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T 08 )& (Pseudomonas-Alcaligenes) % 7% AN B AT
J& - 5L PR & (Acinetobacter-Moraxella)™®

SO 12 14 o 20 2R R A A A 9 4 L A
Bf 1) PN O 2 b 2 KA A DR R T, X SRR
A T B B IEAT HILTT AT RS 3 WK IR B A TR
TR, o DAl B8 A Ja 0 A KA. R, el
Rl - 225 A 0 A Wy o R P A R R A AR TR S 6
SIS A SCGE o % NBILSEE, HR5E R
AW —K RHR B AR MRS + 2855, K2
ZURP AR fb 22 5, 48 7R BOHERS 3R B R R
B )2 A5 v 40 T TR 5 1 4 A % S RE A S, [
HMEKRBE, WA FETMEREE AL S KR L
AP (TOC) & AR, LU — 20 58 35 % il
PG AR S ERBE RN AYINR, SRR, 1 A B R
(B TAEFR At — e Bl A AR T
1 mR5rE
1.1 MEEF AR L H &

AWF 5 o BT [ 3T v LAY (0 5 B R i —
KICHE B NIRRT G o BRI o [ R} 2 e Vg v
WFSE TGP AR A S IR R 2 T S S S AR R, 7
TR (20+1) C ., JEIRIRE 50~60 pmol/(m*-s) ., GG
Fb 12 h: 12 h R0 Rl AT 85 3%, 5 S0 R 75 4
. rf Sess HH 2408 5%HCL R 24 h )5, 1
121 “CF @i K 30 min, 35535 5256 BT FH B 1 7K B
HE SR MNE R, 4 0.45 um BG4 UE .
121 CHEEKE 30 min, BHERRE, IATCHE:
L1 EFRmW™,

SIS BT ARG R ) PRI e £, BTR A
MR35I B A S ALER (PAC) FIBRIRES (AS) . A H
FEARBCPEAL 1 (MC T ) FIBR R 55 PR AL 1= (MC D) A
BT ES ISCHR10- 1] AR SE R R 16S rDNA (9777
I MR B B DL, 2R 4R HREL DNA R,
PCR #3015 H 45, BERASCHORS + B 4 id
AR X AT BE S HOE A 4 G £ A R (L3S K PR
Ve WEEE . mR LT LE T MM REA
B P & AR, SRS SCRHE AN EIER 1 A
GNP
1.2 SRR

Kok RELE B I B 8 K IV, IRB 555
JET 32 1 L gEgsh, P2 290 (3.08+0.30)x
107 AN/Lo J35InA MC T Fit MCII, i Hofe & ffiit
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WEXIN0.5g/L, F3h(HERTERA1d).3d.5d,
7d. 11d. 16d, 21d, 26 d REREN, BHMHF
fikfe S Z2HORE, |58, TUWOE T 3 cm AR BRI
10 mL, FT 4 H e s % B, BEJS, 300 i ek i
t EJZEWAR 940 mL), WCH P 40 mL H TRMAE
FRER(HIRER . WRSARER | Hedh)pomlse,
Ao [ 52 J5 R T-20 CRESMT . Ay S0 mL AR 5%
JEEURFEMRA], 15 mL ZRIE A LR S Ak R [
FE JEARAFE T—20 C kAR, FHTIE S HLER(TOC).
30mL JHTAE 16S rDNA, #£5hT-80 C k4 g
fFo 5 mL FESH 2 2 B W (LUK B N 1%) 8 J5 it A
T80 CuksEh, T A4
1.3 57k
1.3.1  ZA0 X B4 i3k

W VR AT IO A0 R FE S Ak AL B S, R JC R TE
(10 mmol/L Tris, 1 mmol/L EDTA)ZE i i 7 B 100 13
(B HiFE), Md SYBR Green 1 4405 (% BRI
1:10 000)#EGYL e 15 min /512, F =4y
(BD FACS Calibur, USA)EAFHII ) T 4 75 %
O Beads Y48 X}t %04 (BD Trucount tubes,
USA) B 52 40 B W B, 5 40 581 78 A A il 1 1 1 o 58
BT A AR B Lugol 55 [ 2,
TE{8) & 538 (Olympus  IX71, Japan) F#E47 554640
Ji 4% .
1.3.2  16S rDNA

