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FEEE: NERSTHE (Aristichthys nobilis)i% il %1k Pseudomonas lactis BJ-1(#k BJ-1)44h %l K B 47 £ i 28 35 (DM Cs) &
I S AEFAMLEE, 5 BI-1 . DMCs #EiR Kb TURIR S, W@ IRk B 4G . 3R IE I 41(G2)
FE e FE T A1(G3), VAT IR, ek 25 C . JEHRSRE 15 pmol-m * s ADGKE A MILL 12 h = 12 h £ Tk
W21 d AR, JHRIEES RIF R AT ANGIE, 455 Won, R IFR)S 0~6 d HAk BI-1 FRLligsm, 5
6~21 d AEFFRaE H G1. G2 Al G3 HL IR 25128 0.99x107 cfu-g™ . 3.40x107 cfu-g™ 1 5.21x107 cfu-g™. DMCs
%6 diashEJn, HLLXT A, G2 5 G3 41 DMCs [E& M Z B (CPSs) & it & TR, AR S E R W ERK
K (P<0.05), G1 41 5% BB TG | 3 2% 5(P>0.05), [FIIF, Ak BI-1 REWA RIS 3-"EE0R BE-2,5-— 1, Hkpr 5
BJ-1 B 5 OE [0 26 M 56 R (RP=0.997), G2 5 G3 41 3-"F LR IE-2,5- vk BE 43514 0.95 pg L' F1 1.41 ugL', Ik
BT DMCs 4 4 15 P4 (ROS) K B 1R T1(P<0.05), JEA SR ME R B HE T HR(P<0.05), 3w # Ik E(G2)
', DMCs 4ttt R4t PS 11 4K (psbD1) \DNA 252k [ (recA) L K 5 565 I IR 14 18 B 2 RE S [X] (ntcA il rbel)
PR E T, SCUeas R, Mk BI-1 8B5S (=3.40x107 cfu-g i, AIF#K DMCs A9 CPSs & i, AR
o AR = 3-F SLIRBE-2,5- B $ 3 DMCs 1Y ROS /K- B E#T7F, FFEMH T DMCs BEA30R, &S
DMCs & F o WFFE45 AN FE T “LASHEPE 38 A BRIG JE R, 00 b 3 ) 2 o e /K AR B s 0L T3 SR I

KR MR, Y JLaReE; AR Zop
hE S ES: S917 X AR SR A XEHS: 1005-8737—(2025)03-0333—16

I B Tt 38 B R e A 4 9 B (Microcysti's
aeruginosa)/K4&, 7™ T 52 M i 3 A 25 2R S i AN
K= R RS B A ARIR L mEOE L A
PEAGIERY) | R R B = SE AR B BE IR T a6 B
PR AN E A R G0 . W AR AR A% M A 5 20 % 22
04 177 B 38 KRB, T AR AR R 2% 0 %€ P (dormant
Microcystis aeruginosa cells, DMCs)™*), DMCs T
TR VIR R)Z PTG, R s 5 1E R
Pl L & IR (B Z AN e A BB KRN,
B DMCs 52 7038 1T I 2 4 T S fv 3 e o ] 5
Gy, RS MBEREIEBOKER, 2z,
i, H0] DMCs 52 5 By 12 57 BP0t I 4l ¢ fl 20

K BH: 2024-11-04; f&iTHHA: 2025-12-03.

IKAE R R WA S o

R, GRS IR HZ DMCs B35
FEAEART, SR T 7 cUY kiR
JEART 5 pmol-m s i, DMCs Joi& 5 24
HeA RGEIIKE A RCE, rhshzmt ', #
A, BEAREBEE R, R HE AL, W
fie—EFLEE LK DMCs E R K e
1o R R IR — 2 L 98 (Aristichthys nobilis)
DECTIRTE ST E S ety R A 2 &2 8N
3 << LA s 92 M) P 90 1 e e 1)) AR A
O B 2 75 AT LA o HoAh s 42 (an 4 il DMCs &
TSP EE L 2021 4F 7 A, ABIBAX—IE 2

ESWH: FEZEHEAVIEITIE (2023YFD2401604); #1r4 2H )T E 50 H (24A0492); #IRE H AR 5E42(20211350024).
EB'I: A8 AE1975-), B, WL, BIEUZ, PR SRR 4%, E-mail: zwsksy@huas.edu.cn
BEEE: 4874, AlEEZ, P55 M N FRAE/K IR B 815 . E-mail: zwsksy@huas.edu.cn
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TR R R K A 1) FR B IR A S AR FLIR
B AT I A AL T, I 53 R S = A /N it 37 4 1)
JFEEE . f5(Slurus asotus) Fil# £f1(Mylopharyngodon
piceus). 8—9 H sl 4 A B, S yE - AEK
A e 2t i v 200 2 2 A T M R £t B
1% 2 5 Pseudomonas lactis BI-1(fiii % i 1k BI-1)
FE St DU T R LB, I N 7 £ Tt I )
A 2] 1 TR bR o 8 A 2K T A IR R PR BJ-1 A 0
J i AR, HERE R HE A KR 5 4 T T
BYRZ, IAETIRY) %2 s 1 516 (5 DMCs [F]
b —H:58) . TR ATTAREIN, A s 0 v A S e v
ARV AR DMCs(AR BEME JE B 1 AR IR A4 K
NRTE, MR 750 B8 5 Wbk BI-1 A5G,
ARG 30 A 5T 85 i 3 ) R ML T Bk Pseudomonas
lactis BJ-1 2T £ )Z DMCs &5, LU
RMARFEH PR BI-1 A RE VR FHALIE, A58 it IT
T TR WA I, DU R & K™ 725 i
Bl iR S5 DMCs B Z B NTER R, Fb
F6 A LA e R BS A

1 HRET®

1.1 SEIEH Y

1.1.1  {RERSA LR TR (DMCs) P2 K Hil 4 il
Pe K AR A0 I P ORAE R ZKEE, RE 0.1 mL /K BE
TR BG11 B3 5L (rh E RN B K 4 Br 2 i
J1) Loy Es . Al SRR, Sl e
M WA BGLL i edt, iR 30 C L ER
SREE 25 uEm s A{FETFYRE 25 d HERE
1000 mL =i, HREcEXEE I, F 4 Cik
R AR RRE 3 A o SCRHT R T A (2.0 om)
BB = fMMh 2y 700 mL bW, V46 45
DMCs #:38, $B,S% Zou %',

