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(BRIIRRESE, 2020), (HI2 KM . 2500 . CEHAIZ
YA SR KA H 2584k, 0 PR RON IR H
R, REOTIREE R E T . RIS Y (R
GE,2004), KNk, RRICAFEBF M, #Hsh T
TR KIRIHE , = S PT R B A= W) ik R G ©
4 LR IR R 2L TR A T AR 2 —

PEFR K FRFEAE IR FRIE K W B | A2 S B W)
Fe A B A R B R A Oy S (R IESE, 2013),
TERGEIRTT 2 . FRFEIR S WAL B | R R 42 1 LA B
I/ A AT Y A T T EAT I S AR S (R R AE, 2019;
TRAR IS, 2017) o AR WAL RGP KK AL BR R A% 00 B
T, UEREE A Y v A B B A S O, AN (R R
AT . LeRTEAR L T phal e Ty« oK )Rk A 25
T SR T AR MRV (RN — B0, DI 52 1 X 57 BE 7K ()
bR (B = e 55, 2005). T FRIEH K IR R G
A 5 M Wy e A K R . BRI 2 U (NH,-N) Al
WAHAS A (NOL-N)(HE# 4, 2001; Fan et al, 2019), &
7% 115 21 (Cornejo-Granados et al, 2018) . %5 JF B %
(Rungrassamee et al, 2016) .} 3558 1) F il B (B 05 55,
2017)55 B A A EENEM . BRI F28
A& TR A W) AR R B B PR 2 X K B R RO AT,
POBZS WS €T BRI s /LR i T o

PRI, A B 5% 388 2o 43 A X I T AR PRk 5558 &R
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SIS 1L AR AR U FH T BV K AT BR S ] SR e
HEAT, XHER T AR 6 R K 3R 5 &R Gl R A B £
(Epinephelinae) 3% 4 4 [0 T+ K B, L TETBUA 800 m?,
BRI 600 m®, 8 AN HIME A R A4 7K I8 375
(K9m, % 9m., &2 m, FRFE/KMA 600 m)id i 5] 7K
T KA T8 5 7K A 3 3R S AH A 3 PG A OK 5%
PARGE . KAb PR R 455 02 i E KR 2R S B g K B
R IEFRFEAE A A A B E:, FEH 2 5%
FAML SRR, 1 S FREE 0SB o . gL
—JR SR Yt M EE SR 4 F Sy, — S
SIRA YA A= Yk 2 £ PE BUBH(LLERTHIFRZY
N 600 m*/m?); 53 1 ASFRFE M R G E R i
A SeAMHRE M AIAR Hh S S 3 R4, g R A
WAl AR U8R by S AR LM SEURE(EE R TR
150 m*/m’) (K 1), BANFEIHRGR 4G 26 3.0 kW,
SN 39.2 kPa 1B RS, 15 XTHF T fb 575
6.0 mg/L DL I FR¥ SR W0 v AL BT 75 1 T | 5 IR R
BOR, SRR T AWBRWE 2 R, FREHK R
SRR, ZUIVE. WPUE . TR A AN S .
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Fig.1 Recirculating aquaculture system of L. vannamei
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B RADFE KB N AKIRIY 3% 2547 ARG XH I 1 A KA
B, P M [ U A /0N B L4 3o IR e A ) ek CREL 2
H=42%. MW =4% . ML4E=3%) (FHIEREK
R TEARRA ), AT 22.d, KA
0.5 mm FIECS 1AL, 22.d )5, #MERAEH 1 mm BB
AL, 4 Wk/d, BB 452k 07:00, 12:00, 17:00
F122:00, HEMREXTEMATT SR 10%, FR5H )5
BRI 2 4%,

