2025, 65(9): 4042-4059 G =i
CSTR: 32112.14.j.,AMS. 20250146 Acta Microbiologica Sinica
DOI: 10.13343/j.cnki.wsxb. 20250146 http://journals.im.ac.cn/actamicrocn

Research Article Bt &

=

o 35 B R M58 (R 2 (R 4R 5 4E 70
Mgk, BRE, BB R
BRA, RS, BRI’

1 TUR WEEeEbe, Wil T
2 TR HefnRheetbe, dbat

HR L mER S, wRaR REE

T, W R0, ERE, DR 5, A, TRAETHE, TRINMG, Stne, 280, TIRKI. IR0 il IRt (AL (R AR AR 04T 7] k)
2F4H2, 2025, 65(9): 4042-4059.

HONG Binxin, PAN Lingting, TAN Long, ZHANG Jinghao, YANG Jiahao, XU Shuyan, XU Jinpeng, JING Xiaoying, LI Dengfeng,
TONG Yigang. Genomic characterization of the procyanophages in Microcystis spp.[J]. Acta Microbiologica Sinica, 2025, 65(9): 4042-
4059.

@ E: B 9H (cyanobacteria), 6ARE R, RAKAAZAATEZVMALTH, LLFILY
K AR H 3k . 3k PR (cyanophage), 3% R 3 K (prophage) 2 £ 249 F A SR T, FrakR
AR AERAMBE L LEHMN ., R, A RBRERKROEZEMARIR, £5HRF X THER
(Microcystis) R 3 ARy AF kil . [B 69 KT g R R A H R Bk 69 A 4145 42 .
[ %1 A NCBI #48 & F T 7 A A s A A 2823t 354 AN A %), 418 PHASTER 344 )
HAE T ReEFEAR, o BREERGEFTE, KRB K A GHC 4 &; BilHH R FHIEE
(virulence factors of bacterial pathogens, VFDB) #= 4% &~ 4t £ % #F % #L 4% J& (comprehensive antibiotic
resistance database, CARD)-F &, 47 T A Rk ik 5 LA R R P45 F et B T 5457
BT, 65 AW s &F T Axt TR R kA SE A B AR AT KR Sy 48 2 B e R G it
. BIRAH TR R o 3 AR 8 K B34 £ 3 (Microcystis aeruginosa) FACHB-1326, 23 &
& CHATREFREME T, JFRM Eskdt —FIEd e R R g, [4R] A4
354 MR FRABAF, 98.3% &9 SRR TN 3B 45 F R R R R AR AR B EANTER
B FEAR 134, SEMAREFRAR S A, R ERRUERA 125 A, B R R KRR A
B B R R % A WZ1-WZ13 #= YS1-YS5, EHARAFTHARLAERATEEHNR TR
. % & 1% & F #f(phylogenomic tree) S 7, iX 18 AR{K & 3 B ARG H b € 4n sk A 69 BEALIE B
Bk, MR EFSHRT, YSSBFT —AMAERL6FE; WZ2. WZ3. WZ4. WZ5.
WZ6. WZ7. WZ9. WZ10. WZIl. WZI12 5 YS3 £ERB =T —MRER& 34, WZ1 5

VERNH [ & AR T RI(2018YFA0903000); 5+ i 1 2 5 i & 1 £1(20222170, 20247234)

This work was supported by the National Key Research and Development Program of China (2018YFA0903000) and the Ningbo
Key Research and Development Project (20227170, 20247234).

*Corresponding author. E-mail: lidengfeng@nbu.edu.cn

Received: 2025-02-26; Accepted: 2025-03-24; Published online: 2025-05-19



WA & | Rk, 2025, 65(9) 4043

YS1 £ R B 7T —AN# 4t YS2. YS4. WZ8 A= WZ13 N % g 48+~ T — /3 #+. FACHB-1344 #=
FACHB-1326 &4 T — /N 7 %A Rok ik, R ARLEATECTRIBELFF T/, [
#w) BRAGEREE T L RAE, MEELABE P LS REFERRET AR RS89 95 210
R, KRR T AT FHREeiAd.

KR s, REEA, KR, FRME; A AL EBRd M EKBEKRES

Genomic characterization of the procyanophages in
Microcystis spp.