1.1.2 Hi® BRI ERE Pseudomonas lactis
BJ-1 4R FEUIE 3R 5£(0.3%4- AR . 0.8%75 Ik
1.5%3 IR . 0.5% M4 05 . 0.5%5 L8 . pH 7.2),
25 CHMFRIFE 24 h dbA7i6 4. FIRERb A Pk
10 NETE, BFPA 200 mL WK ES 35 35(0.5% %5
WL 0. 1% &8 . 0.02% E/KFEREE . 0.5%
AAEN . 0.1%BER — S 4), 25 CHMiEEFE 72 h
FEUWAE 1x10° cfumL™, DL KRR AR S Y 1,

PR B4 RE R S W AR B 2 SR 1 0 9 iR AT
1.1.3 AR DIBURAE S SRR S 3
AR KC VI R FERR (016.5 cm, KC, 132k
EMYERZE 5 om DIRY), HIFLAR 125 um REEH
i I (NUNC, P2 )it ik, $ b BT % & 1
TCR B ART 10 Lyrh, 50z [0 5250 = 317
KEE (121 C, 30 min)kb 3,

1.1.4 $EFRE KRR S e E
BRI KA H S L KFERFESS (HYDRO-
BIOS, HL/R, FEIE) VG i 11 A HE A 2 il
GAEF— AL R AKFECOK T T 0.5 m), HIAEE
WTFERI(D10 pm, NUNC, F}2)%F 7K ke a7 b 3,
BT R CIFRKFE AT 100 LA ) Hestiz ] 52
BT KHE (121 °C, 30 min)ZbHH,

1.2 XWHE

1.2.1 E7iREIEIT 200 mL DMCs #EJe(h
B 111D 55 0 mL (6 #RZH CK) .10 mL (G1 4H).
100 mL (G2 £H)#1 300 mL (G3 2H) BJ-1 & (4 £
1L.1.2)F4rR )5, 45 H 10 kg DU (F L 1.1.3)
RATEME, ¥AEAK . SEREEE 50 cm R
SE TR B BE A AR, AT VR RE 1) B A A
g A 80 L 3 FR i (BB 1.1.4); CK. GI.

G2 Fl G3 ALY h BI-1 %) 46 A Bk )& 43 )
J90 cfurg!. 1x10° cfurg. 10x10° cfu-g' #il
30x10° cfu-g!, DMCs %] & €0 H ¥k & 2 N
18.00 pg'g ' (DMCs WJELIM4EE a HIEFRR);
PR AS A B TR 25 °C. G 15 ymol'm *s™' | J
SR HAEE 12 h = 12 h Bk T 21 d B Inil5 .

TBURE S () I 2 8 AR 2 1,

S o R BI-1 345 5 v s s i A
FP, BB 1x10° cfumL ™ BEEE 1 mL A
500 mL 5P IRG TR 6 d, R4S AR K BER
I 15 45 57 55 52 90 2 [R) B 0 AR = Sk B
Ko AR ™ P o BE AT IS IR PE B R S, AR
SEALRI I X DMCs & 75 . Hish 2 b5 EPSs (1046
SPSs Fil CPSs) it . i A (ROS)HHXT K- St
B (FJF)ISZIA o [R]B S B bk BI-1 7] fig
XF DMCs & 757 A= I8N 19 20 F-HLA, 76520
B 2. 4 16 d XTAUIRE 100 g DU
DMCs JHA7 TR KA (-80 C), SLIEEHIG
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Tab. 1

Sampling time and measurement indicators during the experiment

M ZZ+EFR measurement indicator

18l material

HUEERT ] sampling time

DMCs YA RCR(Fu/Fm) B 20 g VIR 7742 DMCs 5 1-6d

DMCs A ¥ 1 i b 22 H (SPSs) ik JiE HL 40 g IR IE$E DMCs Fld, Fed
DMCs [# %5 1 i 7h 22 i (CPSs) e JiE B 40 g PUAYIE$E DMCs H1d. HFo6d
A ALY AL BF(SOD)IE M B 30 g PLALYIE#E DMCs H4ad, Hed
it E ALY B (POD) I B 30 g PLALYIFHE DMCs H4ad, HFed
it Sk U BB (CAT) i B 30 g YUALYIF 32 DMCs Had, Hed
TS (ROS)H HL 40 g IR IE 32 DMCs Had, Hied

DMCs(LA Chl a %75%)
Btk BI-1 W

X 30 g YLFYIF 1 DMCs
10 g YUY

#3.6.9. 12, 15, 18 F121d
H3.6.9. 12, 15, 18 M 21d

53 SR PR A R (L)L Chl a MR RIR) B 20 mL K #3.6.9, 12, 15, 18 Fi21d
AR 7= B e g B 50 mL K RE/ADTER ) -7k L #6d

DMCs %% 25

100 g YL 77 4L DMCs

$2, 4f6d

Xof 2 2 2 2 IR B9 DMCs $#2HU RNA Jf%db
SOAARBOREI T . R SR, JEiE AT 2
SRIBIT

1.2.2 A% DMCs 48 M Verspagen 257
TR BCIUR Y b DMCs . il A B BURE 2%
(@2.5 cm, KC, FFE)$EWMIIARY), HITRY 518
i Percoll fif: I8 B V7 W (30% Percoll JE¥, 10%
NaCl &, 60%XLFEK, 1 g UiFRY) 4 mL
Percoll B F W) TR A, 1200xg .0 15 min,
BERRAF2E R B (25 pm) P& LG . B IEME LAY
DMCs ] 15 mL BG11 251 (f 28 i 4% 57 56 ) o 78 1
IKUERARAT, T E &I S50

1.23 MERE a, AEUNXRMERKENE H
M4 & 92 56 (Photo-PAM2500, Walz, 1% [E)
R I V2 4% DMCs 5% E & 9 4 2 ol 2 g 4¢ R
a (chl a)¥kJEFDLE R (FUF), RIRRIELRS
M8 Hodoki Z5U'™); i FF Y g 2 it ikl i Ui
Y BI-1 HREE

