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Abstract: [Objective] To explore the inhibitory effects of Pseudomonas 2-4 and its product on algae
based on ecological risk assessment. [Methods] Algicidal bacterial strain 2-4 (Pseudomonas sp.) was
isolated, and the suppression of strain 2-4 and its product on algae was examined based on orthogonal
test and kinetic stimulation. Acute toxicity test was conducted to evaluate the ecological risks. [Results]
Under the optimal conditions, strain 2-4 (V/V=15%) removed 92.81% of the Microcystis aeruginosa in
4 days, and the algal inhibition could be characterized by the first-order kinetic model (t;,=126 h).
Strain 2-4 had a broad-spectrum inhibitory activity and the inhibitory effects of Pseudomonas sp. on
Ulothrix sp., Chlorella pyrenoidosa, and Tetradesmus obliquus were reported for the first time. The
product (<500 Da) from strain 2-4 had inhibitory effects on algae, but could be destroyed by high
temperature and strong acid and alkali. The results of acute toxicity test showed the bacterial liquid
at >1.5% (V/V) was toxic to Daphnia magna and the product at >2% (V/V) was toxic to D. magna and
Gobiocypris rarus but nontoxic to Photobacterium phosphoreum. At the safe concentration, strain 2-4
(V/V=1.5%) and its product (V/V=10%) decreased chlorophyll a in the lake with algae bloom by
4.83%—-42.94% and 30.62%—-68.69%, respectively. [Conclusion] We analyzed the algicidal effect of
strain 2-4 and its product in the safe concentration and clarified the relationship between the ecological

toxicity and the inhibitory effects of strain 2-4, hoping to provide a reference for biocontrol of algae.

Keywords: algicidal bacteria; Pseudomonas sp.; Microcystis aeruginosa; chlorophyll a; bacterial product;
acute toxicity
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R A BE AR AS B )92 38 . Wang 2610V i
T — R 4] 2k B 1§ (Pseudomonas aeruginosa
ACB3) X SR T BE PRI PR AT 35 97.50%. L
AL I T — R A B4 7 (Pseudomonas sp. Z3)
SR IV 55 1K 3 (Alexandrium  catenel la) 1]l 5
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X e S Tl 0 e B SR ORI KRR BB, 1d
JE PRSP H N 91.00%H 85.90%, Zhou &5
IR — PR o 152 B L AT 38 ok A A ) S LA
A o R S A B N B 1 B AR AL S T B
B, A T R A AR AR B DA o A 35 ) 24 L
fi, 7 dJ5 Chl-a ZBRFN 83.84%. lastif, &
LN T Je S A TR P ) 43511 (Chrysophyta) |
#5311 (Ochrophyta) . % ¥ [ ] (Cyanobacteria) .
2P ] (Chlorophyta) . [ ] (Bacillariophyta) .
HIgE ] (Pyrroptata)dt 6 M1, 25 MR BEA:
KOO Hpm o 2RO TR MAT Y, B
ARG W 7. SR, R R AT
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AR IREE RS o 1 i b 2528 % B 9 41 T Bacillus
sphaericu Y1 BB A& GAH B HA i) Stk
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BN TR 3 WA A A — o W 2k T
F PO PRV AN T Arenibacter sp. A61 B CTHE
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vannamei )5 4 7= A 2T sham il . SRR
FHIE I #4 (Brachydanio rerio)Fi1/]s BT v 35 40
Halomona sp. DH-e [ JC 4 8 W 51 T 2Pk B PG
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FIT G T 5 35 A 7 2B A5 U P A 9k b, HL
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R SR E 5 (Microcystis aeruginosa FACHB-
434), ¥1 3R M (Raphidocelis subcapitata) |
#H: DU 5 745 (Tetradesmus obliquus FACHB-417)
FEE 4%/ ek (Chlorella pyrencidosa FACHB-10)
W EREE K AL ;s 223 (Ulothrix
sp. FUSW6)Il 7 B m K K A LE o fir . 3
PG fLJE H BG11 5523 K% 5%, HRRE
25 °C, JEHRZAE R 2 000-3 000 1x, Hf[A]H
12h &/12 h %,