TEFRIESLRR A 80 K, SREE—YFs shifrfb ik
R(FMW) . 2% 5 PRAE e Al th /K AR (STW) . 741
WKARPC)LL X Z 4. PE HEHFMB)., 7 AR IER
(SIBYFIXTHRIZEAE b o 76 B4R 4 h J5, IAEASAbBE
A3 SR A LK JE 31 2 R AR KRR 50 em Ak
BKAE 500 mL, JH 0.22 pm BHRERES I8 oI &
TEMEA T B OB 20 CEHEMEAE, 1T aiiE
YIRS A, 8IS WK T IK B b s BL—
SRAE Wit 240 PE BB 5 R, B gh @ IR AR
YA ST AR BPEIEDEL 10 em, 4390 500 mL 4t
KIATIRG . FhUE, B TC B LA 20 C IR TR
PRAF, T il e v RS A8 . BEBLAN 8 4> FRFE b
ke 18 BXTUR, 3R EMIELVTFE S, RA
3 AMEEMA TR B0, 20CARERE, AT
Mris A W B 454 o

1.3 MESHERZE

131 RRHEAR KIRAYKIR . W4 pH FIERRE
il R K BRI (YSIS 56, & FE)IE ; SA(TN). A
BRNO-N) A (NO-N)FIZ A (NH,-N) I 7
FE S 5 7 R i 8l 43 AT A (Skalar, a7 =)l %€ .

1.3.2 A4 E Fen KA IR RS2 56 i v
AIRZE ) L DNA RO IBCR H] TAB/SDS 5 #E4T , M
1%ZE R W56 e L DK ARSE DU AE (5 () B AT ZH DN, A s
ST DNA 4577, X5 Fl NanoDrop 2000c¢ {2 #% /iR
KA NC20 6 H: DNA 46, H: OD560 nim/OD250 nm=
1.9~2.0, 54 Tlumina MiSep 72K . fdi i 16S rDNA
FEH V4 XA barcode B FER 5 #)%F DNA i#£47 PCR
P, 514k 515F (5°-GTGCCAGCMGCCGCGG-37)
FI1 806R (5°-GGACTACHVGGGTWTCTAAT-3"), PCR
P8 7E ABI GeneAmp® 9700 %! PCR {¥ #1347, PCR
AR Z N 30 L, fUFE DNA Bz 10 ng, 15 pL of
Phusion® High-Fidelity PCR Master Mix. 0.2 pmol/L
1ER 15149y . PCR MR 98°C 1 min; 98°C10s,
50°C 30's, 72°C 60 s, 30 ME¥; 72°C 5 min, PCR
PR 28 2% IR F kR, 45 TR
FIH GeneJET Gel Extraction Kit (Thermo Scientific)
aifb I F i B, i NEB Next® Ultra™ DNA
Library Prep Kit for Illumina (NEB, 3% [&)#E4 7/ 3C
JER A, I SCREZS Qubit® 2.0 Fluorometer (Thermo
Scientific)Fll Agilent Bioanalyzer 2100 system £l
¥ )5, 1F Illumina MiSeq ¥ & #E4 7% .

1.33 A5 54  FIH FLASH 8/ 2T
barcode FIr 194 i 1A 07 9 i A7 Bt i . i
UPARSE AT I 505381, IF LA = 97% AL 2
SRS B (OTUs), ] UCHIME 3144 € ik
5. A Mothur FAHE T 97%AH{LEZ ) OTUs,
FIH R T TR A A Y RE AR Bt £ . A ]
Mothur AR #& Chaol . =F % £k (Simpson) 1 7 i
(Shannon)f8 U T HH a-ZHEM. T R BT T H
gy MRz 4E R (Venn) &, HI T 20 M 4% L U E DIAE A
A FIBA Y OTUs Hi o fli H] R F A3 T A R
JESNAL unifrac 1 EALBRIETTRELE S HT (PCoA) DA
e p-ZHEME. FIH R 6 S LR TFE A 535
Gt ANTERER AN B, FIH Metastats #7504 420
TP 22 5. R LEfSe i, LM
B HT(LDA)YFIRLN K/ INLESe) 74T, X AS Rl 41 P g A=
YbREIH T E BT, A OTU By FREMENL, it
H Cytoscape # A EREA: A /4% o ff F RandomForest
B934T RandomForest 2347, AE 415 B4 A i i
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BHEIEARGUMN) A PR A FIHRAEE AR S HE