1.2.4 FESPSBHEEPSs)HMEXT DMCs £ 775
IE B 40 g DURYTR PR IR S T 3% 355 (DMCs),
A 15 mL ZEM/KBEIRIRS), Hi 5 mL @7 I THL
FEANIEAI(10 kHz .10 s), B 0.1 mL FH L 20 A3 o
(25x16)E /T4, 10 mL .0 15 min (3000xg),
2F 2 TG 8 5 (0.45 um) 3K L5 W, =M
Nakagawa 25200 & F VW SPSs & it g5 Y
DMCs ¥4 i 2 1y, — 1 TR I8 RiE 58 L

BRit SPSs EBR (AN BI-1 T#) %52 IR B2, —4y 1T
ZEWKERZ 10 mL, FH 1.0 mol-L™' NaOH 54
W pH % 10, 30 ‘C/K¥A 5h, .0 15 min (7000xg),
2 2 K g U B (0.45 pm) PR UE LW, =M
Nakagawa P 349 CPSs 7. & F DMCs
52 95 BE 525 LI SPSs Hil CPSs 241 & B X}
AR, A RS IESE R X DMCs AT KR,
iR RERES S K. BB SPSs Fil CPSs
SR8 B R I AE A9 SPSs Al CPSs B 2 i B LA s 40
il

1.2.5 MEHAEFEHER ROS REMNUE IUE
HULEYIT7$E DMCs I 15 mL BG11 {7 %%,
B0 10 min (3000xg), F* BigW, M2z —H
FRPFriE DMCs A=y at o 422 A 3mL AE 3 ER
K, FABFEEHLE DMCs EIE 2] 3 3 minl )5, @
% iz B S Ui B 2 SOD (Al 26 5 DU Z&Umk St
ik k). CAT (AR AR ). POD (NBT 6
A 2F 3 ) TG E B ROS (T8 643 6 BE 322 ) M X
KA. R & A T EVLR 2 = K (Beyotime)
A AR FE e o AN A5 F1 5 26 A W bR i 4 B T
PEE & E A, KA R bRl DMCs AW &
(FW, fresh weight)[”]O

1.2.6 RE=HWEMBIE  HOURY KA
JKABE 50 mL, B0 15 min (3500%g), ] CH,Cl, 7E
pH 73518 2.0, 7.0 F1 11.0 &4 FAF FiE W EAT
SURERE, AR S R B R SR A3 -
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JF 3 25 (GCMS-QP2015, &, HA)gEF7il &,
kR DB-5 A0S B IR0 wiinh:
I 60 CHYEHF 4 min, FLL5 °C min ' BB ETHR
%300 C, 4E451ZI8 5 min, HEFEOEE 310 C,
ik &k BFIRE SRR 70 BY, B FIRIRE
320 °C, FAHEMIRE 0.5 so £0EH S EALEL
i R G R I LT Nist2005 F Wiley275 A i Jii 1%
e, g TR 5 A= 4 5 43 A % It 4
VR AN W/ S W R 2oy 3 31 b I O Y A
WX DMCs & REUE: M5 5E i ARSI = Bk
2LEERG NS> TR CAS 5 W % 17 Ak 273 )
(Sigma-Aldrich 23 ]), #4541 e A8 = P vk
JE AT B IR UESS S, LAASGR IR 4 g ) R
ZH & DMCs 2 7% . F/Fy,. EPSs il ROS %515
B o TBETHR B S50 LA 2 A 7 ) doe N AR B
B TES I Zou 251 )y b kAT .

127 MESZERXREERSH Bl
TRizol R &7 ®(Thermo Fisher Scientific, USA)FI
FIT Ilumina [y NEBNext®UItra™RNA 3 # 5%
R & (NEB, USA)HEH DMCs 1) RNA Ff-#4 53¢
i, A AEARIYE Ilumina I 7F 5 (HiSeqTM
2500) FE, It Trinity 2028 iU st )
JH KEGG Fl Swiss-Prot 55 %4 4 %F B L R i35 47 3
AEVERE i f RSEM 4 fr A Ab B ik i i £ A (clean
reads) M 5 B 4 B 41 10 5 Sk H 2 % v 5 1, 1HE
R ELME, 285 RA FPKM JEk ) a4~ 5
A3 #4714k (Normalized) b 34, {87 i 3 T 171
55345 1) DESeq #A i 1E 2% 5 4 1A 5L [F (DEGs,
differentially expressed genes), VA% /5 ) P {H(q)
(<0.05) [ {5 1 2= 5 5 5% £K (log2) 4 % {E (> 1) H
T e N LR EEES . RALHERRE
it 52 W (RT-qPCR)K I AH OG5 R e 3A 7K F- . T2
WIS Livak 2522,

1.2.8 EFAMRIE B IE R RS EOK AR
I (Pl 2 350 4 R AR 250 lb 8 ) FH A= 7 K (CaO)
TEEALEE, 4 d J5HET 038K I FH B 7K RN 3 5 A
W55 R 2 AR, b ), A9
P10 1 3 A /NE . BE/NTES 4] BETE DMCs 5 i
5L, BGIER 3A/NEBHI A R AR T BI-1 H)
O HR4L CKORIEG, 55 2 AS/NE B I B 43 ) 5 %

NSEES G2 FI G3 41—, 4% 0B 4h FG2 Fil FG3
@), PG g AN KIEFEE 1.0 m . W
U3 )2 DMCs W)t vk B2 R AT Hh il 2t i 22
BN B, 55 21 d FRRINGE, TR IR 4R ik
PEHERFAR L TR %

129 EFRFIHE HEIEITHE: Re=(C—C)/Cx
100%, Hf C #RTIBYH DMCs ¥Rt ik
J¥, C, /R LI 25 s i LR h DMCs e i1,
1.2.10 #HEE WS HYE3I ST, UOF
I PR 2 (n=3; X £SD)F/n B B8, irfy
G Excel 2016 #{FitF7 40P, R Excel
2016 Fll Powerpoint 2016 FAEAEE, R WH &
2257 BT (ANOVA)FEAT I 3 P 22 = 43 Hr (P<0.05 A
WBEMER, P<0.01 B BEMEER).