FLAE g E AR MR T 0.22 um BYIERE L, H
OMEGA K BURFI &1(D5525), e M 6
FEHUE DNA, fli F 1%350 5 W 358 15 A ik A6 0 42 B
DNA M. KA A5 1 DNA Ff 5k 2 il RS
EAEYE BRHECABRA R, H 16S tDNA #EH T
341F(5'-CCTAY GGGRBGCASCAG-3")Hl 806R(5-GG
ACTACNNGGGTATCTAAT-3")#47 H (3L R 514, 5L
T Ton SS™XL AR -4 (Thermofisher), i 2
Uil 7 (single-end) I 7715, SEAK 16S V3-V4 X I 7
I3t .
1.3.3 HAbKESH

TOC i ik S A HLEK 53 B4 (Analytik jena Multi
N/C 21008, Germany)#Ef 7l g, 2 FR L e BE I &
()5 k2 R QPR A LTS ) (GB/T 12763.4—2007),
B AR R AR N -A I, iR cd B
WA R 6 R AR R 25 2 — e s (R A - 20!, B
B SRR YIS 4R A 81/ Br{ (Skalar San++,
Netherland)ill & .

v O s At
4 = A
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1.4 BFELE
SR T T A Y 2 R R A SN

RE=[1—&]><100%, (1)
NO

Hr, RE MEBRZE, No 1N, 435 8 ke Mk 8
TRV B 8] ¢ S 2] 1) 35 240 R 505

FIFH FlowJo %/ (TreeStar, USA)ZEAT4H 5 1Y
FEBCH . i Qiime %K 44 (Version 1.7.0)it%
Shannon f§%%, % FAPROTAX(Functional Annotation
of Prokaryotic Taxa)¥(#it/E, KT 16S rDNA ¥ i
() OTU 432K E XM REA A T b A T e 7, (i
FH mothur X4 amova pREHA T4 [RIFETR 4546 22 551
Mro dEad LEfSe FUFH L1510 5 53 #7751 (linear
discriminant analysis, LDA)#F1 721 0] 22 S Yy Fhifiive . 12
FH Excel 2013 F1 Origin 8.5 X A7 ab 3 [ 24

2 ZERER
2.1 AHEESKRIEFRGIHRBZR
SCERAE R W oR, BT R B (LA AR R ) A
0.5 g/L /) MC T REMS T LKA 25 70% 1 38 41
M, 7EZJE 09 10 d PN BEGN I B A — AR Y
s, F g e 2 B I T AR AR B ) R L T o %
(%9 8x10"4/L) (Kl 1)o A 0.5 g/L ) MCIL 7, %t
KR HUE M L G 100%, HBER AR K H
PRI NG ottt o] O, [RIRE & R [R] 2R
YRR X [R] —Fh AR A R R R A R 2E R,
AR DA gT 4 R
<« AR

o MC1I
e MCII

~ 6r

-

N

S |[EiMC

< 4t
b ﬁ <
0 ‘0-000—_0—0—o—o L y
-10 0 10 20 30 40 50

I fia)/d

P AN [l Ak 3R v oA PRI v T B 1 1 28 A 195
Fig. 1 Variation of K. mikimotoi density under contrasting

systems
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22 WMAEE. HEARS RN
221 HHEEBE

T A A A 25 R R W, RN 0.5 g/L 1 MC 1
3hiE, LR YIE % 8 (3.02+0.26)x 10"/, 5
o K Z 55 26 d (7.52+0.30)x10" 4N/L; 2 0.5 g/L
() MCIT 40P 3 h )5, 2R A% (7.5141.28)%
10" AM/L, TG K ZEE 26 d(5.18+0.30)x10"" /M/L
(% 2).

