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Interactions between chemolithoautotrophic sulfur-oxidizing
bacteria and chemoheterotrophic bacteria based on carbon
metabolism

YU Chenchen, LIN Weitie", LUO Jianfei"

School of Biology and Biological Engineering, South China University of Technology, Guangzhou, Guangdong, China

Abstract: [Objective] To study the mechanisms of mutual promotion between chemolithoauto-
trophic sulfur-oxidizing bacteria and chemoheterotrophic bacteria under co-culture based on carbon
metabolism. [Methods] Ion chromatography was employed to determine the concentrations of
S,05” (thiosulfate) and SO4*~ (sulfate). Bacterial growth dynamics were monitored by the dilution
plate method. Extracellular carbon characteristics were analyzed via total organic carbon analyzer
measurement and LC-MS. Cellular morphology was observed by scanning electron microscopy. The
relative mRNA levels of related genes were quantified by RT-qPCR. [Results] During the growth
process, sulfur-oxidizing bacteria continuously fixed inorganic carbon and secreted organics,
providing a stable carbon source for the growth of heterotrophic bacterium. In return, heterotrophic
bacteria significantly enhanced the sulfur-oxidizing and carbon-fixing capabilities of sulfur-
oxidizing bacteria. This was evidenced by the significantly up-regulated expression of the enzyme
gene soxB involved in sulfur oxidation and the RubisCO gene chbL involved in carbon fixation.
Additionally, the production of extracellular polymeric substances was induced, which enhanced the
biofilm formation. [Conclusion] This study elucidated the interaction mechanisms between sulfur-
oxidizing bacteria and heterotrophic bacteria, particularly the significant enhancement of the carbon-
fixing capability of sulfur-oxidizing bacteria. The findings provide a new perspective for the
enrichment culture of chemolithoautotrophic bacteria and for understanding the carbon fixation
mechanisms of autotrophic sulfur-oxidizing bacteria in microbial communities. Additionally, this
study offers theoretical support for the low-carbon and efficient treatment of wastewater.

Keywords: chemolithoautotrophic sulfur-oxidizing bacteria; heterotrophic bacteria; carbon-fixing
capability; co-culture
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ZERMN R F A, R RIMAh . 5T
FHY, ALBE F IR 40 b A K R PR B B A 1Y
Bt e ] o R A Y 20% T, HLS R A s
1) 8 THSORT L [ ok BB O B A S 0 St ] AR
R0, B R, ALEE A LAY S R 3R
PRI, SR 40 A RS B A) LA
TF A 20 B RS T Y M A FL A7 A A, A
T80/ X R AL TR A A0 e, R (R kAR W Y
TRy e R, (kBB A FRMUED S
SR AR W) Z 18] (8 I IR AE FH AR 2 e [ Btk 3 3 A
& B AR A AR . H ETSCER R A
TR, LEE H F= E RO LA ALY K 5+ LA
EEBAZEE R E, N0 35 W s A
MRAA LR . SR, M AA B A 9T 48 781X
e JoT () B S DA 0 R R . teAh, H R
SR Y FEARAE cbb |, MR L
X HA AR R AR T o

A 5T DL SRR S A 40 TR Halothiobacillus
diazotrophicus LS2" W5 x4, it S5
1B B j B (Pseudomonas sp.) Y4 JL553%, (BB
FALSBREE, 43T LS2 43I i 7 Mk i) 2
S B FER A S5 A A 53 B 2 i
REDRe R, RGEARIE A8 Z A5 T Ll
YEFRBLE . AW AL RE A TR A Y & e 74
B TELA, A B TR RS T B R AR
AR TR ) I RRAILTR,  [RTESE Sy 5 B B 7 Ak 3L A
AR R LR AL TS SR

1 M5

1.1 EHRFERE
1.1.1 HRELHE
Halothiobacillus
GDMCC 1.4095™=JCM 394427") 2 7% 52 1y 25 {5 4%
M) —ARB AL  BERCS HA% 101 R TR
SJG, HBAET-70 °Co 1EALRT, BUARAET-70 °C
MR, LA 1% MM e ARAR Rk, &
T 30°C. 150 t/min $EIRIGFE 2 d; Bl 5 R

diazotrophicus 1S2 (=

BEURAT LA 2 A SE R b, #E T 30 °CA:
B TR R 5 d, PRICR TR 75 3 A TR 8 77
5, BMERNF AR TR 2L .