B % & St AT 1 (Photobacterium phosphoreum
T3). K% (Daphnia magna Straus)FH# A3 fifl i
(Gobiocypris rarus)H1 )" 4< 48 1 AE # 3 Fr kil H
DL, KANERH M4 REFRILRsge, R iu
9 25°C, 10001x, 12h/E/12h %, Hif fi
B35 9% 454 M (2342) °C. 500-1 000 1x, 14 h
E/10 h %, 24 h RS,
1.2 FRMAEMIBSHIE

KA L KA NN TGRS, HZ #)
IKFE, WRAT THR TOHLER I 5755 (1 g/L K,HPO,,
0.5 g/L MgSO., 0.5 g/L NH,CI, 0.5 g/L KNOs,
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0.1%ME LR, 0.1%4EAE R, 1% = 4l 15 i 5
¥y, o iR Rk . e 2
R2A iR KIEFRHIE, R2A iAo 0
5 0.25 g/L BRE K, 0.5 g/L BRKAREEE M,
0.5 g/L FFRHZ NS, 0.5 g/L Al¥EMETERS, 0.3 g/L
WERR A —BF, 0.1 g/L iR EE, 0.3 g/L INERBR N,
0.25 g/L EAME, 0.5 g/L #i%gh, pH N 7.2,
B R B PR AN T S A S M) BG11 K535
FE(HEBE N 1:9), £E 25 °C. 2 000-3 000 Ix .
Chl-a (mg/L) =

12 h B/12 h B MF R R 3R 4 do 2R 90% N
FEBO T P BERE IR Chl-a WIE(AR 1),
FRIE A 2 TPEAMBER R (Chl-a ZERE),
Chl-a EBRRERT 20%F)5E R Ak A S
Tio ABHFARTS 1 PREIDESEITEE 2-4, ik
16S rRNA JE[H 741 %52 M Pseudomonas
sp. (GenBank & 5¢%5 ;. OK465191), Mg (BT
A E TR ) Bk 2-4 A A
e

[11.85%(OD,,, — OD,,,) —1.54x(OD,,, —OD,,,) - 0.08% (0D, — OD,,)]-V., 0

L-V,

Hidr, Chl-a AHE S A IHEREE a W (mg/L);
OD WA T HWOGEE; Vil 90%0H fif
BORIRF(mL); Vo IFESARA(L); L oAt
FeFE(cm).

R (%) =

Hr, RFMEER a ZBEF(%); Chl-a yua
RS TCH R2A B SR BRI R a
e (mg/L); Chl-a spea A HER-S RIS IS 1Y
2% K a WP (mg/L).
1.3 BE#k 2-4 B9HERR
1.3.1 Bk 2-4 B9 S M

P55 £ 1 RE (M. aeruginosa) . I SkoR i
#(R. subcapitata) . #H4 PUfi#(T. obliquus) . &
FIAZ/NBkE(C. pyrenoidosa) 1223 (Ulothrix sp.)5)
MEERER] BG11 555 10 d J5, # 0.5 mL Htk
2-4 B (ODg=0.72)5 4.5 mL ¥ (ODgge=0.28)
PEATHERE SR, R E 3 AT, 4 dJEINE R RIR
Chl-a ¥ %, 1155 Chl-a ZBR%E,
1.3.2  E#k 2-4 A0 R 4RI TS IE 3T iR 06