HONG Binxin', PAN Lingting', TAN Long', ZHANG Jinghao', YANG Jiahao', XU Shuyan',
XU Jinpeng', JING Xiaoying', LI Dengfeng'’, TONG Yigang®

1 School of Marine Sciences, Ningbo University, Ningbo, Zhejiang, China
2 College of Life Science and Technology, Beijing University of Chemical Technology, Beijing, China

Abstract: Cyanobacteria, commonly known as blue-green algae, are important primary producers
in aquatic ecosystems and common dominant algae causing algal blooms in freshwater.
Cyanophages, especially procyanophages, are important planktonic ecological factors that affect
the evolution of blue-green algae and aquatic microbial communities. Yet studies on
procyanophages in cyanobacteria remain scarce. So far, few studies have reported the
procyanophages in Microcystis. [Objective] To investigate the prevalence of lysogeny in
Microcystis and characterize the genomic features of procyanophages in Microcystis. [Methods]
All the 354 genome sequences of Microcystis spp. in GenBank were downloaded. PHASTER was
used to predict procyanophage regions in the Microcystis genomes. Resistance and virulence
factors in intact procyanophages and questionable procyanophages were annotated via the virulence
factors of bacterial pathogens (VFDB) and comprehensive antibiotic resistance database (CARD).
Bioinformatics tools were used for gene annotation and phylogenetic analysis of the
procyanophages in Microcystis. Microcystis flos-aquae FACHB-1344 and M. aeruginosa FACHB-
1326 each was predicted to harbor an intact procyanophage by PHASTER. To evaluate the
infection activities of these two procyanophages, mitomycin C induction assays and dot-ELISA
were conducted. [Results] Among all the 354 Microcystis genomes, 98.3% were predicted to
harbor intact procyanophages, questionable or imcomplete procyanophages. A total of 13 intact
procyanophages, 5 questionable procyanophages and 725 incomplete procyanophages were
predicted by PHASTER. The 13 intact procyanophages and 5 questionable procyanophages were
named as WZ1-WZ13 and YS1-YSS5, respectively. No antibiotic resistance or virulence gene was
detected in them. The phylogenomic tree displayed distant evolutionary relationships between the
18 procyanophages and other known viruses. Bioinformatics analysis suggested that YS5 revealed
a previously unknown novel genus. WZ2, WZ3, WZ4, WZ5, WZ6, WZ7, WZ9, WZ10, WZI1,
WZ12 and YS3 together revealed a novel family. WZ1 and YS1 together revealed a novel family.
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YS2, YS4, WZ8 and WZ13 each revealed a novel family. The procyanophages in M. flos-aquae
FACHB-1344 and FACHB-1326 were verified to be activated by mitomycin C. [Conclusion]
Lysogeny widely exists in Microcystis spp. The novel procyanophages in Microcystis spp. unlock
novel viral evolutionary lineages previously unknown. This study enriches the understanding about
cyanobacterium-virus interactions and the diversity of aquatic viruses.

Keywords: procyanophage; lysogeny;
bacteriophage evolution; horizontal gene transfer

Microcystis; genome; novel genus; novel family;
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Figure 1 Comprehensive predictive analysis of procyanophage genomic features in Microcystis spp. A:
Predicted types and numbers of the Microcystis procyanophages; B: The distribution of the genome size of the

Microcystis procyanophages; C: The distribution of G+C content of the Microcystis procyanophages.

WHETETIA, 76 ICTV Mt Al £ B 8 F (tail protein), JE4R £ [ (baseplate protein).
RIAHI) Mo 2ebrife . BRI RAER—  Pam3 FEAELIE 4544 (Pam3 baseplate wedge) & 1
K (clade)d, BATIEZERIRLIEN 5O/ R B (tail lysozyme), 7 % 5 PAAR 4514
T 17%; WA S0 S e 38U(Tox-PAAR-like) 2 155, BT 24 A4
27%-79% Z I8l ; J& NG HE T 80% MUR% O HE 4 AR 4 RN UK 4B B3 % ¥ FACHB-1344 (3%
R, & R O3 (R SE LA LR 220 70%; Bl 1. % 2).