2 HBRE5HW

2.1 BJ-1 Exf DMCs b SHE(EPSs) S =. X
BUEREFH N

WG TFIAE 10 0~6 d, G1. G2 Fil G3 YA
BJ-1 W E RS BT, 58 6 d I BIE(E I 4R E,
SR BE AR WA 0.99%107 cfurg !, 3.40x107 cfu'g”
M 5.21x107 cfu-g (K 1a), X BEZH CK(TCHZH )
Gl 41 DMCs AR (FJIF) BT, FKE =
IEHKF, 7E 0.62~0.69 Z (0%, WLR) G W%
PEZEF ., G2 1 G3 41 DMCs Yo aRCE G 9H 0.34
A1 0.26) 1. F LT CK Al G1 41(P<0.05)(I& 1b.1c),
X 2 W W E B A (= 3.40%107 cfurg ) X
DMCs A RCERAMHAEM . & 6 d, DI
DMCs HIRE I8, HFZWEH Z=KET, DI
' DMCs W& BEZ BT REAR (B 1d), AKH: vk 5
Wik K (1 1e). CK 5 G1 4122 6] & I %00 W F 1k
Z5(P>0.05), (H¥ 55T G2 il G3 41(P<0.05),
G2 HAE RN EE ST G3 4K 16). LImss
J& CK. G1. G2 1 G3 4% DMCs & 71543 4
M 76.6%. 72.3%. 29.4%F1 15.3%.

IR, Bl ik BI-1 VEERS N, G1. G2 1 G3
20 DMCs 40l shH EPSs J2% CK 41753, DMCs
AR EERE R, BEAPAEL(E 2a~2d). SEEREE 6 d,
S THA AT A YE M AN 2 (SPSs) & i B FH T CK
2 (P<0.05), HEHZ[HTC R % 2% 5% (P>0.05), Gl
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2 7007, 38D ——a1 %1y asasp MOre  n=3;x28D
§ 600t I ——CK
g 0.6 —a— Gl 08F a a
53 ~ Vo QG2 =
8 S —oG3 £ L 1
% r: [: 0.6
< >~ N
ﬁ N 041 T M
e E i b
s 02 1 I L7
~ 0.2
>
;E 0 1 1 1 1 J 0 1 1 1 J
0 3 6 9 12 15 18 21 1 2 3 4 5 6 CK Gl G2 G3
¥ 1E]/d time AfE]/d time #H 51| groups
=] =l
g 24, _ S 18 s 100
g d n=3; ¥+SD 8 e n=3; 48D f n=3; T£SD
g s 16 - —— CK a
Q Q a
g = e 80
8 g 14 2 L 1
[+ < h—1
= =12 8
= < Q
(@) (@) L
= — 10 g e
4 L §
% g 8 = 40l
& S 6 = ?
= 2 H
g m 4 f& 20 ¢
& £ i
g 0 1 1 1 1 1 1 J -‘Eﬁ’ O 0 1 1 1 J
0 3 6 9 12 15 18 21 = 0 3 6 9 12 15 18 21 CK Gl G2 G3
B ]/d time A} ] /d time 27 groups
Kl 1 HEtk BI-1 ¥ (). DMCs YEE8CR (b—) MR I (d-H)sh &

FW: &£ 8; CK: XIRACRINE); G1, G2 fl G3: MERE A 4, HIE K L5 A R R8s 22 7 18 3 (P<0.05).

Fig. 1

Dynamics of strain BJ-1 concentration (a), photosynthetic efficiency (b—c) and recruitment rate of DMCs (d—f)

FW: fresh weight. CK: control group; G1, G2 and G3: groups with different bacterial concentration from low to high,
respectively. Different letters above the column indicate significant difference (P<0.05).

2 [ 25 PR MO A 2B (CPSs) & #:(1.98 pg.cell )5 CK
HQ2.11 pgeell VEREER, HEEST G2 Ml
G3 ZH(M910 0.67 1 0.34 pg-cell ) (& 2¢. 2f),
X R E S5k BI-1 B W] 2Bk SPSs,
B A5 45 v B MR BE E 2Bk CPSs. Wi PEE J1 505
F W R SPSs A5 DMCs Yo aHCRME 78K,
MKk CPSs J& DMCs Yo ARCRME I R B &
fR(E 2g. 2h), L 45 R F IR =W E BI-1 AT
Z:% DMCs i CPSs. FHfiF DMCs JEARCRIK R,
PET I H DMCs & 95 .
2.2 DMCs #faNiEHERKFERMANEFMHE
SCIHIES 4 d FIES 6 d, G1 41 DMCs 4 i 9 1%
PEE(ROS) K- (FIXT 9 K ) 5 CK 4170 i &1k
25 (P>0.05), ¥4F 1.001~1.005 Z[a], i G2
il G3 419 ROS /K FRE ST CK Fl Gl 41(P<
0.05), [AIET, G3 453 T G2 41 (P<0.05)(/# 3a),

X e P A T Mk R 2% DMCs 41 Jif P 7% 1 4]
(ROS)ZKF- 77 A 5w, 171 44 v T MR 43 30 DMICs
RN ROS KV & s, S8R5 4 d A1 6 d,
G1 24 DMCs #i & fL i SOD ., POD £l CAT itk
CK 200 i 3 22 5(P>0.05), H G1 il CK 4% 6 d
) SOD, POD. CAT {fi? 5% 4 d tHIL O I 2% 2
5 (P>0.05), G2 1 G3 41y SOD. POD F1 CAT
Wt E ST GLAICK 4, H% 6 df% SOD.POD
I CAT 1513 & T4 4 d (P<0.05)(E 3b~3d)
XU ZE R R FE R IR BI-1 W& T AU
DMCs 4 i P9 3% P28 (ROS) K - i 42 71, Hidbt
AL SOD. POD Fll CAT 7Pt il & 158
2.3 E BJ-1 Rifi =43 DMCs & 78 %0
MEFFRI . X IR (CK) . B 4(G1. G2 A1 G3)
J BI-1 KPEw AR E] 17 R, Hdoe
Fofr A5 7= 3 SN B 2 R T P B ), R
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a Aoh Ay
x
s ©
.
v S8 B s
~ ®ea 8 n",@.‘.:' §
4 Me n=3; X+SD . 7 [ 7=3; ¥£SD 1.0 ) 100 b #=3; F1SD
~ A A OWmdstisess T gl . g 2 a
= VIEZELB/CPSs O o 08 a a S8l 1 a
25 3f A= £ g =
) -: 1< ~
gg slr% §§ 4t L\:O.6— b E 60 |
®E a2l =g b s g b
g X e 3L = 2
X8 8 3 04f < 4or
%21- By gb DL 2} c RE i
£ I Be 2F 1 d o2t & 20
2 B INi 8
FD CK Gl G2 G3 FD CK Gl G2 G3 CK SPSS;SéEF,% CPCSIS>§B/% CK  SPSs#f4 CPSsE[R
2H 5 I S S SPSs CPSs
#5] gronps HL3 groups removed removed removed removed
#153 groups 21 51| groups
K2 DMCs jsh ZHETE A (a—d) 5 & i (e—£) LA KX DMCs JGA 303 (2) FLE 9535 (h) 1) 5% 1)
SPSs: HIYENISNZHE; CPSs: B VEMISNZHE; FD: % 1d. 1 2¢ 107, ARG FERRALN SPSs & i 225 1.3 (P<0.05),

