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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.
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Fh, BAR WZ10, WZ12 5 WZ3, WZ5, WZ9,
WZI11 B — 1 E%, A WZ10, WZ12 5
HZ a4 50 ANI 5 isDDH {H (35 3) K T#h N
BI(E, 2548 WZ10, WZI12 4% 3 )R AR A8
P o 3 6 AN Ji 0 e 4% [R] 119 e =2 BE R oy L ey ik
91.3% (K1 2), T 80% (X))@ BIME, i ELeAi]/A]
Ay EE 1) VIRIDIC {E Fll PASC {2885 1 s B (H
(70%), SERHFR AT LI AR —A 8. e
5 0 R 0 TR ) 4 ) 2 S 4 2 B 1 (tail
assembly protein), JE 45 £ H (tail tube protein),
JFE ¥ £ H (tail sheath protein), FEMHEH . FEME
M. Pam3 JEARBUE LM E N . B AR . 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

WzZ1 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
(JAADAG010000087.1)

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

wZz7 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)

WZzZ13 M. wesenbergii Mw_MB_S_20031200_S109D 17.4 44.44 20 110

(SFAP01000237.1)

=2 S

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)

http://journals.im.ac.cn/actamicrocn
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Virus family

73 sequences

Left line: Virus taxonomy 0.001 0.005  0.01 005 0.1 0.5
[ ] Becedseptil irus BCD7 (NC_019515.1) [93 839 nt]
Ackermannyiridae WZ7[17 792 n]
Aggregaviridae A YS3 (9324 nt]
Aggd id WZ2 17 648 ] Proportion of
ASSl uvirlqae shared genes: 61.6%
utographiviridae WZ6[15 182 nt|
Casjensviridae WZ4 15 196 m Proportion of
Chaseviridae WZlO [17 901 ﬂt] shared genes: 55.3%
WZ12 [16 709 nt|
Crevaviridae WZ “ 17012 nt] Proportion of
Demerecviridae WZ9 7 005 nt shared genes: 91.3%
Drexlerviridae WZ5[17 149 nt
FDunev1r1declje - WZ3 [17 356bm BT 018856) —
rsetivirl us bastille
G(;eslelltlwrld:ee A MN‘DC_}SUY phage MaeS T3626 8. l; P‘) 995 nq
A Mlcroe WIIS hage Micl ( 013189.1) [92 627 nt
Helgolandyiridae AY s68n %
Intestlvmdae g A Mlcmcyxtn phage Ma-LMMO1 (NC_008562. lg 162 109 nt Proportion of
anov1rﬁ ae A %tcmcy\tn plhwz,e I\I\ZIaRA/I\\; 1[))8 ’%\I(cogigég)lei [1},322%2 n]t shared genes: 42.9%
nzhinovviri A Microcystis phage Mal nt
M(e)?yzolvmg;]e idae [} Ravara}ndav?rmgkac65v151 (Né 048756.1) [146 618 nt]
N y id Donellivirus gee (NC_023719.1) [497 513 nt]
anmvm ae A YS2 (11721 nt] }Pmpomon of X
rlajensenviridae A YSI[25411nt] hared genes: 27.6% j_Propomon of
Pachyvmdae Z1[13 495 n shared genes: 14.0%
WZ1 | t]
geduowndacelz ; ; s (?\16 éWﬁz??ZO‘ffg [7 18 199 nt]
ervagoviridae irus Cp
Rount%‘eevmdae uces CP7R (NC_017980) [18 397 nt]
Salasmavlrldae (ama/cyavlrm APEC7 (NC_024790) [71 778 nt]
. Schit id Fohxhuevirus gastrointestinalis (NC_055877) [92 668 nt]
chitoviridae Kahucivirus infestinalis (NC_055886) [83 412 nt]