DU 2 i 3 8 o0 32 B R, R Lo(3))IE5E
RIS, BE 3 AR 3 K, BEE L
H(4.50x10°, 6.75x10° 11 13.50x10°4~/mL).
B (5%, 10%1 15%)F1 pH (8. 9 il 10).
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MSLIGA Y Chl-a &, FIHHE AR E Chl-a
M 2B, FFEE 120 ho il —Z0F i 3
F12F )7 FEPE Chl-a BfiRs[A] A AR AL AR AR, 3
B Chl-a FEM. —H(AH HF—GAK 5)I%
LB 32 DT FRANE
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Hrp, [Chl-a] F/REFE] R t B Chl-a ¥k
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t KORIFIE], Ky F Ko S — R 8 1 S8
1.42 Bk 2-4 BHREAAR
P33R E H(ODgoe=0.72) A 8 000 1/min
20 15 min, fH 022 pm Uk, 53
T TR 8 IR (500 ) , 8 0 A8 TG S %) T 400 it R G
KPR 3 R (PR LR 4 ), PR JCREKE &,
RRNH VRIS MR AN . 2 B R . AR IR
(53 W50 FR I Y 5 P AT 4 A5 ) 4 fl 288 3 7 A
260 T kA7 s 5%, WE 3 AT, 4d )5
JE Chl-a I L%,
1.4.3 Ei 2-4 MEEE&RTREN pH BYf2
E %
AN TRIRLE CFF JC T IR 530 B T80 . 28,
4. 30, 60 i 98 °C 4bBH 3 h, FRMASIAED)
A1 pH (H 1 mol/L HCL A1 1 mol/L NaOH % JC [#
UER Y pH 43 JE R 3.5, 7. 9 F1 11, AbBE 3 h
JEF R ER GG pHAERRIS, % 10%AF H 5 5
SRR ILEE IR, W 10% O R IE R ), 10%
Tor R2A BE 3R 3E4E X BB CK, ¢ 3 1 FAT,
4 d J5ME Chl-a & IF i1 LR,
1.4.4 E#k 2-4 BHIRTFEHMR S FEKXK N
S35 mL JCREE IR T AN [ 4 K/
BB HTAEH1(0.5.3.5.7.0.15.0.25.0 1 45.0 kDa),
F 100 f5AFA(500 mL)Z: &5 F7KiEHr 24 h,
45K 3 Wk, BTG IR LA 10% AR 4z
TR o A e B SR W TP A T S g, R
ZXEAGN 10%TCH R2A 1532 FIxt B 2H (n
10%AAL PRI TR IEIR), BCE 3 P47, HE
AR RN ER W) B A e R R (LG 3% 4 d el
7E Chl-a ZBE¥),
1.45 AFBEFEMENZRINEYR
WS T 10 d BHSR AR 3 4l A

HINA 10%TCH R2A Ki#25E, B 41inA 10%0
W, CHMA 10%CHIER . IR 4 dJFH
B, FEFH T 5RO SR B A i A R
IR,
1.5 BE#f 24 REXEIERIXE TG
1.5.1 FRERHSMENIHIRE

G (Al S 2T S Al )
FHRUE(GB/T 21830—2008)1¢, W4 T (0.5% .
1.5%. 3.0%F1 5.0%)5CHEIER (2% . 5%. 10%
F15%) AAS [RYATR B 43 ST A B KA (R
¥ /N 24 hyFT 50 mL M4 R 35 3L 09684R(100 mL)
o, REBERRERE 5 Sk, WAL E 4 AT, 4
BITEIREGTF IR 5 24 h A1 48 h WLEETFiC stk 24
TR DL . T 48 h MR BCIUNAR TR L (%),
Xof I A2 R ) T VR B T TR VRS T S PR,
B BN e (median effective concentration,
ECso, mg/L). i (b2 il o FE AR A 55
28 W XKARERNGEE) BHERMEGB
30000.28—2013)P7, Zp kAR £ H Fe W a4y
JZE5 1 (48 h ECo<1mg/L). 25l 2 (1 mg/L<48 h
ECso<10 mg/L)F12£ 5] 3 (10 mg/L<48 h ECso<
100 mg/L), 24 48 h EC5¢>100 mg/L Fi}, XA AIRE
REECHEE. [RS4SR A FR L Y T R
(0.5%. 1.5%. 3.0%7F1 5.0%)F1 CHIERK (2% 5%
10%F1 15%) XA ZR M FEBER) Chl-a LBRF(4 d).
1.5.2 WHARAXFEMIUESHERRE