N B G a7 ANT AT isDDH B 434S/ NT 95% WZ3., WZ5. WZ9 Fl WZ11 f)E ke 2 1R
F170%. M, BA1ZIE2 50 ANL{E . isDDH {H (3% 3)3

fEYS3. WZ2, WZ4, WZ6., WZ7 H[EHy  mTAWEE, 42585 Ren e telhE—1
AR, £ g ek R AL IR R AR A, B Fh. BAR WZ10. WZ12 5 WZ3, WZ5, WZ9,
W) 4 L DR 2H A AR BE AR 25, VIRIDIC fHAT WZ11 B — %, 3 WZ10., WZ12 5%y
PASC {H 1 T /B BIE(70%), 45 R4EmEMl  HZE4rEM) ANL 5 isDDH {H (3 3K T-Fi N
AIREIE AR — 8 . EAR X SR ik ) I B, 25 R4ER WZ10, WZ12 £ F SR AN [E B 3T
MR IER 5 H R 61.64%, (HRBOHLILERN B, 3% 6 A TR W e fA ] 1 e s JE | L g ik
di AR 80% AU T RE R IR & YS3 UL R 91.3% (K 2), BT 80% AYJE e, 1 H & fi11a]
/N, HASF ORF $0K/>, sSXPIR TR0 2520 VIRIDIC {H A1 PASC {H¥4# i T )& B A
d IO 2> T . R, XEEJEmEEAA  (70%), 45RER AT LU N FE—ANE . e
] 43 £ 1) ANTAE (3 3) ¥ & TR BIE (95%) . b =2 0 %0 BE TR 49 03 44 15 2 340 4 %€ 2 11 (tall
ST 1Y isDDH {H.(3% 3)¥ & T N I 1H (70%), assembly protein). & 4% £ I (tail tube protein),
SERP R BT R A R — N Fl . EATIEEAY RS M (tail sheath protein), FEIFBE . JEME
U 3 R 9% 8 22 86 11 (tail fibers protein), FE#f 1. Pam3 JERBUEZEME N . B HEE . 5
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Table 1 Summary of intact procyanophages of Microcystis spp.

Name Host (accession number) Genome size G+C Number of  PHASTER score

(kb) content (%)  ORFs

Wzl Microcystis viridis NIES-102 (AP019314.1) 13.4 41.83 22 110

wZz2 Microcystis aeruginosa 11-30S32 17.6 46.95 15 100
(BHVU01000019.1)

WZ3 Microcystis aeruginosa PCC 9443 17.3 47.05 17 100
(HE973005.1)

WZz4 M. aeruginosa BS11-05 15.1 47.41 15 110
(JAADADO010000119.1)

Wz5 M. aeruginosa F13-15 17.1 47.07 17 100
(JAADAGO010000087.1)

WZ6 M. aeruginosa L111-01 15.1 47.38 16 110
(JAADAXO010000123.1)

wz7 M. flos-aquae FACHB-1344 17.7 47.03 16 100
(JACJSW010000233.1)

WZ8 Microcystis sp. M110S1 45.2 42.12 56 100
(JADBRY010000143.1)

WZ9 Microcystis sp. M41BS1 17.0 47.25 16 100
(JADBVJ010000056.1)

WZ10 Microcystis sp. LE17-20D 17.9 46.71 16 100
(JAPZQZ010000103.1)

WZ11 Microcystis sp. LE19-84 17.0 47.13 16 100
(JAPZSR010000022.1)

WZz12 M. aeruginosa CHAOHU 1326 16.7 47.12 15 110
(MOLZ01000045.1)

WZ13 M. wesenbergii Mw_MB_S_20031200_S109D 17.4 44.44 20 110

(SFAP01000237.1)

=2

Table 2 Summary of questionable procyanophages of Microcystis spp.

BREEARCE%R

Name Host (accession number) Genome size (kb) G+C content (%) Number of ORFs PHASTER score

YS1 M. aeruginosa NIES-298 254 40.65 24 70
(CP046058.1)

YS2 M. aeruginosa FACHB-905 11.7 40.63 13 70
(CP089094.1)

YS3 M. aeruginosa G13-05 9.3 46.79 9 70
(JAADANO010000102.1)

YS4 Microcystis sp. M31BS1 24.6 47.53 37 90
(JADBVEO010000095.1)