Steigviridae

Bluhawru\ aancaml\ (NC _055889) [101 153 nt]
Keh

gtra1 ov1r&dae o (NC_055881) [102 301 nt]
uoliviridae Leefvirus ILL (NC_062750) [37 547 nt
Vilmaviridae ¢ Fi re,(‘z/zwms freya (NC_( 06272“% ) [43 978Jm]
Labanvirus Iaban (NC 048834) [43 236 nt]
w:ggz:gggg A Microcystis phage Mea-Y | 592 -1 (MZ447863 1) [40 325 nt]
Mollyvirus mol/yISINC 06. 27 ? 124 695
Zobellviridae Pippivirus lotta’(NC_048829) [34 751 nt]
Becedseptimavirus Harrekavirus harreka NC ()62748 4?3 175 mJ
Ravarandavirus C all«.lwms p}’rll38una C
Bacelvirus phid6tres (NI ()2]792) [72 96] t
— g(e)]%el%g\\/,:;?ae Ceb virus philOuna (NC_021802) [53 664 nt]
r Daemvirus acibel007 (NC_025457) [42 654 nt]
AMlcmcy\tn phage MaAMO5 (MW495066.1) [273 876 nt]
|—+ IS illum phage HMO-2011 (NC_021864.1) [55 282 nt] Proportion of
- A YS4 124675 nt] j‘shared genes: 0.0
Iummwrm Ium()\ (NC_053504) [75 586 nt]
Teq AKFV33(NC_017969) [108 853 nt]

Ceceduovirus cc2 (NC_019538) [231 743 nt]
Ahtivirus sagm.a/wa (NC_015281) [179 563 nt]
Nezavmmn/ywm\ Ea2809 (NC_027340) [162 160 nt]

Noa gl 0558265) L‘7§()87 t]
Ioeunervmn 2 (NC 04) [56 621 nt|
us PAIT (NC 007808% 49 639 nt]|
émwrm germanense (NC_048672.1) [40 163 nt Proportion of
‘WZ8 [45 236 nt] :"s hared genes: 0.0
Kokobelvirus kokobell (NC_052979) [59 837 nt]
Valbvirus ValBIMD2 (NC 055862)[36 616 nt]
Rogunavirus Jk06 (NC_007291) [46 072 nt]
Burkholderia phage KS9 (NC_013055.1) [39 896 nt] roportion of
WZ13 [17410nt] :l's a?ed genes: 0.0
virus Epa5 (NC_052964) [64 096 nt]
AMu‘mcysuS phage Me-ZST g; K06 9556 2) 49 665 nt]
Paopuvirus paopu (NC 052932) [17 8 19

Foxborovirus emianna (NC_05577
A Microcystis phage vB MaeS 4% 5 T85596 l) 43 665 nt]
A Microcystis ph;ggy ¢ MJin; § 923, 13 gu

Arsyunavirus RSY1 NCg 025115.1) [40
A Microcystis phage VB _MweS- yong2 (OM681334 1) [44 530 nt]
A Microcystis phage MACPNOA1 (KY697807.1) [42 473 nt]
A Microcystis phage Mwe-Yongl 112-1 (MZ436628 1)[39 679 nt]

A Microcystis phage MinS1 (MZ923504.1) [49 966 nt]
A Microcystis phage Mae-Yong1326-1 (OP028995 l) [48 822 nt]

E2 TERFREEAFMZODEREANESERFZLEN. SOMN = MIEFRRERAERER, HE
= IE RN BB R A, Ry 2 ) = FE R T e 4

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.

5 PAAR S5t EE 5T . 2458, LIRS T— AL, eI

WZ3, WZ5. WZ9, WZ10, WZ11, WZ12  .OREESHmESETRENR . BEEH . Bl
FRTE IR S YS3. WZ2., WZ4, WZ6., WZ7  HEEH . BWEN . EREN . Pam3 B

3@%*’3 FERA G . RS PAAR S5H38EEH .
Z B 5 ZF fFF B (%) 05 74 /& Becedseptimavirus

BCD7 m il s aE, (HICH IR LIEN, 4551

IR 11 AR T i S A B ) SR S B
—DUAEARHEL

JITTE WA (R ) W — TR A %, B AT
LR S o 55.3% (K 2), /NTE RME
(80%), KT 17% MRHEAE, 7637 R} E X 1]
(27%-79%) 1, 2 MEFERREEE]AY VIRIDIC A1
PASC {H/NF & BIME, SR EnennilaE T