8. AMC 1

(o2}

YIS RE/(10 AL
N

[\

B al/d

P2 AR RS o A R I (] 8 A 15 D
Fig. 2 Variation of the bacterial density of flocs treated
with two types of modified clay

222 HEBFEHRS SR

YA 16S rDNA = i )7 5, P34 54 5 D
1537 008 S5 RBUTH . T ARSI T A S0 KIS
495 1 422 4~ OTU(operational taxonomic unit, 5
Ve 2R 8T0), YriEREL1E 21 T, 36 4
2. 82 ANH . 159 AFHRI 322 ANE AN . 1EE K
b, PYSCE A e K EHEA T 10 B RO X R
W 3 iR, MC T AREE 3 b5, 2R 2 L
Stenotrophomonas £, H R E 284k, Stenotro-
phomonas EEBEAR, 55 26 d EELL Celeribacter
F1 Altererythrobacter ¥ . Usin MCII &, Z&d4k
ST (R REBE RS (8] & AR TS, i Altererythrobacter .
Marivita , Fluviicola % #i17] Celeribacter , Muricauda
Sulfitobacter . Altererythrobacter %7 . %] Shannon
FEBOTAS A [R) e A A Ak B 28 0K T B ) 4 v 22 A
PE(El 4), MC 1 413 h Y Shannon #6840 0.44, )5
TRHITH G 5 26 d 19 4.93, MC I 41 B 2 REMEFR 5K
3 hfh 4.68 FEILESE 11 d 1Y 2.43, BLJE5E 26 d I
TH= 3.62,
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1001 e . Lactobagillu; 100 _ u Loktzlzlnella
ol " o BERRE
;\x 601 l = Sphingomonas B 6ot ® Oceanicaulis
e = unidentified Rhodobacteraceae +- = Marivita
; 40+ = unidentified Cyanobacteria E 40 = Maribacter
= Celeribact - = Al throbact
= %) Legionella R o G
= Altererythrobacter Muricauda
1 5 11 16 21 26 " Stenotrophomonas 0 1 5 11 16 21 26 Celeribacter
s ) /d I fiE)/d
(aMC1 (byMC 1
K3 @K E R EEHEA T 10 /20 B Rk % =F B2 1]
Fig. 3 Relative abundances of the top ten bacteria at the genus level
o MCI 223 HETHEETM
St 2V HUE 168 tDNA J 91 0 402 TR 45, R
* FAPROTAX T_H%I MC [ Fl MC [1 414N D
4r BeJm, o33kAS 57 Fi 53 FORESM A, R FEHEAHT
4 &) = — v N
\ . . ¢ 20 IIRESr AR BaNIE 5 . IEIFRT IR S, feie
ES‘E T FFF(BLF5 chemoheterotrophy F1 aerobic chemohetero-
5 | ¢ trophy) SHREARRN FBE8Gm, TERTAREAC AT . 5
B . o Ak, 75 MC 1 v, BATHMREL L (nitrate reduction) .
1 ; fHARLRIT-I (nitrate respiration) , [% %{(nitrogen respiration)
o o INRERYAR AR FHERG, MC LA, BR T LRES IR
0 ll 5I ]Il 1I6 2I1 2I6 Jj]ﬁtéﬁl\, éﬂi%ﬁ@%mﬁﬁ(fementatlon) E@*ﬁxﬂ‘ﬂagﬁga
Fffil/d S A BT 8 LU A B 4L fk (dark sulfur oxidation) |

P14 MC IR MCITZH 224 4 ) Shannon 54X
Fig. 4 Bacterial Shannon index of MC [ and MCII flocs

100 100

80t 80t
£ 6o} S ool
= i
o | -
i =
2 40r Z 40t
20 20
0 0
1 5 n 16 21 26 1
s )/d
(a)MC I

AL &8 Ak (dark oxidation of sulfur compounds)Flil.
TR Lh 4 fk(dark sulfite oxidation)Jy i A 4 B T ik

= nitrite ammonification
= mammal gut
= human gut
= nitrite respiration
- intracellular parasites
photoautotrophy
= cyanobacteria
= oxygenic photoautotrophy
= phototrophy
m dark sulfite oxidation
= dark sulfur oxidation
= dark oxidation of sulfur compounds
= nitrate respiration
m nitrogen respiration
= human pathogens all
= nitrate reduction
animal parasites or symbionts
fermentation
= aerobic chemoheterotrophy
= chemoheterotrophy

11 16 21 26
HifR]/d
(byMC Il

Kl s R SCHEAG A ES, SR 20 B D BEAR X

Fig. 5 Relative abundances of bacterial function in flocs treated with different modified clays