LS2 Wi AR K #53 (g/L): MgSO4+7TH,0 0.12,
NaCl 1.00, CaCl, 0.01; Widdel f & JC & &
" 1.00 mL/L, 121 °CKB 20 min Ji5, fiA
1 JE BT ) NaHCO5 0.84 g/L. NH,C10.11 g/L,
K,HPO, 5.23 g/L. KH,P042.72 g/L. FeCl,
0.005 1 g/L, JEH NayS,05+5H,0 AYA e ik i
WRERRE 250 0.25, 050, 1.00, 2.00 g/L X
PR 1.00, 2.00, 4.00, 8.00 mmol/L, [H{AKRs
FRILTEBLIERN I AZE RS 15.00 g/L
1.1.2 BFAHE

5t F% 4 B B M 5 & (Pseudomonas sp.) Y4
JE AR S 2 DB Sk AN R A R o AR AT
ARG 25 F 5 LS2 AHIRD, I A 44 85
FRHEIR ) LB s 0k . 7EJe 2k L 50
Haish gt A scm b, ¥R LS2 3Rt
e E IR LS2 Al Y4 iR ol 10:1 (2 10°:
10* CFU/mL). Y4 4% Fi75 £ 8 000 t/min 0>
5min, RATCREVKESIEVERMA, EHE 3K,
1.2 MEAEEKEFENE
121 S,0:* %1 SO HINE

M B+ {4 3% 1 (Dionex Aquion RFIC,
Dionex IonPac AS19 IC #5)ill & JIE Y S,05* Fl 7=
Y SO M . Wk K 18 mmol/L KOH, i
# 1 mL/min, #HI#FHLE 45 mA, HEE 30 °C,
HEFEE 25 ul, 5 S 4-6 uS/cm.

122 £KENE

T 2o A R U A T W R B R R B
T AR AR
1.3 FEsMENE
1.3.1 FaSNALE M B #l ik (dissolved organic
carbon, DOC)NE

DOC ¥ £ 1 5 S 1 A A LRI 5 A3 (5 e
Ao DASSiFChEA, BPRE 680 °C, #EFE
9mL, IERE 1.5%, AW E 150 mL/min.
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FIALHD IR . FEahat 0.45 pm JEAR, A0
1% 9 1 mol/L FEMR VAT pH & 2.0-3.0, ZE T
9 20-25 min, B EMEZS {EFRIEH C BN
T 1 mg/L. DOC ") B fh A i Ze 6 DU R
AR A YRHEAT PR w2k FH LC-MS X2 T g 4
R HEAT A A 2250 B, DA 0 5
Tl = YR N 42 Ffr B B 3 R P A A S X R A
(CK), H57E 20804 K W5 AR b A o S 5
ZH(LS2), FfikE 4 WhEYFER .
1.3.2  Ff9b B2 & 99 (extracellular polymeric
substances, EPS)illlE

KBRS Y AR AU TR BT A EPS,
T3 R FH BCA YA 7 25 11 (PN) R P2 - T
W 5E BEZE(PS)O), K FH NanoDrop il & $2 5 EPS
HIJE A DNA MR, DIARAR4EER EPS ol f
AN, praEESR 3 K,
1.4 EREZTESH
1.4.1 RNA $2HL