YS5 Microcystis sp. M20BS1 74.5 45.01 77 90

(JADBUZ010000015.1)
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3 ) Virus family 73 sequences
Left line: Virus taxonomy  0.001 0.005  0.01 005 0.1 0.5 .
Ack d [ ] us BCD7 (NC_019515.1) [93 839 nt]
ckermannyiridae wz7|1 7792 nt]
Aggregaviridae A YS3 9324 nt| Proportion of
Assiduviridag 22117648 nt] shated gones: 61.6%
Autographiviridae W26 [15 182 nt] genes: 61.6%
Casjensviridae WZ4 15 196 nt] Proportion of
Chaseviridae wéig E ig 38; nt| shared genes: 55.3%
nt|
Srevavmdae WZIL 117012 ne Proportion of
emerecyiridae w29 7 005 nt shared genes: 91.3%
wzs 17 149 nt

Drexlerviridae
Duneviridae
Forsetiviridae

Guelinviridae

Helgolandyviridae
Intestlvlrldae

Kyanoviridae
esyanzhinovviridae

Molycolviridae

Naomviridae
Orlajensenviridae
Pachyviridae
Peduoviridae

WZ3 17 356 nt|
| | Ba\lll levirus bastille (NC 018856) 153962 n
A Microcystis phage MaeS S\A 8 79 995 nt,
A A&/tuocv\n\gyhaf,e Micl ( N()ISIX‘) l 92 627 nt

A Microcystis phage Ma-LMMO1 (NC_008562. l 162 109 nl1 Proportion of
A Microcystis phage MaMV-DHO1 (OP394178. l 182 372 nt shared genes: 42.9%
A Microcystis phage MaMV-DC éNC ()290()2 l) [l(v‘) 223 nt]
] Ravarandavirus kac65v151 (NI 8 nt]
Donellivirus gee (NC 012)3719 1) [497 5]3 nt]
A YS2([11721 nt roportion of .
A YSI [[25 411 m]] }shar%d genes: 27.6% Proportion of .
WZl [13 495 nt] shared genes: 14.0%

Pervagoviridae

Rountreeviridae

virus rv66 (NC (J()7()46) |718 199 nt|
Cepunavirus Cp7 (NC
Brucesealvirus CP7R (NC 017980) [18 397 nt]

us APEC7 (NC_024790) [71 778 nt]

. Salasmaviridae
Schitoviridae

Kahucivirus intestinalis (NC_055886) [83 412 nt]

Steigviridae

Straboviridae

ﬁlahavn us amer lcnn'us_(NC "055889) [101 153 nt]

Suoliviridae

Vilmaviridae

(NC_055881) [102 301 nt]
Leefvirus Lee/ (NC 062750) ([’37 547 nt]

|
Ge
l"oh,\hmvn usgns/r ointestinalis (NC_055877) [92 668 nt]
I Freyavirus freya (NC_062746) [43 978 nt]

Winoviridae

Winoviridae

Zobellviridae

Labanvirus laban (NC_048834) [43 236 ;

A Microcystis phage Mea-Y ong924-1 (MZ44 863.1) [40 325 nt]
Mollyvirus m()l[v]& C _062751) [124 695 n
Pippivirus lotta (NC_048829) [34 751 ntJ

Becedseptimavirus
Ravarandavirus

Harrekavirus harreka (NC_062748 _}43 175 nt]
Callevirus phi38una (NC_021796) [72 53 4 nt|

Donellivirus

Bncelvn us ph146nes (NC_( 021792) [72 961 ]
Ceb irus phil Ouna (NC_021802) [53 664 nt|

B Herelleviridae

Daemvirus acibel007 (NC_025457) [42 654 nt]
A}}\;{lcroc)sns ;)hagc MaAMOS (MW495066.1) [273 876 nt
i

| S—

|
ceispirillum phage HMO-2011 (NC_021864.1) [55 282 nt] Proportion of
A YS4124675 nt] j’sharcd genes: 0.0
Lumosvirus lumos (NC_053504) [75 586 nt]

Tequintavirus AKFV33 (NC_017969) [108 853 nt]

Ceceduovirus cc2 (NC_019538) [231 743 nt]

Ahtivirus sagseatwo (NC_015281) [179 563 nt]
Nezavisimistyvirus Ea2809 (NC 027340) [162160 nt]
Noahvirus arc (NC 05582

f)oessnervn us Y2 (NC_ 0195)04) [56 621]m]

imvirus PA11 (NC 007808; 49 639 nt

Siovirus germanense (NC_048672.1) [40 163 nt ]_Propomon of
WZ8 [45 236 nt] shared genes: 0.0
Kokobelvirus kokobell (NC_052979) [59 837 nt]