1.3.4 HE>H S A5 B s DL Y8 + 45 o R
(Mean=SE)# 7~ , KH SPSS 25.0 F {417 )5 2250 Mt
(ANOVA) £ L4 (LSD #: A1 Duncan %), P<0.05
TRESDE,

2 #R

2.1 AL R G FRE KKK BTE 5 00

A= ) A R AIE P K 37 58 2R G2 K AR TEHLE SR AR
B WL R B A R UL 1o vk Tt RN SR A b 1) 7K
TEARFRAE 28.5°C, SR 31, pH iy 7.8~8.2, AR
FETE 5.0 mg/L DL |, RGN A K AEFLFICH] 22 7 A8
H(P>0.05) 0 2[5 R A= 0154k 1t (STW) FRFH K M Hh
5 NH3-N il NO-N 5 e i 44 88 3840 T — 2 58 TR
HAE L (FMW) R F25E 7K Tth (PC) AL HHEZH (P<0.05) , i &
e B4y 7 0.85 F1 0.21mg/L, FMW 5 PC AbFRZH /K
A NH,-N Il NO,-N [/ 8 22 5 A 11 3(P>0.05)
AEZKAHBAITHY NOs-N | f(Si). TN, EWE(TP)H 5
BT 2R A B EHP>0.05), RSN, NEEYEE
ALFRXHAAR NH,-N Al NO,-N it HoA 24 5.

X1 EWMELEREFEEBKRIER

Tab.l Water quality index of culture pond and
biological purification unit

ZABLHIL System unit

KGR

Water quality —AB :éﬁlﬁliﬁi Fr 58 MK R
index feiokik  EWE L PC
FMW KR STW
KR/ C 28.4+0.3 28.3+0.2 28.6+0.2
e 31.0£0.2 31.5+0.1 29.6+0.1
pH & 7.840.3 8.0+0.3 8.2+0.1
WA DO/(mgL)  5.2+0.4 5.440.2 5.0+0.1
NH,-N/(mg/L)  1.73+0.16*  0.85£0.09"  1.63+0.12"
NO,-N/(mg/L)  0.56£0.11*  0.21£0.01°  0.47+0.03"
NO;-N/(mg/L) ~ 7.8240.12  7.69+0.11  7.57+0.08
Si/(mg/L) 1.4540.32  1.43+0.10  1.41+0.20
TN/(mg/L) 18.58+0.78  17.44+0.08  18.13+0.25
TP/(mg/L) 0.2840.06  0.25£0.04  0.2240.02

s 17800 _ B bR R R3R 4 25 7 B 25 (P< 0.05)
Note: In each row, different letters indicate significant
different (P<0.05).

22 FHEERSEHENFER

2 16S rDNA K V4 F Bt Tllumina MiSeq il ¢
s, 21 DMEREAR IS 1296 349 5 FH
BT, EHEAREAR 61 731 &, KJFFELE 201~

300 bp Z[f], S8 255 bp, FeT 97%HH LM K K1
4y OTUs HYHG B4 25 5 WoR , B REACIN 3 R i
i 50 000 4% reads, HMZ#a T V%%, RFAXTIF T
P FRFE ZR G B A 0 D 5 R B 8 422 3 S B TR I O
T NS 2 T N

23 WEMFEFEEMSHEESN

FEF R T b3R5 R G A #E OTUs 22| Venn
K& 3), HITAHr441 OTU RYAHCHE, 455 8K,
JITA WA S P RS e 8276 4> OTUs, FTA 1Y
A 1 OTUs iy 183 A~ AW b A HE FH (FMB |
SIB) AL A A OTUs i T /K AR KE & (FMW |
SIW), Hrr SIB Ab#H 2 £z 155 (P<0.05); XTHF LVT &b#
HEyMA OTUs it i & i T/KIRHE 5 (FMW . SIW)
(P<0.05) o A PFAG AN [F] b R B A WU RETS 1) o Z2RE1E,
38T Chaol., Shannon F1 Simpson 84, Z5RER,
SIB AbFEZH ¥ Chaol $8%% . Shannon #8450 &5 T 5
W LVT ZbBEZH /45 £ (P<0.05) (3% 2)-

K3 ARG KM g ik
[ 1B A Yy R OTUs 4k B &
Fig.3 Venn diagram analysis of microbial with OTUs of
water, biological carrier and intestine

B TACEMAEALE Y PCoA BT 4 4b Bl 2H i 2E
YIERE B ZReME, S50 IR, R L bk R Fn A8
AR AR 5 0 R i T T B 2 1R R B B Y
225 (18 4).

