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Abstract: [Objective] The biodegradation of sulfur-containing amino acids is an important
factor in the rise of toxic sulfides in the mariculture environment, and the analysis of the
mechanisms and influencing factors of microbial degradation of sulfur-containing amino acids
is a key link to control the sulfide concentration in this system. [Methods] This study used the
dilution coating-stacked dish clamp method to isolate a sulfide-producing anaerobic strain from
the sediment of the mariculture environment in this laboratory, and the mechanism and
pathway of sulfide production with cysteine as substrate were investigated by metabolomics.
[Results] The strain was identified as Citrobacter freundii, which reduced sulfate under
anaerobic conditions and degraded cysteine to produce sulfide. The addition of L-cysteine
improved its ability to reduce sulfate. The maximum accumulation of sulfide in this strain was
302.4 mg/L at 35 °C, salinity 10, and pH 8.0 with 1 g/L L-cysteine as substrate. The study of
cysteine desulthydrase, the important contributor to sulfide production in the strain, revealed
that the optimum temperature of this enzyme was 35 °C, and it had high activity at pH 6.0-8.0,
which could rapidly degrade cysteine to produce sulfide. Combined with the metabolomics
study, it was found that the strain contained 3-mercaptopyruvate sulfotransferase, cystathionine
gamma-lyase, and cysteine desulthydrase catalyzing the degradation of cysteine was the main
pathway to produce hydrogen sulfide, and sulfite reductase reducing sulfate and sulfite was its
secondary pathway to produce hydrogen sulfide. [Conclusion] By revealing the mechanism of
sulfide production from cysteine degradation by Citrobacter, this paper provides a theoretical
basis for the prevention and control of sulfide in mariculture.
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L-F e 2R B A= DI B R, ZERCE S5 4 T TN
FRR 5 2,4- AR A bR e B T,
BB A I 1 wmol 721079 P R I i ) A
— AN 1B . B 1 mL JE45(0.75 mL 0.05%
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high performance liquid chromatography, UHPLC)
{ Y (Vanquish, Thermo Fisher Scientific) 4 Bk Orbitrap
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WEH 15 Arb, BAEIRE R 320 °C, 4 MS
IR 60 000, MS/MS Z3#ER K 15 000, 7£
NCE # Frlf#EfER A 10/30/60, W% H R 4)H1]
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GG AC A A B R b PR Progenesis QI X i
T B EATARAT . W Origin 2022 %4 5E F Y
R AR S b F5r 2R 1 B A5 B T 2500t
K Clustvis (https://biit.cs.ut.ee/clustvis/)%: iil
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a2 D 2 R I A T R 2 e R TR
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5 H,S 455775 PbS ULVE , 13 M & S DU (.
HH BRI 1 s, Zwk2EFR,
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STHEPRIEAT 16S rRNA JEHFFH 434, #
FFAI7E NCBI 4 % ifE4T BLAST X 1%
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1 FHRERMERERNEEBERERAE
Figure 1 Scanning electron micrograph of cysteine
degrading bacterium.

L KT 99%, ATLUA KRR ERE, @4
} C. freundii XF (GenBank & 5% 5 OP 535973);
ZE R G LB MWK 2 Pk,
2.2 BEMREKFE R ER D
Wtk C. freundii XF fEARFIRE T AKZES
W WK 3A PR, 45 CRIAEKREM, H
P e AET ], 55 °cCt L kR K, F
ERAFT C. freundii XF BHRA K, (HIZHE
SRR A —E BN, 5 CHI kA
— BRI, ARKZEE, 12 hE, HEAPEA
KBrBz, 72 h PR B EOH M R, 80
M 4.06x10° CFU/mL; 25 °CHil 35 °CHiZ F kG
PR, AR, JUHGE 35°C, 7E 4 hikF|
STECH B IEAE 9.24x10° CFU/mL, FHiZFtk
T R M 35 °C,, Zhang 2520 — MR i S5 R
4R C. freundii WFFE, W IIZIEE i
EEHHEAK, 35 °CH, ZEHAT LR ER Y
FIRR e, ARTRAYAER, YL 24 h
FHERIAH 138.66 mg/L. 45G % m AR M £k n]
1, RPECE AN TR 32 BRI R AT A K
i, WAL R AR, U 6.34 mg/L, JEA
SERLIE YA B A MR AT,
YDA PVIRITF I, DTG AR KRR I
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o6 Citrobacter freundii XF (OP 535973)