ARV FRE R IR ULE] CPSs 5 22 53 1 35 (P<0.05); HAM AT A 75 AN [A] 7 BE 7R 22 5 12 3% (P<0.05).
Fig. 2 The morphology (a—d) and content of extracellular polysaccharides (e—f) in DMCs, and their effects
on the photosynthetic efficiency (g) and recruitment rate (h) of DMCs
SPSs: soluble extracellular polysaccharides; CPSs: capsule extracellular polysaccharides; FD: first day. Different capital letters
above the columns in panel e denote significant difference in SPSs content, and different lowercase letters denote significant
difference in CPSs content. Different letters above the columns of other panels indicate significant difference (P<0.05).

a

o CK
=Gl
0oG2
# G3

ity
=

T P AT KT

ROS relative fluor-intensi

Aa Aa

n=3; x+SD

Cb

(=]
—
N
1

0.10
0.08
0.06
0.04
0.02 +

g

M/ (U
CAT activity

it [A]/d time
n=3; x+SD

ifE]/d time

0.20

e @
_
N

POD activity
o

TAALYIEE/(U-g )

ot
0
(=)

o
IoN
S

<

SOD activity
'S
=)

BEMYE LI (U-g™)
o
S

n=3; x£SD

Fi}[)/d time
n=3; x+SD

5} iE]/d time

P 3 PRI AR 2 I 58 200 L N 35 A SRR - ()5 B4R AR G 1 (b—d)
HIE K EOr R RIS P RFOR AR AR AL 2 A P 2E 5, AN/ ING FREROR IR AN ) R Z AR 35 25 5 (P<0.05).
Fig. 3 Reactive oxygen species level (a) and activities of antioxidant enzyme (b—d) of DMCs among different groups
Different capital letters on the column denote significant differences among different groups on the same day.
Different lowercase letters denote significant differences among different days in the same group (P<0.05).
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6 It BI-1 WM, 2B G
A(CAS 869062-42-0) . 1- 5 i kE(CAS 62016-79-9)
3,4- S IR [3.2.1]5-2- K5 (CAS 57615-42-6). 2-
il 2, FL-FR(CAS 17376-04-4), 3-FIHLURIE-2,5-—
Fiil(CAS 5037-75-2)F1 2,4-%(1,1- " H Kt 2 3t)-%
W (CAS 96-76-4), G1 2H 6 FhARIH Ik B3 51 N
0.13, 0.56, 0.35, 0.98, 0.26 1 0.56 ug'L', G2
4% 1.47, 051, 1.12, 1.16, 0.95 F1 1.23 ug-L™",
G3 4N 1.66, 058, 1.53, 1.08., 1.41 A
1.37 ug'L'(55 2).

Yo UEPE SRS (LI R Ak BI-1, 50

TEHR B2 k25 2H % A HH VR ) & AN G2 Fi G3 4
3-N MR R -2,5- i (R FE 435 0.95 pg L A
1.41 pg-L ) FEMHEML T DMCs & IRR9 N
40.6%7H1 29.5%), G1 ZH(HEJZ 0.26 pg-L )% DMCs
SR TE B (K 4a~4f), X FI—E W1 3-
RILIRWE-2,5- i H AT #] DMCs & RE T,
HLfe g, RO, SCl it — Lk 3-
NHEIR R -2,5- Rk B S BI-1 R E 2 OE I Ltk
KR (R=0.997)( 4g), Ml DMCs & 1 e i
ROHTE N 0.80 pg L' (F 3), MR WE N
2.97x10" cfu-g'c SLHHLIR G2 A A 6 Fb