R RS BE A, R e Y TR 1) e i K
WA, 8°C. 12000 r/min &> 2 min, 7 FiF;
B 1 mL RNAiso Plus, % iR #E 5 min, $H2H
RNA; JiIA 200 pL &5, FHEAIM w531

*1 BHIRERBISIHIFFS

Table 1 Primer sequences for the target fragments

fb, #E 3 min J§ 12 000 r/min &.0> 2 min; UK
£ LW EHECE ST, MAGER 5N
AL pL R Bh DR, FEsriRA), ##E 10 min
J& 12 000 r/min &[> 5 min, FF F3E; A 1 mL
75% LB, FEAMRAIE 12 000 r/min 0> 5 min,
LW, ERTHRZEVEEHE, IAGE
RNase-free 7K iA fFULIE, 152K RNA, H
FF— R Rk BT -80 cCrkAa R
142 THEZEE PCR

FEHUY RNA #218 Trans Start” One-Step gDNA
Removal and ¢cDNA Synthesis SuperMix i 7| &
At XS VHARA A FBAT L7 ¥
3 %]y cDNA F I8 Trans Start® Tip Green qPCR
SuperMix 50 & (AU 2 e A Y E ARG A A])
PEAT N TR TC ] S s i FR P E, JFAE Light
Cycler 96 J¥ 5Kl & 4i(Roche 2~ F)HizfT, 5l
Pzt R A Primer 5.0 KGR 1), 5196 HiH
I R — M A R R A BR 2 ) 5 Ao
1.5 $3¥EE F E 58 (scanning electron
microscope, SEM)

WA b X B R 0T LS2 T R R 8 37
IRATEU, #H 10 mmol/L BEHRZE ik (pH 7.0)

LR Z R il EAS B

Gene name Sequence (5—3) Protein name

16S (LS2) GTGTCTCAGTCCCAGTGTGG
ACCTCGTGCCAAAGGATGAG

soxB TGTGGGACAGAACGATGACG Thiosulfohydrolase SoxB
TGGATGGTTGAAGGCTGGAC

cbbL CCGTGCGGACTTCATTCTC Ribulose bisphosphate carboxylase
TGGTAGTGCAGGTACTGGCTC

tadA CGCTTTCCCTGCGGTTCA Type II secretion system F domain-containing protein
CCTTCTTGTCGGCGTTGC

secA TTTCTGGGCGAAGAGTCCG Preprotein translocase, SecA subunit
GCGTCCCTGGTATTCAAGC

IptB GCAGGAGGCATCGGTGTT Lipopolysaccharide ABC transporter ATP-binding protein
CCAGCAGGCTTTCCAGTGTC

pgsA CGTTGTTGGTCCTGGTGTTT CDP-diacylglycerol--glycerol-3-phosphate-3-phosphatidyltransferase
ACGATCAGCTTGTCCGCTAC

icd AAGGTGGCTTCAAGAACTGGG Isocitrate dehydrogenase, NADP-dependent
GCCGTTCAGGTTGAGGGTG