2.4 NHMEIRKFRERGEBFSEADH

FrA HUERE SR 46 AT, Hir
IKARFNUF 3 T RS T TR TR . AKIR(FMW . SIW
PO)F L3 N AL B 1] (Proteobacteria) . LT ]
(Bacteroidetes) FI il 2k 7 [ ] (Actinobacteria), 4 #)15+4k
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Tab.2 a-Diversity of microbial of recirculating
aquaculture system and intestine of shrimp

a-ZFEPEFEEL a-diversity index

20 51

Group F 5w AR TR PR
Chaol Shannon Simpson
FMW  1263.67£203.64®™ 4.08+0.21°*  0.050+0.003°
SIW 1207.71£154.72%% 3.94+0.16*  0.050+0.005"
PC 1 032.00+£78.49° 3.87+0.06°  0.050+0.004°
FMB 1316.67+119.78% 4.52+0.17°®  0.050+0.008°
SIB 1 473.33+50.89" 4.72+0.18*  0.040+0.012°
LVT 982.00+72.42° 3.40+0.41%  0.150+0.052%

T A3 EARANR RN ] 22 57 15 (P<0.05)..
Note: In each column, different letters indicate significant
different (P<0.05).

AR E AT R AR R TR
#5141 (Planctomycetes), 1M XJ Uiz B JL 3o b A8 B B
7. FUFT R T T RS BE R | ] (Firmicutes) . AS[a)A: 954k
FRAM(FMB M1 SIB)H VR 5 B |1 LA Al AL B2 e 1] A9 =
I 2 T HAb AL 3R ZH (P<0.05) ; X HF 7 18 (LVT) Fh 28
TE T 1R R RE 1 1) = B W3 v T K R AR v e R
R (P<0.05), TR BRI 1] 3= B 5 AT /K (A Rn 2 9
3K (P<0.05) (& 5).

FEESEER 947 AN @, AT LLE e i 8
TEAKHS . 2E e A 2 A R i 0 Th A e I B 25 5
Bian, N JE (Mbrio)7e L B b 3 b =E R R AR, 1T

PCoA
A FMW
SIW
PC
*FMB-1 * FMB
021  rvw-i * FMB-2 v SIB
=FMW-2 4 LVT
*FMB-3
= FMW-3
d
o LVT-1
$ 0 * LVT-2
o *»
- LVT-3
o
]
Ay
SIB-3
-0.2 SIB2 g
-0.4 L L L . .
—0.5 0 0.5 1.0 1.5

PC1: 49.67%

FEKMEMW . SIW) Rl i H E B . AL 6 Tl LA
F i, — s bk AR B I R B B T gk
AR, T AR AR T IR KR, R
(Planctomyces) i1 =F i 16 A= 11 v A 3R AR BE & v ELFE K
TR FER B8 rh 285, FLERAT 14 & (Lactobacillus) ) 3=
JETE X R i 38 0 =F B e, TEAKAR T R BRI, HAE
KRS BRAL, FMW ., SIW. FMB fil SIB Ab B4
H3 KT B R (Mycobacterium) i = BE 4 5 T g8, i
r (% % I B 0 7 )& (Brevundimonas) 119 7 B & T K 4R
(FMW . SIW)FIAE P A 4R FE i (FMB . SIB)H =
B, LVT AbPRZ % 240 1 )& (Pandor aea) Ml T 7 &
(Phyllobacterium) = 5 TR AR A= gk Ak (& 6).