2.3 EEBRFEAK

A FEAE ST A [ b B2 240 5 %% B R R v A8 4k
I, DT R B K B SR AR L o 28 Bt
A ARFE S, MC T 413 h 2k TOCH A (151.35+

16.23) mg/L, SCHOHTHINGA TR, 1 fe B ] 28 fhz i

T, MCITZH 4K TOC FR2e0248 780/, Hi 3 h#9(203.18+

2.69) mg/L [ Z 45 26 d(166.24+14.49) mg/L (I 6).
IKAR RS R & AR AB S E 7a TR, RN
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—o—MC 1
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300 -
E
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£ 200
Q9
S
=
100 1 1 1 1 1 1 1 1
135 7 11 16 21 26

I aj/d

Ko AFESERG ARG, 224K TOC Bl a2 1k
Fig. 6 Changes of TOC in flocs after treatment with diffe-
rent modified clays over time
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0.5 g/L ) MC 1 J7, 3 h /KRR R £R 5 5 4 (467.00+
11.35) pmol/L, i Ji7 Fifi FF [8] A5 £k 437 2 P A1 22 (262.15+
5.86) umol/L. fIIA MCILJ&, /KM il h e B
(460.30+6.59) umol/L, —EFEALEE 21 d 19(392.22+
0.47) umol/L, % 26 d [F]F} %8 (459.9542.59) umol/L. %
IMC 1 )5, WARRRER M E AN(2.85+0.01) pmol/L X4
#(35.09+4.12) pmol/L; T MC II £H V. fi§ iR £k ¢ £ A%
FRIEBER /N, 7E(1.41+1.94) pmol/L F)(2.88+0.01) pmol/L
LRI BN 7b). 78I 0.5 g/L (1 MC 1 )5, Kk
R B 4 (3.92+0.00) umol/L, I 32 i fin 2= (14.70+
0.83) umol/L. ¥ MCILJ5, & E—H L7, &
%526 d K(22.28+3.02) pmol/L (& 7c).

e MC T —o—MC
—o—MC I
500 - ——MCI 40 -
~ L
o Z 30
T 400 El
< R
i & 20
§3m— %
Foig = 10
= =
200 LL—L L 1 l L l |
1 3 57 11 16 21 26 0
Hif i) /d Hifal/d
(a) fi5ERER (b) W AR ER
—— MC [
—eo— MC I
30
0
< 20f
=]
=
BN
®
2 1o
Y
0 1 1 1 1 1 1 1
1 357 11 16 21 26

A [ /d
OF N

3 I N 15/ € o e o3 S I U XS Sy v [ B e e

Fig. 7 Changes in dissolved inorganic nitrogen in water treated with two types of modified clay

3 Wi
30 ARSI mBFENYA
YRR BEAE R T A, LR AR

a2 5l MY B e o il A, R R
GRERTER/IFMIPS i = % S S N e L G E
20 A 1 BTV VE A5 A P R R R O R
D), A S5 Z AR LA AR, Bk

50 TEFEERL /2021 4F /55 45 4 1 55 T 1)



it

A WL YRR 25

SO A 3 ek T e D e T e e R
75 Ay 1E FL T AN B I A R IR W R R A
A R B e Y 5 SR T IE F Y R R A BORE
Gy KA BRI . ARG R IR, TEfIFFREE ] L
o FAL + LB VTR AN TS, LLBT 1k %58 A W) Wy A <2 5]
LN S N A S R N B S C e
ZEERCR AR, MC XK R HLAE A LB R T
MC T (1), RTRAHERT MC IT X620 5 A 22 0 sk SR b
BT MC L, 2l 3 h (9 MC 1T 4128 R b i 40 o 2% B
BT MC 148 2).