®2 BAREBFBORETUHRS RRE
Tab.2 Composition and concentration (ng-L™") of metabolites extracted from each group, culture solution and broth
n=3; X+SD
P i1 BTR HRR o o o o3 Bl1ERAE
item metabolites (chemical compound) formula culture solution strain broth
I 3 RENRE-2,5-— Ci1H 2N, 0, - - 0.26£0.09° 0.95+0.24° 1.41£0.19°  3.82+0.24
3-Benzylpiperazine-2,5-Dione
2 AR\ b C,1H4058 0.42+0.17 0.55+0.21 0.41+0.16 0.42+0.21 0.45+0.14  0.41+0.11
3-Chloropropionic acid, Octadecyl ester
3 FZWEIE A Rhamnolipid A C36HeiO10 - - 0.13£0.04* 1.47+0.31° 1.66£0.29" 4.45£0.31
4 TR AR C4H,,0,Si - 0.09+0.07 0.12£0.10  0.18+0.03  0.22+0.04 -
Dimethoxydimethylsilane
5  3-H A =%t 3-Methyl-Tridecane C14Hso 0.31£0.04  0.42+£0.09 0.54+0.15 0.52+0.12 0.57+0.18  0.31%0.03
6  1-5 Bk 1-Chloro-Heptacosane C,,HssCl - - 0.56+0.09° 0.51+0.17* 0.58+0.13*  2.74+0.17
7  D-Fr#M& D-Limonene CioHis - 0.23+0.12  0.46+£0.07 0.48+0.03  0.51+0.15 -
8 34-THRNFR[3.2.1]0ct-2-4 CgH,(Cl, - - 0.3540.25% 1.12+0.42° 1.53£0.43°  5.46+0.42
3,4-dichlorobicyclo [3.2.1]oct-2-ene
9 H-2-fyILERE C;H¢CINO; - 0.33+0.05 0.37£0.04 0.41+0.06  0.39+0.07 -
4-chloro-2-nitrobenzyl alcohol
10 1 /\R Octadecanoic acid Ci9H3504 1.03+£0.24 1.04+0.33  1.02+0.29 1.03+0.24 1.08+0.41 1.02+0.23
11 2-MilZ 32K (2-lodoethyl)-benzene CgHol - - 0.98+0.13" 1.16+0.22" 1.08+0.23"  4.83+0.22
12 (- HE+— ) 2% CisH;0 - 0.73+£0.15 0.77£0.21 0.71+0.14  0.82+0.14 -
(1-methylundecyl)-benzene
13 Ly .S - -
TR CisHxO 0.1540.07 0.23£0.10  0.17+0.05  0.28+0.08
2-Butylated hydroxytoluene
14 35— B4R LA CgH,00; 0.24+0.08 0.45+0.07 0.32+0.04 0.46+0.11 0.48+0.07  0.25+0.05
3,5-dimethoxy-phenol
15 24-=(1,1- = F 523K Ci4H20 - - 0.56£0.21" 1.23+£0.52° 1.37+0.51° 1.23+0.52
2,4-bis(1,1-dimethylethyl)-phenol
16  FEMR acetic acid CH,0; 0.31£0.15  1.14£0.32  1.40£0.27 1.35%0.19 1.31£0.15  0.18+0.05
17  2-F3TER 2-Methylbutyric acid CsH,00, - 043021 0.63+0.16  0.65£0.04 0.74+0.12 -
e AT PEJE AN RINE b 3R0R 22 5 18 35 (P<0.05); “— "R ARAT .
Note: Different lowercase letters after mean values in the same row indicate significant differences (P<0.05); “~” indicates that the substance

was not detected.
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®3 K=Y 3-FEIRMR-2,5- B
PRERE E 7 #
Tab.3 Effects of metabolites 3-Benzylpiperazine-
2,5-Dione on the recovery of DMCs

n=3; XD
N SIS (ne - L A TR (O
foiggpegy KRG L SRR gy
boli experiment recruitment P value
metabolites concentration rate
0.00 77.75+4.86 1.000
0.40 73.02+6.45 0.367
0.60 71.44+5.28 0.198
3-RHEIRI%-2,5-
3-Benzylpiperazine- 0.80 69.17+2.35 0.049
2,5-Dione
1.00 38.81+3.16™ <0.001
1.20 33.76+2.72"  <0.001
1.40 30.26+3.15"  <0.001

H: *FRIR P<0.05; **3%IR P<0.01.
Note: * means P<0.05; **means P<0.01.

ARG ™ ok B PR AT R, 6 AR
¥R X% DMCs 19 EPSs ¥ J& (4% SPSs #il CPSs)
FEA R S (B 4h), {0 3-TFIEIRIE-2,5-
(0.95 pg-L YR EHF 7 DMCs 1 ROS /KF, 4
il T DMCs BDUERCEE 4i~4)). X UL BI-1
B e I B R R Y 3-SR KR -2, 5- 4R v
DMCs [ ROS /KF- LU il DMCs BOGA 808, 52
BLANH DMCs E 5. 34b, 4 G2 X h iy 2k
3-R LR -2,5- i 55 TR Pk BI-1 2 1) 3-7R 3
WE B -2,5- R M E N 0.95 pgL!, {HAT#H
DMCs JGEREME 7573 0 5 T /54 (P<0.05),
G3 HB-FHIREE-2,5- k¥ 1.41pg L2
( 4k~41), XFIEE BI-1 W 3- 5Lk
%£-2.5- R A2 % DMCs ffi4h 2 gt [Eamdl 1
DMCs JEERCERE J5 .
24 DMCsIFZERERERKIE

X G2 41(5R 75 i A2 M 4H)DMCs ¥
AR, RS 5803803 ANFAKLD, SEHK
404 bp. TNRET RS R BRI 5 HL R A
WG 31 28 ML 7193144, T BAUTE Iz K Al
SRt AR R RBETS . R RS . okik
AP EIE(E 5). i G2 dl(bHd, TR)
Fl CK 41 DMCs 7E& 75 F I BE R R kR0, 52
U955 2 d, G2 fl CK Az |47 21 2= R R AN
(DEGs), % 4 d, f£1F 420467 1> DEGs, 5 CK 41

X G2 A 126279 ASFEH i, 294188 >3
R T 6a, 6¢), 55 6 d, G2 4H 212573 > DEGs
Y 118448 >3RIk W N M(IE 6b~6¢), i 4 d
545 6 d, G2 #H recA, psbD1, rbcl Fil ntcA %
KA AR A KF 8 CK Al & T, TH 5
EVEFIAEJE A rbel 1 psbD1 (& 6d~6g). X3
A v B BI-1 BV A2 95 ] DMCs 56 (R 3 3k ™
AR, RIBFIESE T BI-1 B AT LR &2 95 4
DMCs LA SR
2.5 E#k BJ-1 EF 53T DMCs & 5 %0

£ a YEH, FG2 . FG3 4 Ui H DMCs & 75
ROHNH 39.2%FH1 22.7%, B EAR T % R4 I
#(68.7%), FG3 HE HF W EIT FG2 H(P<
0.05), 7 b 3#EH, FG2. FG3 UL+ DMCs
BRI HHN 38.6%H 23.2%, B FEML T X R4
25 %(66.9%), FG3 41 & 75 %4 i FXF FG2 41
(P<0.05) a F1 b 3% /N OV RRZH . FG2
5% FG3)i) DMCs & i & A B % 2 5 (& 7a). I
BEKAE P & 52 7] St 038 i 200 i 2 )32 22 S S5 AR
Y DMCs & 95 %22 7 5 AR — 3 (&l 7o), BFAMA
Y2 RRW, eI AR — Wk BI-1 H AT LA
i DMCs & 75, HyeBEBE, 068 ks .