2.5 XEMERKFEREEHERSTN

G IK AR A P e A AR TR A DG I 4% 45
BB, AL R Hok A B A T A 2R A T T
%, —%% . “HELAKIREMW . SIW)H, R TEH ]
FIZE T T (Chlorobi) 2 fAHSC, UFFE T TRIAETE # []
BN BRI RTRE R TR I, AYidie
AR (FMB . SIB)H, AFTE B 1] A6l 1k 2 B 1)
(Nitrospirae) & HiAHIC, #UFF IR ] FIFE R A 1] 52 A
K(E 7), HAYIEACEAARRE S A Y B R A G
g 4.

2.6 XTHEMEIRIK FR3E 3R 4 B BB T RE T

fifi F§ PICRUSt i 43 M7 i BE Y KEGG ZhRE. 44

PCoA
06 B FMW
SIW
PC
L LVT-3 ¢ * FMB
04 v SIB
FMW-3 ¢ LVT
| ]
02+ ) FMB-2
- FMW-2 ¥ FMB-1 *
N FMW-1
©
s ot FMB-3
o) v SIB-2
O
Ay
oLVT-1
02 SLVT2
SIB-3
v
SIB-1
v
-0.4
1 1 1 1
-0.5 0 0.5 1.0

PC1:48.77%

B4 oRp . AR A EAR T 8 A P RE PCoA 73 #r

Fig.4 Principal coordinates analysis (PCoA) of microbial of water, biological carrier and shrimp intestine

A: KU unifrac 7047; B: ARALE unifrac 2047
A: Weighted unifrac analysis; B: Unweighted unifrac analysis
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S sof W (amino acid metabolism). “Hk/K L& P
g I transport) . “& | 51& & " (replication and repair), “4k
%E or WA YR 5183817 (xenobiotics biodegradation and
Eo 4l (carbohydrate metabolism) . “ i i2 #ij 7 (membrane
E sl I I metabolism) il “HEAXIH” (energy metabolism)%5 Af

KK 8).

W  sw P FPvE  SB LVI WiEw#F KEGG BEHLARMR it — DR, 5

4131 Group LVT Ak, HAJLARES AR “GnRH {5538 i
m Proteobacteria M Verrucomicrobia ® Chloroflexi (GnRH signaling pathway) . “4fifg A7+ " (endocytosis) .
® Bacteroidetes m Firmicutes m Others “AE¥E R (betalain biosynthesis) . “ FMA Y& R
Actinobacteria M Nitrospirac (N-glycan biosynthesis). “I,1,1-=4-2,2- " (4- 2 3L)

m Planctomycetes ~ m Saccharibacteria

K5 KA A b sk Fliz i
Tl A= W VR 1 KPR R =

Fig.5 Relative abundance of microbial of water, biological

ZYE(DDT)[#M#” [1,1,1-trichloro-2,2-bis(4-chlorophenyl)
ethane (DDT) degradation] S RETH /= 15 {0 “H% % AH
5 H” (transcription related proteins)., “BEMR%% # il

carrier and shrimp intestine at the phyla level £4:” (phosphotransferase system)JEFEAL T (K 9).
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Fig.6 Heatmap of the microbial communities in water, biological carrier and shrimp intestine
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Fig.7 Relevance network analysis of microbial community based on the bacterial phylum level

A KIE; B: AL A
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A: Water; B: Biological carrier

The nodes represent the phylum, and the node size indicates the relative abundance of each taxon. The edges between two
nodes represent the correlation: Green indicates a positive correlation, and red indicates a negative correlation.
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Fig.8 KEGG function analysis of microbial of water, biological carrier and intestine
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Fig.9 Random forest KEGG classification of microbial of recirculating aquaculture system of shrimp
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Analysis of Water Quality and Bacterial Community Characterization in an
Industrialized Recirculating Aquaculture System of Litopenaeus vannamel
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Abstract Litopenaeus vannamei is one of the most important species of cultured shrimp in China.
With the continuous development of intensive culture and increase in stocking density and feed
feeding, the yield of cultured shrimp and utilization rate of the cultured environment have improved
rapidly. However, a large number of residual baits, feces, fertilizers, and drugs have worsened the
aquaculture water environment and led to prominent adverse environmental effects, widespread
aquatic animal diseases, and severe environmental pollution. Therefore, the development of
pollution-free ecological aquaculture, the promotion of industrialized circulating water aquaculture,
and the research of efficient and sustainable biological purification systems have become the focus of
aquaculture model research. Circulating water aquaculture is a new aquaculture mode in which water
is treated and reused using modern techniques.