P4 actamicro@im.ac.cn, 7% 010-64807516
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TERET 2L A T A B, e i
Wi AR Y'S5 5 (3 ZU R I 3 1A Ma-LMMO1
MaMV-DHO1, MaMV-DC 3t [l ¥4 i i i 7% 5 H:
b B 18] (Y 2E AL IE BT I8 (>0.45) (K1 2), YS5 5
TS f A g 1) M W R 22 ] 43 S ) VIRIDIC
{EH23 90 54.6%. 50.7%. 52.2%, ¥J/NTF &
{EL(70%) 5 YS5 5 ok 45 ZU 4 ik g A At =2 1) %
O FE G R 42.9%, 4b TR Y X [E]
(27%-79%). ZEHRHER YS5 LR — 1 LUIE AR K
FUFT R, B 53X 1 2R 535 9 Tl g R
BAK Ma-LMMO1, MaMV-DHO1, MaMV-DC 3t
[FAS 8 — A AR RSB, 2R i s i
A PN HE =2 0 A% 0 3 DR 43 00 4 1 R g il R S
(terminase large subunit), DNA % & [iff (DNA
polymerase), DNA 5| %4 fif(DNA primase) ., ¥4 i
fiff(transposase) . 24 fE(lysis) . BRI IRIL 5
fit (ribonucleotide reductase). RNA % 4% [ili (RNA
ligase) . DNA fi#Jie[if(DNA helicase). RecA [
(RecA protein), #MJIfiff(exonuclease) . JF il 225
F1 A (NbIA) DA K 48 A~ K BE T B Th g my i ik
HH

FEHRTESHA T EE M, WZ1 5
YS1 B — (Kl 2), Wi pgiz s A
R 27.6%, /T JE N ISI{H (80%), Y& 7EFHY
5 {E X [8] (27% - 79%); 6 # [6] () VIRIDIC F1
PASC fHAL/NF )@ BIfE . 258 8R WZ1 5 YSI
# ARE—DLIERIMIE, BN HeIE A [H
—ASHER. =85 YS2 Ml — AT R A
e, =HZ LRG0 5 R 14.0%, /)
TRHEE(17%), S5R4ER YS2 #Hm— LR
HIGHARE, WZ1 5 YS1 —&#EzR—A IR R
R, WZ1 5 YST 52 5y B0 ik TR 4 6 %
JAEE i

TE R T2 5 N4 T i & & WA (E 2),
YS4 5 Puniceispirillum B 1 V% B & HMO-2011
TR M SR — AR WZ8 5B AT R
(Lentibacter) Wi K S. germanense 7t 5 3 5 il
—EE; WZ13 5w E R EREE

(Burkholderia) /) W VK KS9 it 5 H 58 it — Ak
# . VirClust 23 #7 .75, YS4 5 HMO-2011 [f]
WZ8 5 S. germanense [7] . WZ13 5 KS9 [8] 470
Bk 0 FE ], VIRIDIC Hl PASC X i 7R
CATPR A [R] 4 S5 R AL AR AR (<0), S52R BoR
YS4, WZ8., WZ13 45 A 1% & DL 1E & J0 1%
&

2.4 SEECREINGEAS ER R R LR
REFEEERE

fif FH #F 2 73 B ¥ fF RAST. HHpred,
HMMER #l BLASTp #4775, ¥ ORFs 3
TOIRRIAN 4 ADHEPB e il 5T 24 .
WIS . S8 3. RH(HTH
NMDCX0002089). A fe#%U) e iR ORFs %
i 1) 35 11 9 FR AR A 3 2& 11 (hypothetical protein).
5 mERE RIS, SRR R AR R S LA
JE G e AR Y ST 114 35k PR 2H K oty A7 66 19 I i) A b 2
ZIF ) attl (ATAGAAGTCCGA, X I fii & .
17 22617 237 bp) Fl attR (ATAGAAGTCCGA,
XA E . 42 636-42 647 bp).