puuE TCGAGGATCAGCTCAAGCG 4-aminobutyrate aminotransferase
TCGTCCGACCGTGAAAGC
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TEVE 33, MIA 2.5% X BERCE T 4 °Culkfah W iE— 25 R A Tukey HSD £ 30 #4172 5 L%,
[E5E 12 h, BT 10 000 t/min 2.0 5 min 5% 13f;  DABGE BRI 22 5% 0 SeitaiRep, P<0.05 %
1 30%. 50%. 70%. 90%. 100% LEHFWHE  miBEER, P<0.01 LB EER.
FIRBEEM K, BRJERE 100% ZBER /K 5 A B Bef
HAEEACH, BT IOKOEES 4 °CIRAF; A 2 %%5 ﬁ*ﬁ
JBEH 100% BUTEE, fky, JF#E 20min, #2201 AERYRE T LS2 5 Y4 HiZx
1000 r/min B.L> Smin, FFLIE; MERMERUETIR  pmS R KM
36 h )&, FTIREMRESR AR b, 1 S LR FE S R . R I M i
TRYEG L, RS, BRI Merlin ¥ o 1 90 15 va b g 5 ik 2 0B (b A
KA SEM DS U, IR 1006V yopemtopnp 1 B, SECHFAILL, R 1 mmol/L
1.6 BUEGIT O ik 7/R7 3 N i R TR AR TN E AN IR ST =R e
B 2B (BRAEFRE DI BERD B 047 1 3 I s HA R vk B 39 8 2 5 (P<0.05), H
5. BIFRAH] OriginPro 2025 £:1, LA E  BEFISYIWEE T &, BA R S 8 0
Jeifi i 77 223 M7 (analysis of variance, ANOVA)4;  fig if #4 # (P<0.01), il 40, 8 mmol/L Y JiK ¥
MR B e AR B E 225, AL, S0:° 1 LS2 IEHCHEN F 752 32-36 h ji#E

A~ 04 Bs2
2 = tgim . = 10l + Thiosulfate-Y4
= 03} J g -»- Thiosulfate-4 mmol/L LS2
g s &7 ~ Thiosulfate-4 mmol/L LS2+Y4
g T 6 | -= Sulfate-Y4
- 02+ OM
o o4l -+ Sulfate-4 mmol/L LS2
£ H — Sulfate-4 mmol/L LS2+Y4
g 0.1¢ |o 2t
5 00 18 gop__ T v——=
> . N
1 2 4 8 S 0 8 16 24 32 40
¢(S,0,7)/(mmol/L) t/h
c O D ~
2 257 o 4mmollLLS2 2
S o 4 mmol/L LS2+Y4 £87
E 207 o gmmol/L LS2 2
= — 8 mmol/L LS2+Y4 O 6 - Y4
= 15+ = - 1 mmol/L LS2+Y4
X =4 -+ 2 mmol/L LS2+Y4
B 0 5 = 4 mmol/L LS2+Y4
E 5t v 2 -+ 8 mmol/L LS2+Y4
S} =
3 0 =01
o L L L L L L L (] L L L L L L L 4
g 0 8 16 24 32 40 48 :r) 0 12 24 36 48 60 72 84
— t/h > t/h

Bl AERYKE TLS24iEF s 5 Y4IEFRNRE L REKIFE. A NEERWEIE TS0 FXH
FEHR; B: LS24iFigR HHLEFR TS0, 580,484k C: R B3 P LS2/E W i 484k ; D
ENGIRZk S e e CEbla s 7/h

Figure 1  Sulfur oxidation and growth characteristics of LS2 and Y4 co-culture under different substrate
concentrations. A: Average consumption rate of S,04%" at different substrate concentrations; B: Changes in S,0,>
and SO4* under pure culture and co-culture conditions of LS2; C: Biomass changes of LS2 in co-culture at

different substrate concentrations; D: Biomass changes of Y4 in co-culture at different substrate concentrations.
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5E, miEIEREIE N K 24-28 h, HECHRRER
H 5 E AR RN T 41.5%, [RIRF, LS2 A=
YrE e g R (B 10)FRM, JLEE3R LS2 A4
Y RS T AR, fm R A R
1.5 1%, 1Ah, WK 1D B, Y4 78 LS2 Ki3Edk
Y AE M 1x10* CFU/mL A= K3 7x10° CFU/mL,
TR Y4 F B A AT LS2 P A b
] A= K3 810" CFU/mL.,
2.2 WREMNAEEIS DOC 7347