Va[bvm/s ValBIMD2 (NC 055862) [36 616 nt]

irus Jk06 (NC_007291) [46 072 nt]

Burkholderia phage KS9 (NC_013055.1) [39 896 nt] roportion of
\F)‘JZB[”“OM] ]’s a.]r’edgenes 0.0

irus Epas (NC_052964) [64 096 nt]
AMzcmers phage Me-ZS1 (MKO« 69556 2) 49 665 nt]

E2 STEERYE MR EARFIEE (B R R E A
) = FATE 2 BEAL AU SR e A

ERGEBEN. SO0 =MILFREE
FYLL ) = F T o T P e A

Pan uvirus paopu (NC_052932) [17 36
orovirus emianna (NC 055 71) 68 l

A Mm ocystis phage VB MaeS T855! 96 1) 43 665 nt]
A Microcystis pha§y c MJin; 18 [242

Arsyunavirus RSYI NCEOZSI 5.1) [40
A Microcystis phage vB _MweS-yong2 (0M681334 1) [44 530 nt]
A Microcystis phage MACPNOA1 (KY697807.1) [42 473 nt]
A Microcystis phage Mwe-Yongl112-1 (MZ436628.1) [39 679 nt]
A Microcystis phage MinS1 (MZ923504.1) [49 966 nt]
A Microcystis phage Mae-Yong1326-1 (OP028995.1) [48 822 nt]

RSB, O

Figure 2 Phylogenomic tree of protein profiles of intact and questionable procyanophages. Green triangles

indicate intact procyanophages, blue triangles indicate questionable procyanophages, and pink triangles

indicate Microcystis cyanophages.
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WZ3. WZ5, WZ9., WZ10, WZI1,
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=L S ol 55.3% (K 2), /N TFE HE
(80%), KT 17% MERHEAE, 767 R} 5 E X 1]
(27%-79%) ", 2 MEFERREEE]AY VIRIDIC A1
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WZ12
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FEFET RFER AL TR R B, i s
Wi eI Y'SS 5 f e i B 1 W AR Ma-LMMO1
MaMV-DHO1, MaMV-DC F:[a]#4) it i 45 5% 5 H:
o 25 8] A9 E AL E 25 12 48 (>0.45) (K] 2). YS5 5
TS f A g 1) M W AR 22 [H] 43 S ) VIRIDIC
53910 54.6%. 50.7%. 52.2%, H/NT & H
{E(70%); YS5 i 2L g i R T 52 pl 00 S
B 7 LA 42.9%,  4b T3 B 13 E X 8] (27%
=79%). LRI YS5 LR —AS LA AR A B
MG, 5 I  AR o0 2S I fE e R P s e
Ma-LMMO1, MaMV-DHO1. MaMV-DC 3t [&] ¥
B — A VAR TR, %R b i 3 R
Ea NN N S R T Nl N A
(terminase large subunit), DNA ¥ & [iff (DNA
polymerase), DNA 5| % [iff(DNA primase). %% i
fiff(transposase) . ZLffHF(lysis) . MR AT IRIA )
fitf (ribonucleotide reductase). RNA i% 4% [ili (RNA
ligase) . DNA f#Jie[if(DNA helicase). RecA [
(RecA protein), #MJIfiff(exonuclease) . JF i 25
F1 A (NbIA) DA J 48 A~ K BB T B 1 Th g m i ik
HEH.

T RFEA XTI EBW T, WZ1 5
YS1 RAL—FR (& 2), WAL AR 0L
Fbh 27.6%, /NTJE N ISIME (80%), P& TR
5 1B X [8] (27% - 79%); 6 % [6] () VIRIDIC F
PASC {Eth/NFJE BIfE . 45882 7m WZ1 5 YSI1
#AREFE-AVUARANIE, BT AR
— R, E S YS2 MR R AR
W, —EZMIEE RO S R 14.0%, /)
TRHEE(17%), 45RER YS2 s — LIk
HEE, Wzl 5 YS1 —EHEm—A AR
FE . WZ1 5 YS1 2 (4% 0 5 N 4 1 2%
JAE Tt .

