HOERIK 77, AR FCE R 2 R
IR R R D A R SRS T

3.2 EEEAEENMIHERSKINEELETF

P B L [H] (auxiliary metabolic genes,
AMGs)IWETE A, X1 32 40 M AU A% A T R 2
FERE SR 0 W B R & DD AR ERBE s A v K
W B R . WE R BE I (virophage) | B% i B
(transpovirons) 4% (1) 5 9% 7% (giant viruses)®®, B
#5417 DNA B85 . B, B M ie ies
RS A A AR LA LR P,

A Ao 4 AR AR I, S 7R ' B X I o A R e
AR ER W EROCERT, MRk
TR R R, BRETIEEA LY
(dissolved organic matter, DOM), M TIXHRAGI ™
AR B R R R AR 43 TR (pCO,)
FHE WA R A2, 45 5 S W A BE R
J132 5 BRI, FEE pCO, THm ik sE™)

4 INES5RYE

W AR — 2R AR K UBE AN N TE £
Mg EE, A EE AT E A e ) .
IKAEBRGEM . DGR R UK ) 4 Bk AE Py Hh Bk
AR R AE S 2B . K IREE T, s
SRR A SR . ACH RS EUNTE Bk
ik, Bl L. WSS, e
TR AR S TS L B R Gl R AT
F &Y Z R R, dodn )R T TR
B Z MR BRI IR

TSRS WGBS TR 72 L IR AIFSE,
DAL R ShRe . ikl . 51 F ORFRIKAR
SEA EAE R 09 L S L R
A, FREERAATE A Ihfe, DFABA T 120
AEAAE ) T A2 T H(4 CRISPR K | # CRISPR &
F Acr ZHUAF55). 53 B8 % B EEEA | T
BARBRCIE, FF WK BRI IRES , PR K AR
AR REE R S bR, SR ek g
R B E L . SRR SRS R B A A 2
Ay, EWARE AR 2R, 1B AR
B, WA (9 IS Bl R B 2R A A0 1Y
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