R G A A A B RS [ A K A A
FEA B R R L, DL 4 mmol/L IR KE 5
LS2 - N RO R Bf H 0%) T R i, s v
i) DOC &, 45 unfE 2A frn . LS2 MXTEL
130 2B 77 A2 19 DOC e B S %48 T R $,
LR 6.96-9.15 mg/L, #E—¥ 5 IRAE Y4
L 10* CFU/mL AWItR I B AL, HA Y s
ALnE 2B s, Y4 7E LS2 XPEUuE s rh 2o
EoE AR, IEHE A 2x10° CFU/ML, 1X
—ZE R 5K 2A th DOC W E 45 50—, £
XTEGU ) LS2 Ry Y4 it = & 1 B ik
AR, 1ok, B 2B #E— R Ak
Y PR AR AR K AW 4R DOC, it Y4

SCELAE A E , R G AL AN B B A R E kT
FRRFRLEMERY . WK 2C Fis, BEEEYIHER
Fhi, LS2 4iliF#{A &1 DOC it M 6.78 mg/L
BT F] 10.64 mg/L (P<0.05), 353k R
DOC & 5 ) B K T Al RE SR (2l 57 vs. JehE 5
6.78—3.77 mg/L, 897431 mg/L, 10.64—
5.86 mg/L, P<0.01), FHIH ™4/ DOC 1] #f
Y4 F A, #d i EEH, Y4 3% LS2 P24 DOC
FIFHAS T 44.3%, 51.9%. 44.9%, FiRghHE
FH PR B A AL AN e/ DOC BT
SR A YRR — e, B A
LRI AR EAR G
2.3 MEMNAEEEIME LC-MS 7347

X LS2 W E A KN 5 17 A i #h DOC #47
FTF LC-MS MRt d12= 081, LC-MS ek
1 240 F# i, HLF OPLS-DA #5145 5] 1Y 75
HEH S (VIP), 4546 548 53T 1) P-value/
FDR, % VIP>1 H P-value<0.05 i1t 4) ,
N HZE B3 K 22 AR 228 Ff,
Horp BRI 131 B AR YRS R 2 1 H Tk
W55 (glycerophosphatide, GP), H jilifiii (glyceride,
GL) FJE Il 2 (fatty acid, FA)FIF i He il s, 3A

A Logarithmic phase B -=— Logarithmic phase c
Stationary phase Decline phase -+ Stationary phase = LS?2
- 4 mmol/L LS2 growth curve - Decline phase = LS2+Y4
10 15 12
~ 8 {4 83 53 ! ~ 10
%D 6 3 JED g 'g g 207 %D 8
g 17 2 E E 2 15+ g
4 12 = 0O =B o ©
S 3 . T 107 S
Q 11 °> S Q 4
a2 o= < = 50t A
0 1 0 S d >" ~ O [ 0
0 12 16 20 24 28 36 0 2 4 6 8 10 12 1 4 8

t/h 1d ¢(S,0:)/(mmol/L)

E2 FEHEFITHAREMA THINDOCE BRI Y4EKHIFNM. A: LS2AFERKIIPIMESIDOCE i ; B: Y4
AHLS2A A A KIS NDOCHIAEYR AL C: ARIRPIHIE FLS24 SR AR IR S NDOCT 1

Figure 2 Extracellular DOC content at different cultivation periods or conditions and its effects on the growth of
Y4. A: Extracellular DOC content of LS2 at different growth stages; B: Biomass changes of Y4 utilizing
extracellular DOC from LS2 at different growth stages; C: Extracellular DOC content in pure culture and co-

culture of LS2 under different substrate concentrations.
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32.82%, AIfEZS 5 Rea oA HLER M AT A=
Y1 14.50%, 2 550 R AR Y A KAk
Y3 EHE 11.45% (K] 3A). % 2 JBR TR
R R RIEE U NS 5IZEE N 2 5D
(K1 3A Wb g5 R PARXT ). H Rk
o7 L B MR RR AL, FETIRERES S
REARIE BUAE VIR G, 2 53Rk 22 74K
W 4 25 51 Z 8 W I 19k IH % (phosphatidylcholine,
PC). Tk H8 Mt £ B5 B (phosphatidyl ethanolamine,
PE) Flf 5 R (phosphatidic acid, PA), H KZECHN
IR, MDA E BT ANE 3B HUOE A
BRI G L, 25025 £ &35
MRATEE AU NIR Sy 5 IAh, RS54
Yy RN R 5 B Tl B A RS 7 IR A
Z 509 22 = ACH W 28 0 o il O H ol R
(diglyceride, DG) A1 H i = g (triglyceride, TG),
DIECAEDLIR . BENIIRAE; fe)m, B, it
WA F A A — e Rika, Z25m2%