TE KT 4 5 4 L3t 1Y & 75 0 b (18] 2),
YS4 5 Puniceispirillum B 1 W% B & HMO-2011
I8 R RO — SRR s WZ8 518 AR AT R
(Lentibacter) Wi K S. germanense 7t 5 3 5 il
— B R, WZI13 H5A W EREKERE

(Burkholderia) /) W V& KS9 it 5l 58 il — >k
# . VirClust 23 #7 .78, YS4 5 HMO-2011 [f]
WZ8 5 S. germanense [1) . WZ13 5 KS9 [8] 470
Bk 0 FE R, VIRIDIC Hl PASC X 7R
TATPR A [R] 4 SE R AR ARAR(<0), SR BoR
YS4, WZ8, WZI13 45 A 18 3 DL 1E & F0 1%
%

2.4 SEECREINGEASER R R LR
REFEEERE

fif FH #F 2 3 B ¥ RAST. HHpred,
HMMER #l BLASTp #4775, # ORFs 3%
TIOIRRIEN 4 A HEPIB Y. Sl 5T 24 .
WIS . S8 3. RH(HTH
NMDCX0002089). A fe#%UIfeiE R ORFs %
iy 1) 25 11 9 FR AR A 5 2E 11 (hypothetical protein).
5 —MmE RIS, SRR R AR R E S A
JER VG SEAAS Y'ST 114 35 PR 21 A g A7 660 19 I i) A b
FIF ) attl (ATAGAAGTCCGA, X I fii & .
17 22617 237 bp) Fl attR (ATAGAAGTCCGA,
XA E . 42 636-42 647 bp).

TE WZ1 B PR 2 i B 4 i sleeping
beauty % JERIE, 7E WZ1 Fl YS2 Hrfifi #
i1 4 i Mariner Mos1 %% JEfif§ () 3£ K] . Sleeping
beauty ¥ i Jiff /& — Fl Tcl/mariner # 5 % DNA
SRR, AT Z R AR AR R R AT I
P2 TR T B, G el ol 51, g Tl 44 1k
DNA VIR G 7 e JE 2R iy 1) Jod o S5 1 7 97
B4, Mariner Mos1 %% i Jiff ¢ 552 76 & BOR B
S b A& BRFE FE -, J& T Mos1-mariner/Tcl
K, It B UIFURS LGS, 7F TA A%
fiz b AT iy JRE )

18 13 A SERE R [ Mg AR S A B 75 i
WA B WZ1 R YS2 Ab, HiAth 12 Aok Rl
JEIGE AR 4 A B DL s e AR S i R
VTR AH DG R FE R g S 2 TR I s A R 5 0L AR
JE I AR B 45 ORF Za it 4 25 1 -5 8 JL 50 28 v
BT 192 2% 55 47 BLASTp X, RIMER T
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Table 3 ANI and isDDH values shared between intact and questionable Microcystis spp. procyanophages

ANI  iisDDH (%)

(%) WZ1 WZ2 WZ3 WZ4 WZ5 WZ6 WZ7 WZ8 WZ9 WZI10 WZI1 WZ12 WZ13 YS1 YS2 YS3 YS4 YS5
WZ1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 88.2 83.9 0.0 0.0 0.0
WZz2 0.0 514 769 513 77.1 779 0.0 51.6 499 51.8 581 0.0 0.0 00 781 0.0 0.0
WZ3 0.0 952 547 85.6 54.6 542 0.0 80.5 456 807 649 0.0 0.0 00 473 0.0 0.0
WZ4 0.0 97.0 95.6 542 995 71.7 0.0 58.1 493 581 587 0.0 0.0 0.0 100.0 0.0 0.0
WZ5 0.0 954 98.0 96.6 542 554 0.0 789 449 80.1 624 0.0 0.0 00 484 0.0 0.0
WZ6 0.0 97.0 957 100.0 96.6 719 0.0 58.1 494 582 58.6 0.0 0.0 00 999 0.0 0.0
WZz7 0.0 97.1 97.0 963 96.8 96.3 0.0 540 459 536 588 0.0 0.0 00 726 0.0 0.0
WZ8 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 00 0.0 0.0 0.0 0.0
WZ9 0.0 926 97.1 939 974 939 929 0.0 476 944 724 0.0 0.0 00 474 0.0 0.0
WZ10 0.0 924 919 91.6 934 91.6 91.0 0.0 923 474 520 0.0 0.0 00 39.1 0.0 0.0
WZ11 0.0 92.6 970 939 97.6 94.0 92.8 0.0 99.2 922 69.1 0.0 0.0 00 470 0.0 0.0
WZ12 0.0 954 972 96.8 946 96.8 969 0.0 969 93.7 96.6 0.0 0.0 00 507 0.0 0.0
wz13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
YST 988 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
YS2 988 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
YS3 0.0 979 90.2 100.0 93.5 100.0 96.7 0.0 96.1 922 960 975 0.0 0.0 0.0 0.0 0.0
YS4 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
YS5 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