TE WZ1 B PR 2 v i B 4 i sleeping
beauty % JERIIE, 7E WZ1 FIl YS2 i #
1 4 i Mariner Mos1 %% JEfif§ () 3£ K] . Sleeping
beauty % J Jiff /& — Fl Tcl/mariner # 5 % DNA
SRR, AT Z AR R SRR AT I
P2 TR T B, G R ol 51, g Tl 44 1k
DNA Y EI R G 7 e JE 2R iy 1) Jod o S5 1 7 97
B4, Mariner Mos1 %% 8 Jiff ¢ 5 52 76 & BOR B
S b & BRFE FE R, J& T Mos1-mariner/Tcl
K, It B UIFURGS LGS, 7F TA A%
fiz b AT i JRE )

FE 13 A SE R R [ Mg AR S A B 5 i
WA B WZ1 R YS2 Ab, HiAth 12 Ao skl
JEIE AR 4 A e DU s e AR S e R
VTR AH DG B FE R g S T TR I 9 A R 5 0L AR
JE I AR B 45 ORF Za it 4 2K 11 -5 8 JL50H 28 v
BT 192 2% 55 347 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 WZ10 WZI11 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 51.6 499 518 581 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 96.8 963 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 00 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
YSIT 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 00 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

WZ13 A, oA S 4 1A 64 25 % 2 11 B9 Top hit
PR R e s R (RS R
NMDCX0002089),

FEX} WZ13 ) ORF #£4T BLASTp HLXJ R,
Horp 12 M6 H 5 Z AT 3 8 (Fusobacterium) )
EHRBEE RS, 1155 Y ERER
(Lautropia) i [F} P8 Pk fe v, oAl 7 > AY Top hit
A B A i (Microcystis wesenbergii) W) 25 (2
5 NMDCX0002089).,

TE X SO e I AR rh . WZ8 1 YS5
ER B Z M B U L] . WZ8 11 ORF 34
BT g 4 A BE 3 B F% T (glutamyl
transferase, GT), ORF36 Tl A g fidh & 3 HH Mk ik
2 & 1Y [} (carbamoyl phosphate synthetase, CPS),
ORF37 Tl hy 4 % K 2 Wt 1z 5 JC T (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
ol M OUPREL A 2 It e it ) AL 2 1 o 22 Ik &

>4 actamicro@im.ac.cn, 7 010-64807516

2 500 o A 173 e 161 B2 7 v S N (150 &3 e = D
LR TN RE , X e 2 1 o PR o (An A vk
FLALPE . AT YR . BAREE L PROK PR BE
JERE TSR RO 2, R ek B s XU .
&L BRI ANILAE , AR Sy — o A S ]
Bz B TR A, An K R T
AL, KHE . . S ERNHIERT, R
PR IR & WU e — Fh OGS 0 A, fh 2
PR Bt Ml 2 110 2B i, o i AU R 5 A IR 5
IAZO M, 25 PR 6 I RIS E R IR & ik
FEBT R AL T it B 1t 2 — P S 1 AR T
it fb K 4 & B2 (aspartate, Asp) Fl 4 & Bt %
(glutamine, Gln)& i, K & [k B¢ (asparagine, Asn),
FERACH A as | Z R AT . 20 R 5 R )
P N R B OCEZEMAEN, HIReE L
Yo, e AR A S B B 45 vh B AT
PEPY, BHRR G 2S5 DNA Gl 51BE
(8 AN R B 1Y) OC SRl L B TF A A0 AR IR
(deoxyuridine monophosphate, dUMP) H 4k A= i
i % M9 4F BR (deoxythymidine monophosphate,
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Figure 3 Genome maps of procyanophages WZ1, WZ3, WZ8, and WZ13.
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Table 4 Functional categorization of intact and questionable Microcystis procyanophage ORFs

Procyanophages Lysis Lysogeny and  Packaging Replication and  Structure Hypothetical Total
transposon regulation protein ORFs
6 - 8 - 9 23
- - - 12 2 16
2 16
1 16
2 16
- - - 12 2 16
2
3
1