YEA A K BT ELE B AR, BRI . IR
JE L KGr BREE S AR, ARBgE R MC T AT MC I
YIRS IR AR R R, v AN TR % R AR A ) R
ZERRBETFERYIE . EREN 26 XELKH, JKE
SR g TR % R R, SRt T UURR RS A
KE R BEEA VL, 05 IR R T & B IE
LB Y P Avnimelech® ST & B, A WL &
SRR AR R, BEE KR C/N MRS, FIR4
WA 2 W TH ) Burford 551 FRFE K A R N
ALK, FTRMESEAE R, HERENERY
Ji, AT AT 4550 R K A LR . AR SEG T, [AIRE
FAR . TR 28 B0 B PRl - XK TG B 3 A0 5 BRSO
(R 1), SR )2 LR A HLE & A F((E 6),
TOC 125 57 1] B2 52 Jis 25 40 B 2% B i A8 Ak
SEESTTH(1~11 d), MC T 20 224 rb 40 7 S 2438 K5
A 2.14x10" A4 /(L-d), 1M MC 1T 4 20 5 - 25 36 K
KA 3.44x10" A/(L-d)o LA UL, MC T 412 24k
HA s A LT S MC T2 v 40 T 1) 43 7 4R 43t
THAFRAEE A, PTREE R MCITAAIR AR SR
T MC T A RFERZ —, A (11~26 d), MC 1
A1 24 TP A TR T 23 K RN 3.38%10"0 4N /(L-d), T
MCIIZHH 6.60x10° AN/(L-d), HHMHIFER A fERE MC 1
I PR AE K A S e AT (R 1), KR
MMIAET G UIRE B2, #h 7 T 2R h B IR UL
(&8, MIMERE T MC 1 4R)J2 2R b a4 K,
M MCILALE 2 Sc st B L, SR b s IR A7
BLIBT AR 78, A7 HILJBE AR 20 o A K 0 BR A %, 45
20 A 11 K R 2%

Y Y AR S B T AR A P, 1 MC T
Ab B S K G HILAS 8 2 0 B A K SR TR R, 1
SRR BB I DI EIR)Z, HE2kH TOoC

'h@Ammw

R FrLL, ABFZER MC T 4IRT A MC 1120 /940
FH K S TOC {4 FE R T A /8T (E 8).
SRR, MK ECRE TOC JHFEHUR R IEAH X
(P<0.001), Bl TOC JHAEAFAETR, 4HpaHE KA. H
LRI UL, MC T 5 MCIT 4L 4 % A8 ik 5 TOC &
TG, ERd TOC 223 500 4 T8 55 B

Tr

6

R=0.66
P<0.001

R HOR/(100 4L

(=)

0 2 4 6 8 10
TOCTFEHE R (mg-L™"-d™)
E 8 AR R TOC MK R 2 8] A e 1k

Fig. 8 Correlation analysis between bacterial growth rate and
TOC consumption rate

3.2 BUMAE At A AL AT AL 6 B o

SERAE IR R, AR B PR AN RE e
TR B, TR B 2 X 2 BRI A A — R R )
(11 3)c MC T F11 MC IT 41 28 1] 200 1 B % 205 1) 22 S i 25
(P<0.001), it LEfSe 43#7(LDA score>4) T4k MC T |
MC I 4[] 22 55 o 25 g W b, 25 2R o, MC T 425
SR EWEIE N Stenotrophomonas, MC 11 41 1) 22 5+
WiF A Celeribacter . Muricauda . Sulfitobacter . Alte-
rerythrobacter. Maribacter. Marivita. Alteromonas .
Fluviicola(&l 9).

MC 1 B4R HE7% DA Stenotrophomonas i ¥ .
R — MR MR, 29 0.5~1.5 um, T
WA 6, B R0 ok i a AR B0, FE K
THEE AR T A, A IEAETE T Y
WHRP, S 5EADY, A KRB M — L E 2k
AHCY, ZJE T BN K 2 25 By, w bk
VER A BIAFITY G AR, i 2R FER IS T
S ENZE A R BRI RIS, maito-
philia P38 353U M AN e il ) BT B o B
Tl 5 2 LA TS, 0 T i s IR 0T 2 (Serippsiella
trochoidea)): 1K . Stenotrophomonas i J&— it i
WRE, BERSTERIRIERY NaCl &M FAEEE. B4k,
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mm MC1 mmm MCI