To explore aquaculture water quality and the composition structure of microbial flora in an
industrialized circulating water aquaculture system of L. vannamei, the water quality indexes of
biological purification aquaculture systems such as primary moving bed biological purification,
secondary fixed-bed biological purification, and aquaculture water, and the microbial flora of water
and shrimp intestines were measured using high-throughput sequencing technology and
bioinformatics analysis. The experimental results showed that the mass concentrations of ammonia
nitrogen (NHZ—N) and nitrite nitrogen (NO,-N) in the culture water met the standards for the healthy
culture of L. vannamei after treatment with the biological purification culture system. Concentrations
are 0.85 and 0.21 mg/L. Results showed that all water and carrier samples contained a certain
abundance of nitrifying Spirillum bacteria, especially on the biological purification carrier, which was
significantly higher than the proportion of the bacterial community in water samples. The Chaol and
Shannon indices of chemical fiber filament biological carriers were significantly higher than those in
shrimp intestines. Results also showed that the number of microbial species and microbial community
diversity on the biological carrier of chemical fiber filaments were higher than those in the intestine
of shrimp. The bacterial community composition was characterized at the phylum and genus levels. A
total of 46 bacterial phyla were identified in the samples. Proteobacteria, Bacteroidetes, and
Actinobacteria were the dominant phyla in the water, and Proteobacteria, Bacteroidetes,
Actinobacteria, and Planctomycetes were the dominant phyla in the biological carrier; Proteobacteria,
Bacteroidetes, and Firmicutes were the dominant phyla in the shrimp intestine. The abundance of
Planctomycetes in the biological carriers increased. The abundance of Proteobacteria and Firmicutes
in shrimp intestines was higher than that in water, conducive to the degradation of nitrogen and
phosphorus. Bacteroidetes and Firmicutes were the main metabolizing bacteria in the intestine,
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promoting carbohydrate metabolism and energy acquisition in shrimp. Actinobacteria can degrade
organics, including macromolecules such as starch and proteins, and produce antibiotics and other
antibacterial substances. The abundance of Actinobacteria in water was very high but decreased in
shrimp, which played an important role in the decomposition of organic matter and nitrogen in water.
The bacterial species content in the biological purification carrier of the shrimp culture circulating
system was lower than that in the water sample, but the microbial diversity was higher than that of
aquaculture water. The microorganisms in the biological purification carrier have the characteristics
of low abundance and high diversity, possibly due to the increase in the abundance of
environment-related functional bacteria on the biological purification carrier and the decrease in
some flora species with little impact on the environment, resulting in the aggregation of biofilm
bacteria species. In addition, the water and biological purification carrier also contained a certain
amount of pathogenic bacteria, such as Vibrio and Mycobacterium. Therefore, it was necessary to
regulate the content of pathogenic bacteria in the water environment and shrimp intestine to ensure a
healthy shrimp culture. The results showed that the multi-stage biological purification system can
effectively increase the microbial flora, promote the metabolism of nitrogen and phosphorus in the
water, and regulate the quality of the aquaculture water. The dominant bacterial groups in water,
biological purification carriers, and shrimp were different. Proteobacteria and Bacteroidetes were
dominant in water biological carriers and intestines, whereas Planctomycetes mainly exist as
biological carriers, Firmicutes mainly colonize the intestine, and Actinomycetes mainly exist in water.
In this study, high-throughput sequencing technology was used to study the composition of the
microbial community structure in the circulating water culture system of L. vannamei. Results can
reveal the diversity of its internal microbial community, provide a basis for further revealing the
"black box" of biofilters, and have important guiding significance for the study of the construction
and denitrification efficiency of biofilters in seawater circulating water culture.

Key words Litopenaeus vannamei; Industrialized circulation aquaculture; Biological purification;
Water quality; Bacterial community