Wwz1
WwZz2
WZ3
Wwz4
Wwz5
WZ6
wz7
WwZz8
WZ9
WZ10
WZ11
WZ12
Wz13
YS1
YS2
YS3
YS4
YS5

16
62
15
- - - 13 - 15
- - - 12 1 15
- - - 12 1 15

1 - 2 8 8 21
11 - 14 - 11 37
12
- - 2 5 - 9
37
3 1 22 2 63 95
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dTMP), dTMP J& DNA 7 Jiig i W8 5% () B 4% /i
AP, FDTS J&—FlAS ] T2 ML R A i g 1
W WE R OC BB, R B R B (flavin
adenine dinucleotide, FAD/FMN) FIAH Pk iz A 022 i
% 7 R W% R (nicotinamide adenine dinucleotide
phosphate, NADPH) i 1k i % JK 11 2 %% 1k
dTMP, >4 DNA & hi e Hh i iR s g firfk . FDTS
FEAETE AR . o T A o B U E ) (n g
FH, BB Y2 T K ) B

7E YS5 1, ORF2 #0268 e N-2
fL 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 J40i#(dephospho-CoA kinase,
DPCK), ORF73 #{ #l il > g At bR W5 WE -DNA i
FE A 1§ (uracil-DNA glycosylase, UDG), ORF91
SRl REE R R S
(ribonucleoside-diphosphate reductase, RNR), J&
iz N-FeAk A AL S8 B (putrescine) B N-F2 34k 2
N, A A N-F2 558 B (N-hydroxyputrescine), +&
RGN EZES 535, X 4R EIRER I 5
AR G G Y O, X
PESIAKIAFFE , T4 7= B (e = 5,
T PQQ A AR (LR M 1 1 IR PR 15 i i Fh
1k A B M 1 s Bk iR (pyrroloquinoline quinone,
PQQ), PQQ J&—F EA E i i Pk i B 2 4l
M, A TRAEY . HYRshyt, 25
ZAEYRSHE . PQQ W N T AE W%
AR R MR RRBE . B
SRS, VR AR T BB TR R UK
KAER), PQQ HAPIEE . UEE NI, Hibk
PRI . B ARSI R, HHET PQQ MIRUEY
KB EAR, FRULLE oo DA R,
WA YS5 1) ORF24 Zif% ) PQQ synthase HLA 15
KR PQQ & iy, WA A,
FHRAF M LA A JBEAE LA
fiti A (coenzyme A, CoA) i Ja—A, E#EHRE
HACHH S YA B OIT ), JRIEE-DNA

>4 actamicro@im.ac.cn, 7 010-64807516

WHILAL B AL 75 PR ERE 1) DNA LFRIRMERE, TE
M W G A7 A (R AP 37 45), & DNA & &
S MBS, % JE DNA BV R &5
(base excision repair, BER)j& 12 H 1Y S B AL 4 il
A S s [ A R A 1 5, IR R
PUNIVIBR DNA WS TR B A IRIERE , iRk
WML PR I, TR A2, IRIEEIE-DNA
WAL B 9 T80 PCR V53¢ . &Kl DNA
PG R A A B AR R B TR A b
¥4 (ribonucleoside triphosphates, NTPs )1tk
Jd S8 2% BB A% 1 R (deoxyribonucleotides, ANTPs)
KR, HEY) ANTPs 2 DNA &l 51552 s
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[El4 FACHB-13445FACHB-132609 RS EERR(A. B)FIMERIATERE ISR AIBEDNI(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).

£S5 BSIENAIFACHB-1344[FIGE (AWZTFIFACHB-1326 R ISR A WZ 128975 £S5 H
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 - -

T G ~FR

+: Susceptible; —: Resistant.

FACHB-1344 5 PR fLIGUESE AR RE SRR AR 16 S5 BUBENE FACHB-916 FK 0% FACHB-
$3 FACHB-1323, FACHB-1028 FIH#[Gf## 1351, FACHB-1323.

FACHB-929; M43 FACHB-1326 5 2.7 BS/AHRERSEARLFRIFTS

TG AR e AR R A B e B G f 8 3% FACHB-929 WAL WZ7 Fn WZ12 SR dE k1 (] 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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