3 itig

3.1 E#k BJ-1Xf DMCs £ 7 &M
AHIF 5 2 BRI 1 G0 iz T HE ) ) A R T
¥k Pseudomonas lactis BJ-1 7E8 e T B &0
il T DMCs & J7(DMCs & K it % T [%), DMCs
02 I3 S K SR B K R S e K A R 1) S
BRSO T A 2 O AR AE 2 —
P24 LB ] 2 ) DMCs & 95 (/K AR T 9
BE, X DT o B 45 B 2 Tk e e K Ae ek LA %L
S, HHEICT KA A Wy i BE 2 0 DMCs 2 95
MARIEIFAZ W, CA AW FEE P TEKAE R
PRAZ 3 DMCs & JR450R, 41 Zou 251V PG i 2 o
KK BTHE S T 2 ¥RAEfEE DMCs & 758 1) 24l
FF i (Bacillus), BfiJ5 Wang Z£20%0 2 BkAE
DMCs & R HLILHEAT TIRABESE; 48 )7 A 250
A R HEM ) T A3 B 3 kR T TR (530 A R
HU T Pseudomonas . 2T # Bacillus £l JEBE &
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& 02
€ o1
RER
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O 3-FALIREE-2,5-
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5] _
% 50 1 Aa n=3; x+SD
EOL [,
g 30 a
e Bb
Q\\Q 20
M 10
2, .
= G2 G3

2H 5] groups

SR 5% T DMCs AR af). (U790 50 R EE (2) . WIS 2Bk B (h)
ROEG), WK S HE M L IOE A
INE SRS R 4L ] SPSs Al CPSs FLIE B 25 5 RRIRIE k 5 1 15 RIS TR 41

R ANE TR (k1)

BFERS, AW/NGFRZFRIRA R R 22 5, HAHRRE L7 R 583808 B35 22 57(P<0.05).

Fig. 4 Recruitment rate (a—f), corresponding bacterial concentration (g), EPSs concentration (h), ROS level (i), and photosynthetic
efficiency (j) of each group under pure metabolite exposure, and which were compared with bacterial strains (k—1)
Different capital and lowercase letters above the columns in panel h indicate significant differences in SPSs and CPSs
among groups, respectively; Different capital letters above the columns in panels k and 1 indicate significant differences
within groups, while different lowercase letters indicate significant differences between groups; Different letters above

the columns of other panels indicate significant difference (P<0.05).
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YLK 5FET cell growth and death ————

ML E) cell motility —— A

YAE S cellular commiunity ———
% 51Xt transport and catabolism ——————
%32 membrane transport =

{5543 signal transduction | B

1554 F 55 4E signaling molecules and interaction
. 32 RPEME folding, sorting and degradation
S FMEE replication and repair

%£ 5% transcription

#Hi% translation

H AR amino acid metabolism

$#1Ci4f carbohydrate metabolism

BERARH energy metabolism

HEBE AL glycan biosynthesis and metabolism
A& AR lipid metabolism

I R T4k A: R AL metabolism of cofacters and vitamins
HAth & HFR /R4 metabolism of other amino acids
MEEA2/ 18 metabolism of terpenoids and polyketides
BAFMRAE nucleotide metabolism

RigEEIE overview

R A4 xenobiotics biodegradation and metabolism
YA RS circulatory system

/& development

HALR B degistive system

/M Z St endocrine system

FFBETE I environmental adaptation

HEM R 4t excretory system

4E RS immune system

122 R4 nervous system

JB'E & YE sensory system

ARI8538 % KEGG metabolic pathway

UHHHUNHUUUHH“UUH“HHH HU“

0 20 40 60 80 100
FH 5 /% percent of genes

P 5 BRRR BI-1 REE T 5 A% o B R IR A T B RE DA g 4R 19 KEEG R ik 42
A-E 73 BIFOR A AR . BREE AR R AL . B B ALHE . BRI RIA MRS
Fig. 5 KEGG metabolic pathways of the DMCs, which exposed strain BJ-1
A-E represent cellular processes, environmental information processing, genetic information processing,
metabolism and organic systems, respectively.

Bk BI-1 B DMCs & 75 n] RS20 35 58 1tb
YR DB R KA RN . AT R A K= 7
B 3ok R rh R OISR — o Bl 1Y IR 22 A A
YN FT LAAG R0 9 4 4 o v e i U100 ket
s HLER H AT MR 58 TE M, A B E R
FH T DR M A= T D 40 B D00 b ) S il e i
AN R SO RS R B, T AN 4
EHE NI ZHE(EPSs)JZ B AR B 4n i, 4% & IF
N2 5% ) g e A M A S8 A A, R A A
i 1 1 ARBRARZS OF B DMCs) il AS 23 8 1
b, IFmA LR Y 7 R 458, DMCs 1/
TRFETE VTN IR Ao v 2t
SrESRITERR BI-1 AR EE (R 10x10° cfu-g!
W, 6 d J7 BI-1 BHE ik 3.4x107 cfu-g”', DMCs &
IR TR, X RIEE BI-1 EURYH A
B Y K FE AR ) (T ), >4 5 B — e R S
AL ZEH DMCs & 90 (R 92 56 3F 52 1 10l

DMCs & IR AR A LR E R 2.97x107 cfu-g ™),
1l DMCs i & 75 3 11425 Wi 4 4% (ol 48 8 /K A (1 T
AR I i W N i T INGTE CR PSS ZAN B3 R TE 2
1.5 m) R o7 P A v & BE IR AR T (25 °C )i il
HEM) R vk BI-1 MR 7.5%10° cfu-g !, iy
R R TUR VR % 3.2x107 ofu-g ! (i HR B
FEE 1.5 kg/m’ . HHEMYR 2~3 g/kg KA
UL P bR BI-1 2R HE 10x10° cfu-g '
B, 209 dJRIRBNZMAE), EBEIKRAIRA X
B AR, L 78 K A ) T R A % R L IR
TG R i O B, X 3R B TR bR BI-1 Rt %
T HE Y HE A K RS 2T R Z VIR, i
i A X b F IR —E 55 DMCs FRAE T 2 R
i, kAL Ml IE T DMCs BV AS 4 5 17 1 8 1k,
HAZ K G kR BI-1 4] . ASHIESE b B A
R WIELFE AR BI-1 v IfE B S R b
ik DMCs E K., Mit, 676 5 50 ik
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a. SCEGHE 4 d 1Y DMCs B[R 26351500, b, SCEEH 6 d 1Y DMCs E R 235150, CK2, CK4 Fll CK6: X B8 2H (FC i 4H) Y
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Fig. 6 Gene expression of DMCs on the 2nd, 4th, and 6th days during recruitment experiment
(G2 group was compared with CK group)

a. gene expression of DMCs on the 4™ day of the experiment; b. gene expression of DMCs on the 6th day of the experiment.
CK2, CK4, and CK6: the 2nd, 4th, and 6th day of the control group; TR2, TR4, and TR6: the 2nd, 4th, and 6th day of the
bacterial group G2. Different capital letters on the panels indicated significant differences in relative expression level
of the same gene between the G2 and CK group on the same day, and different lowercase letters indicated significant
differences in relative expression level of the same gene at different times (P<0.05).