65

93

| — |

0.01

Citrobacter freundii CH-GX-FC-5-1-4-2021 (ON 184303.1)
Citrobacter gillenii CDC 4 693-86 (NR 041697.1)
Citrobacter arsenatis LY-1 (MK 262983.1)
82L Citrobacter tructae SNU WT2 (MN 093886.1)
Citrobacter murliniae CIP 104 556 (KM 515971.1)
Citrobacter werkmanii CIP 104 555 (KM 515974.1)

ogr Citrobacter amalonaticus LMG 7873 (NR 118106.1)

jﬁ:‘l Citrobacter farmeri CIP 104553 (KM 515968.1)

73 Citrobacter telavivensis 6105 (MN 603664.1)

Citrobacter sedlakii CIP 105037 (KM 515973.1)

95, C
2 L-"?‘[Citrabac.*er rodentium DO 14784 (NR 028685.1)

itrobacter rodentium NBRC 105723 (AB 682287.1)

Citrobacter koseri LMG 5519 (NR 117751.1)
Vibrio parahaemolyticus ATCC 17802 (NR 118569.1)

E 2 $PLEESFEERE VK Citrobacter freundii XF [ 16S rRNA EE A% & B/

Figure 2 Phylogenetic tree of Citrobacter freundii XF based on 16S rRNA gene. The tree rooted was
constructed by neighbor-joining method with bootstrap values calculated from 1 000 resampling. The
numbers at each node indicate the percentage of bootstrap supporting. The numbers in the brackets after each
bacterial name are 16S rRNA gene sequence accession numbers in GenBank. Scale is for evolutionary

distance.
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A RKEGE, 7F 4 h AA4AF0RN 1.20x107 CFU/mL,
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FS (HIRYR X ALY 7 AR IR K
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e E BRIR R

Figure 3 Effect of temperature (A), pH (B), salinity (C) and L-cysteine concentration (D) on the growth
activity of Citrobacter freundii XF and production of sulfide. The strain growth and sulfide production over
120 h is monitored simultaneously. Data are shown as the mean of three replicates, with the error bars

representing £standard error.
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Figure 4 Trends in bacterial activity and sulfide production (A), and pH (B) under optimum conditions.
Data are shown as the mean of three replicates, with the error bars representing +standard error.
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Table 1  Utilization of different sulfur sources and sulfide production by Citrobacter freundii XF

t/d Organic sulfur:Inorganic sulfur=2:0 Organic sulfur:Inorganic sulfur=1:1 Organic sulfur:Inorganic sulfur=0:2
c(sulfate)/(mg/L) c(sulfide)/(mg/L) c(sulfate)/(mg/L) c(sulfide)/(mg/L) c(sulfate)/(mg/L) c(sulfide)/(mg/L)

1 16.56 200.62 1021.30 175.24 2 006.52 0.59

2 24.64 159.31 1 028.68 146.33 1927.12 1.04

3 33.72 135.12 1174.74 137.48 1832.14 2.66

4 58.56 116.83 1 067.70 129.22 1 734.64 10.74

5 18.56 106.80 790.56 107.38 1631.34 13.72

XPRIRER I IR e i Wi, HAESS 4 Rk
WAL S A LR a2 2 12.39 mg/L, XL
SR UL, B RE R EE L B L e R
WAL, e ERER AR R AR
24 FREERREREEM

e Jf 2 1 0 5 L il 2 A g TR R 4 R 1 2
ML L-2P e R M R s, FEdii A K
SRR E R Bl e KR REPY, sl SA R,
AT VAR 119 2 Joe 2 1 W0t 2 35 il S v i il
16 5-55 °CHIEAWEME, &EREHN 35 °C;
Kl 5B KW, ZBEAESIRRYESAF T (pH 6.0)16 M
%5, B4 0.12 pmol/(mg-min), Bl P 1
Wok, BEIEVEZBETEAR, 4 pH 10 B, G N
0.028 umol/(mg-min), AHXFEEIE HIFEME T 80%.
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Figure 5 Variation of desulfhydrase activity with temperature (A) and effect of pH on enzyme activity (B).
Data are shown as the mean of three replicates, with the error bars representing +standard error.
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Figure 6 Metabolite classification and percentage diagram, differential metabolite volcano diagram.
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Figure 7 Cluster heat maps of differential metabolites in sluggish and logarithmic stages (A) and decay
stages (B). Light color indicates upregulation of metabolites compared to retarded phase, and dark color

indicates downregulation of metabolites.
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Figure 8 Schematic diagram of the Citrobacter freundii XF metabolism KEGG pathway and hydrogen
sulfide production pathway. Rectangle represents up-regulated metabolites, and oval shape represents
down-regulated metabolites. CBL: Cystathionine beta-lyase; MGL: Methionine gamma-lyase; AST:
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