I I I 1 I I I I
Y Alphaproteobacterla_ .
© o_ Rhodobacterales | IR

f_: Rhodobacteraceac [N
T g Celeribacter [N
. c_ Bactdroidia [N
© p_Bacterdidetes [N

f Flavobactenaceae
C 00 g Muricauda
: © g_ Sulfitobacter NG
LS Celerlbacter ~_backdohensis [N
+ s_: Sulfitobacter_guttiformis [N
: © g_: Altererythrobacter | RINNIRIEEN
s Altererylhrobacter ishigakiensis [N
© " o_Sphingomonadalcs MG
o f Sphmgdmonadaceae_ .
. . g Maribacter [N
0 Caulobacterales

f Hyphomonadaceae =

‘e Marivita [

o._Alteromonadales [

f_.Alterdmonadaceac [N

" g__Alteroinonas I

: . g_ Oceanicaulis [N
: _ p_ Proteobacteria;
. I | Xanthomonadacac

. I o Xanthomonadales
. [ ¢ Stenotrophomcnas
. I ¢ Gammaproteobacteria
I I 1 U I I 1 I I I
-6.0 -48 -36 -24 -12 00 12 24 36 48

LDA SCORE (log 10)

(a) LADfH 4 A b1tk &

6.0

H@A RTICLE

£Z
a0

=

Cladogram

== a: f Flavobacteriaceae
01t == b: 0 Flavobacteriales
b : = ¢ ¢ Bacteroidia
md: f Hyphomonadaceae
m ¢ 0 Caulobacterales
= . f Rhodobacteraceae
== g: 0 Rhodobacterales
= h: f Sphingomonadaceae
== i: 0__Sphingomonadales
== j: ¢__Alphaproteobacteria
= k: f  Alteromonadaceae
= | 0__Alteromonadales
= m: T Xanthomonadaceae
== n: 0__Xanthomonadales
== 0: ¢__Gammaproteobacteria

2_Bag,

1

segonoigd

(b) LEfSeilkfb 43 31

K9 MCI Al MC T4 SR IR 4R 19 LEfSe 24k 53 3ZIA]
Fig. 9 LEfSe analyses of MC I and MC II

Stenotrophomonas RENE 7= A= B A58 AT HILIRR A n
VW pH E I Z MR FEARAR i s b, R 2% P BB A5 T
ﬁﬁ(ﬁ?fu-’fm[z’“g] 1EMC 1 #ih, ZIkh ARy 2
FEPEFE BT AR (K 4), —Fh Stenotrophomonas 5
FEARH, ATRRIEZ R Z A% MC T R &
AR EA —E 2k, 508 MC T Hri R it o
EHGEHENE MR T Stenotrophomonas W'
K, IRBCRIET K I R . 76 MC T 415 31,
LR B2 RS BT R, Stenotrophomonas i
HOZ U s, FTRESE I TOR IR M e T B0
MC [ e ST R ARSI, xS A S
ey SEI gk — 2B RAIE
TE MC L2, 20 b A v 235 1 it S5 6 1 1] 33
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Abstract: The red tide in water can be removed by flocculation of modified clay. However, no study has reported
on the effects of bacterial community composition and function in flocs after a large number of algae settle at the
bottom within a short time. We used high-throughput sequencing methods to identify changes in the bacterial
community in the settled Karenia mikimotoi flocs treated with two types of modified clay, i.e., polyaluminum chlo-
ride and aluminum sulfate modified clays (termed MC I and MCII, respectively). The flocculation removal proc-
ess of K. mikimotoi by modified clay was completed within 3 h, and the bacterial density in the settled flocs in-
creased continuously over time. Moreover, the structure of the bacterial community of the settled flocs was different,
with Stenotrophomonas and Celeribacter as the main genera in the MC [ group and MCII group, respectively.
Chemoheterotrophy and aerobic chemoheterotrophy were the dominant functions in the bacterial community of both
MC I and MCII groups. However, nitrate reduction, nitrogen respiration, and nitrate respiration were most com-
monly observed in the MC [ group, while dark sulfur oxidation, dark oxidation of sulfur compounds, and dark
sulfite oxidation were mostly observed bacterial functions in the MCII group. The relationship between the
changes in the bacterial community in flocs and the changes in organic matter and nutrients after removal by modi-
fied clay was also analyzed. Results of this study cannot only improve the understanding of the ecological and en-

vironmental effects of modified clay but also provide theoretical support for future studies of micro-modified clay.
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