, oo, n=3; ¥+SD 0r, n=3; x£SD
5
= 80f Aap, OWiSfaponda g gp A2 Aa Eﬁg‘; p°“‘(11%
5 . = on
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RN — M EA [F) 2H 2 ) i S o0 R 4R 3R a WK BEAPTE B PR 22 5, IR/ S B1A [m) b 3 3ok 1o 20 22 [ 11y
SIS a MR AT 235 1 25 57 (P<0.05).
Fig. 7 Recruitment rate of DMCs population in field experiments

CK: control group; FG2: group with the concentration of strain BJ-1 on the sediment surface consistent with the G2 group;

FG3: group with the concentration of strain BJ-1 on the sediment surface consistent with the G3 group. Different capital
letters above the columns indicate significant differences in the recruitment rate of DMCs or algal density between different

groups in the same pond, and different lowercase letters indicate significant differences in the same group (P<0.05).
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In vitro regulation of intestinal bacteria BJ-1 from Aristichthys nobilis
in recruitment of dormant Microcystis aeruginosa cells in pond
ecosystem

ZOU Wansheng', MO Ping', SHI Pengling', WANG Zhi*, LUO Yushuang'

1. School of life and Environmental Sciences, Hunan University of Arts and Science, Hunan Engineering Research
Center for Aquatic Biological Resources and Environmental Ecology, Changde 415000, China;
2. School of Life Science, Hunan Normal University, Changsha 410000, China

Abstract: The recruitment of dormant Microcystis aeruginosa (DMCs) is an important phase in the formation of
Microcystis aeruginosa blooms in aquaculture ponds. When subjected to external environmental stress, such as
low temperature, low light, exogenous allelopathic substances, nutrient deficiency, Microcystis aeruginosa cells
form DMCs due to damage to the photosynthetic system, phycobilisomes, ribosomes, and other organelles. These
DMCs sink to the surface of the sediment to avoid environmental stress. The DMCs are used as seed sources to
restart and recruit (repair damaged organelles) once conditions improve. They enter the overlying water, waiting
for another outbreak of algal blooms. A higher recruitment rate of DMCs can significantly enhance the interspecific
competitiveness of Microcystis aeruginosa, making it prone to population outbreaks and the formation of algal
blooms, and vice versa. Therefore, inhibiting the recruitment of DMCs is an effective method for proactively
preventing and controlling the outbreak of Microcystis aeruginosa blooms in aquaculture ponds. In order to
investigate the effect and mechanism of Pseudomonas lactis BJ-1, an intestinal bacterial strain of Aristichthys
nobilis, on the recruitment of resting DMCs in vitro, BJ-1 bacteria were mixed with DMCs and embedded into
pond sediment to construct low-concentration bacterial groups (G1), higher-concentration bacterial groups (G2),
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and high-concentration bacterial groups (G3). The sterile group was used as a control. The recruitment experiment
was conducted for 21 days at a water temperature of 25 °C, light intensity of 15 pmol-m s', and light-dark cycle
ratio of 12 h : 12 h. Mechanism and field verification experiments were performed based on the experimental

results. The experimental results showed that the strain BJ-1 continued to proliferate from the beginning of the
experiment to the 6th day. After the 6th day, the bacterial concentrations of the low-concentration bacterial group
G1, the higher-concentration bacterial group G2, and the high-concentration bacterial group G3 were maintained
at (0.99+0.23)x107 cfu-g ™', (3.40+0.27)x10" cfu-g ™', and (5.21+0.39)x10" cfu-g', respectively. DMCs began to
recruit from the 6th day, and compared with the control group, the content of capsular extracellular
polysaccharides (CPSs) in DMCs in G2 and G3 groups decreased significantly, and the photosynthetic efficiency
and recruitment rate of DMCs significantly decreased (P<0.05). In contrast, there was no significant difference
between the G1 group and the control group (P>0.05). At the same time, the experiment found that strain BJ-1 can
secrete the metabolite 3-benzylpiperazin-2,5-dione, and its concentration shows a positive linear relationship with
BJ-1 bacterial concentration (R°=0.997). The minimum effective concentration of metabolite 3-benzylpiperazin-
2,5-dione to inhibit the recruitment of DMCs was 0.8 pug-L ™. The concentrations of 3-benzyl piperazine-2,5-dione
in group G2 and group G3 were (0.95+0.24) and (1.41+0.19) pug-L™", respectively. At these concentrations, the
intracellular reactive oxygen species (ROS) level of DMCs increased significantly (P<0.05), and the photosynthetic
efficiency and recruitment rate of DMCs decreased significantly (P<0.05). An analysis of differentially expressed
genes (DEGs) showed that DMCs encoding photosynthetic genes (psbD1), DNA repair genes (recA), and carbon
fixation (NtcA and rbcl) functional genes were significantly down-regulated under higher bacterial concentrations
(G2 group), confirming at the molecular level that bacteria BJ-1 can inhibit the photosynthetic efficiency of DMCs.
Validation experiments showed that strain BJ-1 can effectively reduce the recruitment rate of DMCs in outdoor
pond environments. The experimental results showed that BJ-1 bacteria in the gut of Aristichthys nobilis at higher
concentrations (=3.40 X 10’ cfu-g™") can inhibit the photosynthetic efficiency of DMCs in vitro by reducing the

CPSs content of DMCs and secreting the metabolite 3-benzylpiperazin-2,5-dione, ultimately hindering the recruitment
of DMCs. The experimental results provide new evidence for “controlling algae with Aristichthys nobilis” and also
provide new ideas for preventing and controlling Microcystis aeruginosa blooms in aquaculture ponds.
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