WZI13 A, oAl S 8 14 64 25 % 25 11 B9 Top hit
PR R e s R R (RS
NMDCX0002089),

YEX} WZ13 [ ORF #£4T BLASTp HLXJ R,
Horp 12 M EH 5 Z AT 3 &8 (Fusobacterium) )
EHRBEE RS, 1155 Y ERER
(Lautropia) i [F} P8 P de v, oAl 7 1~ AY Top hit
A B A 15 (Microcystis wesenbergii) W) 25 (2
58 NMDCX0002089).,

TEIX SO e I AR rh . WZ8 1 YSS
ER B Z I M B UL . WZ8 1 ORF 34
BT Ch g 6 A = E 3R B B8 (glutamyl
transferase, GT), ORF36 Tl A g & 3 H Mk ik
2 & 1Y [} (carbamoyl phosphate synthetase, CPS),
ORF37 Tl 4 % K 2 Wt iz 45 J 7 (asparagine
synthase, ASNS), ORF57 Fiitiil] > Y B B R &
Ji% B (thymidylate synthase, TS), ORF59 il &
o i B 2% MRS 78 1 R 5 1 (flavin-dependent
thymidylate synthase, FDTS or ThyX). %% Mk
e M OUPREL A 2 It e it ) I AL 2 1 o 22 Ik
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FLALPE . AR E PR . BEREE L PROK PR BE
JERE T SRR 2, dE e B s XU .
&L BRI AMILAE , AR Sy — o AL S ]
Bz N TR AR, An K T
AL, KHE . . S ERMHIERT, R
PEBEIR & WU e — b OG0 AT, fh 2 5
PP Bt Ml 2 110 20 i, o i AU R 5 A R 5
IAZO M, 25 PR 6 RIS WE R IR & il
FRBT R AL T e B 1t 2 — b S 1 AR 1 Rl
i fb K 4 & W2 (aspartate, Asp) Fl 2 & Bt %
(glutamine, Gln)& i, K & ik B¢ (asparagine, Asn),
FERACH R as | Z R AT . 20 3 5 R )
o i R R BOCHE AR, HIReE M2
Yo, e BRI S B B 45 vh B AT
PEPY, BHRR G RS 5 DNA Gl 51BE
8 AN R B 1Y) OC SRl L 97 T A A I ALK IR
(deoxyuridine monophosphate, dUMP) H 4k A= i
i % M9 4F BR (deoxythymidine monophosphate,
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dTMP), dTMP J& DNA 1 Jiig i W5 5% () B 4% /i
fRPO), FDTS J&—FlAS ] T2 ML R A i g
W E A R G BB, R B R B I (flavin
adenine dinucleotide, FAD/FMN) FIlAH Pk iz A 022 i
% 7 R W% R (nicotinamide adenine dinucleotide
phosphate, NADPH) i 1k i % JK 1 2 %% 1k &
dTMP, 5 DNA & hi e Hh i iR s g firfk . FDTS
FEAEE TUE . o T A o B A U E ) (n g
FH, BB Y2 T K ) EE R