WRPECOK R 2R ENINE LZCw k)
FE ZARME(GB/T 15441—1995)B% | DIA Ak Kb
HEIR K (0.02-0.24 mg/L) S, LAGEALENIE K
(30 g/LYyNXT R, #% 10 uL KOCANE ., 43 9inA
F| 2 mL ANRIKRE 0%, 2%, 5%. 10%. 15%.
20%F11 30%) A JC PRI . S LUV R0 BRI R
B 3AEAT, 15 min A R OGEE
W &I (mV), HRIEA 6 AKX 7 451t
SRR R OGEE L RIS & OGE 1L, YA S A
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il KGR AT B A HH B (0.02 mg/L S ALK bR
YEVES VROV B2 X JOL AR T A 0638y, O vk
IRESE JCRE o YRR P &b m A IR,
A0 e o R A S X 7 A ST R A v I TR R
B, MY ok B S AR A W s [
BF, A3 5 E A RHA R LB (2% . 5% . 10% .
15% . 20%F1 30%)JC P V8 YO0 4 2% il B¢ 3 Chl-a
ZERE (4 d)o

L (%) = MV spsptgen /MVaggan <100 (6)

IL(%)=100-L (7)
1.5.3 XH%AMENMEMERAW

s (b s 2 vk rkils ) F5hn
HE(GB/T 27861—2011)P"), ¥ IR IE W 4% 2% .
5% 10% A FR L4351l fin A 2 ke A 7 A fil 6l (£
W25 60 d)FI 3 L AKEY) TGS L), BHfE 5
fa, BHRE 3417, XMIAUINA 10% R2A,
ARG IR )G 3. 6. 18, 24, 48, 72, 96 h
WEL I AT g R A, 115 96 h 192
BOEBEART (%) , H AR % 0 AR 4 T TR U8 VR
HET 5 FREE (mg), 4053 21 BUEFE U JiE (median
lethal concentration, LCsy, mg/L)., #R#lE (fk2%
AR IITE 55 28 k4% WK AR FREE I
F ) EZAREGB 30000.28—2013)R7, 2k A=
fo FE A IS EEEST 2] 1 (96 h LCso<1 mg/L) .,
25 2 (1 mg/L<96 h LCso<10 mg/L)FI255 3
(10 mg/L<96 h LCsy <100 mg/L), 4 96 h
LCso>100 mg/L B}, X445 il IL 35 5 To 57 -
1.6 Ek 2-4 RETEIERXKEKIER
R

RAETTARAA TN T AR R AR M R 2 Ut R T
(HZ ). HFHBIPY ) FIHE FHII(ZY W)k
B, MIE Chl-a &, 40004 10%JC 5 I8
L5%M T BOMAF] 3 A KEER, X B8R To
FEAN BB AL 10% M1 1.5% 01 R2A KiF#
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B, RE 3 AFEAT, 4dEIE Chl-a & RIFT
%‘f‘ k%o
2 EREAM

2.1 EFK 2-4 BYHDERFEE

ABIFFE 43 B B T KR 2-4 45 16S rRNA LK
G BT FTEE XS, 5 e 23t 45 BR i 1S (Pseudomonas
aeruginosa NBRC12689)F1 ¥ ik 99.60%, 454
A B AR RRAE 0BT, S5 5 T AR R R
Fbk 2-4 FRIR, POt aoKkEIE R, H%
LA 2200 o I T i s R A R LA A T
Wk, HATC B ZIE R 8 AR Y B AR AT i
25 RN AR, EAR 2-4 [FRE SR s
ZREE, WA 1A R, BRIPR 2-4 X i 58 20 1 4
ZRIMEEBE (M. aeruginosa) . k5 40 2 4 i AR A= DY
HEPR(T. obliquus). B4 223 (Ulothrix sp.)#l
T K% /NERBE(C. pyrenoidosa)# A 5.3 140 3
RO, Hopox R UEE R . R IR NER B 22
TP U0 )RR I S e A, 1 P B A T 1Y
MEE T REE - E, Ul B R 1R 45
il 58 A 1) A 0 A ) LA AR 1 1y Y T o

R KR 2-4 JEE AR 0 R R A Atk
WS N S, ARBFIE BT 3 AR R <3 KA IE
SR Lo(3%) (£ 1) IEIRINEE (3R 2) R,
B T P I AR A S R K, B AN
VREE RN, MR R R MR, A A
PR 3G N, PSRRI AR . pH A2 3K
FHEwEm R, Hobh pH SALE R 9, pH 3 m
S BEARII M AR . R, HIRRI AL
A, JKIREERY pH — R E) 10 UL L, hiRiE
SERR AT, o SRR AR AR 1k A i A i
23 (FEANEE 4.50x10° 4N /mL, R R
H15%, pH 10), BLHT, FEHE 2-4 X} Chl-a g9 2:
FRAB M) N 92.81%.
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(A) ) (B) ) .

= 100 209 Ist kinetic model ) 100
= Chl-a=225.6 e "% 12=0.668 T “
= 80 ~ 720+t 2nd kinetic model J._ = - 80
= ; 3 i 1 2-() 583 =
2 ol ’ 2 _40_('“"" 79T%10% 7172249 083 Lign B
= 2" mcKk @ Strain2-4 3 E
s l Zz Removal rate = - 2
o 40 5 360 e 140 2
£ l I £ " = &
Z 20} Cig0l & B 8- & o 120
M 0 0 1 1 1 1 1 _I 1

e S o =6 46 60 80 1000 120

1 E#K 2-4 BUHDGE 2 AR (A)FO X § 42 10 38 T B9 3 1) PR R h 2k (B)

Figure 1 Inhibitory effects of strain 2-4 on different algae (A) and kinetic degradation curve of Microcystis
aeruginosa by strain 2-4 (B). Error bars indicate the standard deviation (n=3). In Figure 1B, the fitted first-order
and second-order reaction kinetics equation are Chl-a=225.6-¢ % > and Chl—a=l/(2.9lX1075-t+1/224.9),
respectively.

£1 LBHEXKKAEIT
Table 1 Design of the L9(33) orthogonal array

experiment
Inoculation Chlorophyll
Group Number 06f algal volume ratio pH  aremoval
cells/(x10°/mL) .
of bacteria/% rate/%
1 4.50 5 8 81.23
2 4.50 10 9 91.28
3 4.50 15 10 92.81
4 6.75 5 9 89.22
5 6.75 10 10 88.70
6 6.75 15 8 90.50
7 13.50 5 10 55.49
8 13.50 10 88.45
9 13.50 15 90.69

£2 LA)EXREHLER
Table 2 Results of the Lo(3°) orthogonal array

experiment

Effectiveness Number of algal
cells/(x10°/mL)

statistics

Inoculation

volume ratio of pH

bacteria/%
E, 88.44 75.31 86.73
E, 89.47 89.48 90.40
E; 78.21 91.33 79.00
R 11.26 16.02 11.40

BT IEZRE LI 250, BFSE T Bk 2-4
M8 SN B 24t B . iR 1B AT L, 28 I
HE HR A 355 200 it = B2 1Y) Chil-a ¥R J3E Bl IS ] 36 4
M FE R RS R K R P Chl-a e BE RGN a] P
IBERCE BT = o W — B G v 3l
ST FEBHL Chl-a BEAS A A 08t 2 . 45 0
/N, Chl-a (3G FEE A& — R 8h 1%
(F15°=0.668 VS I,,4°=0.583), 1} I ik 2-4 X4 4
FHCHE T ) A A B R T B LR R E A
55 S EUR S VRN B R SO A S AR . ARl
BRIk 2-4 19— 3 )5 5 BRI AE A, Chl-a (1)
ETEWIN 126 h (t,,=126 h), A Chl-a 2R
FH 87.71%,