7E YS5 11, ORF2 #5002 i 68 e N-2
{L i (putrescine N-hydroxylase, PNH), ORF24 #¥
T Sk 2 A5 4 i PQQ A B A 1 (coenzyme PQQ
synthesis protein, PQQ synthase), ORF64 # i il
RS IR G A 47 (dephospho-CoA kinase,
DPCK), ORF73 #{ #il il > g At bR W5 WE -DNA i
FL A 1§ (uracil-DNA glycosylase, UDG), ORF91
BT A g B A% OME R 0 R L R
(ribonucleoside-diphosphate reductase, RNR), J&
iz N-FeAk A AL S8 B (putrescine) B N-F£ 34k 2
N, A A N-F2 5L 8 B (N-hydroxyputrescine), &
PRGN EZE S 535, X 4R IR IR 5
AR OCE TR A Y O, X
PESIAKRIAFFE , T4 7= B e = 5,
T PQQ A AR (LR M 1 1 IR PR 15 it i ) F
1k A B ML 1 s Bk iR (pyrroloquinoline quinone,
PQQ), PQQ J&—Ff EA E ki i Pk i B 2 4y
M, A TRAEY . WAz th, 25
ZAEYRSHE . PQQ W N T AE W%
AR R MR RRBE . B
SRS . VR AR T BB TR R ORI
KAER), PQQ HAPIEE . UEE N . Hibk
PRI . B AR, HHET PQQ HIRUEY
R EAL, FRULLE oo DA R,
WA YS5 1) ORF24 Zif% ) PQQ synthase ELA 15
KR PQQ & LSy, WA B4, H
FHRAF M LR A A JBEAE LA
fitf A (coenzyme A, CoA)fJa—#4, E#EHRE
HACHH S YA A OIT ), JRIEE-DNA

P4 actamicro@im.ac.cn, 78 010-64807516

WHILAL B AL 5 PR ERE 1) DNA LPRIRMERE, TE
M W G A7 A (R AP 7 45), J& DNA & Z 1
S MBS F, 1% J& DNA BV R B 5
(base excision repair, BER)j& 12 H 1Y S B AL 4 il
A A s [ A R A 1 5EAE R R
PUNIIBR DNA WS TR B A IRIERE , iRk
WS AL PRI, TR A2, JRIEEIE-DNA
WAL B 9 T 98 0 PCR V53¢ . &Kl DNA
PG R A AT B AR R B TR A b
¥ (ribonucleoside triphosphates, NTPs )1tk
Jd 582 A% 1 R (deoxyribonucleotides, ANTPs)
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[El4 FACHB-13445FACHB-132600H RS EERR(A. B)FIMERIATERE ISR AIMEDNI(C, D)
Figure 4 Normal cultures and lysates of FACHB-1344 and FACHB-1326 with (A, B) and phagoliths causing
phagolithic spots on algal moss (C, D).

RS BSIENAIFACHB-1344[FIEE AWZTFIFACHB-1326 R ISR A WZ 128975 £ SEH
Table 5 Host range of induced WZ7 of Microcystis flos-aquae FACHB-1344 and WZ12 of Microcystis
aeruginosa FACHB-1326

Strains WZ7 of M. flos-aquae FACHB-1344 WZ13 of M. aeruginosa FACHB-1326
M. aeruginosa FACHB-905 - -
M. aeruginosa FACHB-942 - -
M. aeruginosa FACHB-1326 - +
M. aeruginosa FACHB-924 - -
M. aeruginosa FACHB-925 - -
M. aeruginosa FACHB-469 - -
M. wesenbergii FACHB-908 - -
M. wesenbergii FACHB-1112 - -
M. wesenbergii FACHB-1318
M. wesenbergii FACHB-1317

M. wesenbergii FACHB-929 + +
M. flos-aquae FACHB-1028 + -
M. flos-aquae FACHB-1351 - +
M. flos-aquae FACHB-1323 + +
M. flos-aquae FACHB-1344 + -
M. elabens FACHB-916 - +

M. Panniformis FACHB-1757
M. Ichthyoblabe FACHB-1409
M. viridis FACHB-979 - -
M. viridis FACHB-1342 - -
Microcystis sp. FACHB-915 - -

+FRR I —FORPUPEBE .
+: Susceptible; —: Resistant.

FACHB-1344 7535 Ak (1) W 3 AR RE % JER L K A 2 16 £ PE % FACHB-916 Fl/K A2 {% 3% % FACHB-
3 FACHB-1323 . FACHB-1028 FIE{[G i 1351, FACHB-1323,

FACHB-929; M4t %% FACHB-1326 A% 2.7 BSIEUWHERSRARIFRIES

TG AR e AR R A B e B G f 8 % FACHB-929 WAL WZ7 Fn WZ12 SR a1 (/] 5)34 &2
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E5 SELAIWZT (A, B)FIWZI12 (C. D)HIEEEE

Figure 5 Transmission electron microscopy photos of activated WZ7 (A, B) and WZ12 (C, D).
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