22 AREMAE 24 IEERAR

J T IRFTERE 2-4 KR S e R p R A
M, Al e . CRMuEm . BENE
Y 5 A e i R AL R . S5 ANIE] 2A R,
4 d J5 Chl-a EERZF5514 93.10%. 60.34%7F
10.62%, ULHIE K 2-4 Al Zpidm ey s, ok
1 T S 40 L ) P R R PR A A . AR
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Tk AN pH 25 AR 36 T TG A UV (43 2400 ) ) 41D
heeka ek, ZPEIR(60. 80, 98 °C)ALFH 5
) JC B BB R s v, IR (-80. 28,
4 °C)F1 30 °C ¥ Tk A B 1) TG P U8 VR AT HL A ik
B TE, 4 dJ5 Chl-a £EZ5 50 63.87%.
70.35%. 64.75%FH1 60.34% (/& 2B). M4k, 1
W AE SRR (pH 3)FN5® A% (pH 9 A1 11)4b 35 X 4
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Figure 2 The inhibition mechanism of strain 2-4 (V/V=10%) on Microcystis aeruginosa (A), stability of
algicidal substance to temperature (B) and pH (C), and molecular weight of strain 2-4 (D). Different
lowercases indicate significant differences between groups (P<0.05), the same lowercases indicate no
significant differences between groups. Error bars indicate the standard deviation (n=3).
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Figure 3 Scanning electron microscopic observations of Microcystis aeruginosa attacked by strain 2-4 and
its filtrated supernatant. A: 10% sterile R2A culture was added; B: 10% strain 2-4 was added; C: 10% its
filtered supernatant was added. Figure 3A1, Figure 3A2 and Figure 3A3 are photos taken at different
magnifications of the same field of vision, with magnifications of 2 000, 5 000 and 10 000 times, respectively.
(Microcystis aeruginosa culture contained harmless epiphytic bacteria).
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Figure 4 Ecological risk of strain 2-4 and their sterile filtrate (secretion). Inhibition of strain 2-4 (A) and its
filtered supernatant (B) on Daphnia magna Straus and Microcystis aeruginosa, acute toxicity of filtered
supernatant on Photobacterium phosphoreum T3 and inhibition of filtered supernatant on Microcystis
aeruginosa (C), acute toxicity of filtered supernatant (FBA) and R2A culture on Gobiocypris rarus (D).
Different lowercases indicate significant differences between groups (P<0.05), the same lowercases indicate
no significant differences between groups. Error bars indicate the standard deviation (n=3).
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*3 REREERRMEE ISR E XK ITGHRE
Table 3 Reports of inhibiting effect and risk assessment of algicidal bacteria (Pseudomonas sp.)

Input volume ratio  Risk

Algicidal bacteria Application scenario Inhibiting effect/% . References
of bacteria/% assessment
Pseudomonas sp. Taihu Lake water 85.90 (1 d) 9.10 Unknown  [12]
Pseudomonas sp. Microcystis aeruginosa culture  91.00 (1 d) 9.10 Unknown  [12]
Pseudomonas sp. Z3 Alexandrium catenella culture  95.00 (5 d) 9.10 Unknown  [11]
Pseudomonas aeruginosa ACB3 Microcystis aeruginosa culture  82.60-97.50 (6 d) Bacteria:algae=10:1 Unknown  [10]
Pseudomonas aeruginosa JM1  Microcystis aeruginosa culture  76.00 (5 d) 20.00 Unknown  [45]
Pseudomonas aeruginosa Microcystis aeruginosa culture  83.84 (7 d) 5.00 Unknown  [13]
Pseudomonas sp. THW7 Microcystis aeruginosa culture  84.61 (6 d) 10.00 Unknown  [46]
Pseudomonas sp. THW7 Taihu Lake water 31.50 (20 d) 6.70 Unknown  [46]
Pseudomonas sp. W10 Microcystis aeruginosa culture  80.05 (7 d) 10.00 Unknown  [47]
Pseudomonas sp. 2-4 Microcystis aeruginosa culture  94.36 (4 d) 5.00 Toxic This study
Pseudomonas sp. 2-4 Microcystis aeruginosa culture  90.60 (4 d) 1.50 Microtoxic  This study
Pseudomonas sp. 2-4 Microcystis aeruginosa culture  56.77 (4 d) 0.50 Nontoxic  This study
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