A

SR N, BRI SRR T e S
SR MR MU B (L0 NADY . FAD)IA N 2-5%
B R AR S TCA AP EA BRI R 1Y
B RO s BRFAR P B T B % 1k o B FOR [R] #2
Z 5 TCA A S 5 ARG BUnLLE
2.4 WMENHEE EPS DH7

Ph 4 mmol/L IRV BE 55 5% LS2, M RHL
ARl EPS, Wl Hirb iy PN 5 PS & &,
R K 4A s . 5 DOC 4 i ML AEEAS [A]
EPS 74 e 2 IR R I, PN YR BE 24 R
434mg/L, PSKIEZN 0.73 mg/L. #E—43 5
M2 Fa 2 W 2l 37 LS2 S53LRE 30 EPS 73
L, 25 NE 4B Fos . FEMURYIHREE R, Jt
Ki9% EPS Wil PN VR EE RN, 2 ek 5
(1 1.62 18 ; FERICYHRE T, L8535 EPS iy
PS W N, LA R 115 £5, &Y
S SRR A AEAE ] BRI R TR AR A Y A
ZEAE 4C (AR5 3R LS2)AIA 4D (LS2 5 Y4 Lk

B

o . Group
6t | Statistics
| Us: 131 -_- -_=Z-score
T ° |l ) P: 3
o iG ot - Down: 97 =
g 4 e | e 4 af Insignificant: 1240 2
T; I «® .‘ l :.. ..o 1
g % e, el vIP .
o0 .C': n‘@ : 0 —
- o imet . - 0.5 0
o ciEmedbee ~
IR ) ;. £ RN I -1
| .15 I
| -2
0r - | . Group
4 2 0 2 4 B CK
log, fold change WLs2
-- Class
== 7
PC
PE
[ PA
—an Tt
DG
SN Y D X N B M
‘\‘b%’ ’ ’ . / ,-\; ,-\; ,-v ,-v
FFFFEF PSS
E3 ZFKRHEPDALEA)S XH#ER KRR ALRE®B)

Figure 3 Volcano plot of differential metabolites (A) and clustered heatmap of key differential metabolites (B).
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w2 EFNEHTE

Table 2 Differential metabolites and their metabolic pathways

Metabolic pathway
expression levels (%)

Metabolic pathway
pathway

Differential metabolites involved in the

Metabolite category

Glycerophospholipid 36.78

metabolism

PC(0-16:0/20:3(8Z,11Z,147)) (A);
PE-NMe(20:1(11Z)/20:1(11Z))

PC; PE; PA

[(2R)-1-[(Z)-docos-13-enoyl]oxy-3-
phosphonooxypropan-2-yl]
docosanoate; etc.

Amino acids metabolism 12.65

His-Gln-Val-Lys;

Small peptide

Leu-Ile (B); etc.

Glycerolipid metabolism 9.20

TG(14:0/15:0/20:4(5Z,8Z,11Z,14Z));

DG; TG

[(2S)-1-hydroxy-3-icosanoyloxypropan-
2-yl1] 19-methylicosanoate 1-Oleoyl-2-

acetyl-sn-glycerol (C); etc.

Biosynthesis of cofactors 8.05
etc.
Biosynthesis of amino acids ~ 5.75

Niacinamide; Arabinose-5-phosphate;

Dimethylglycine; Cys-Cys
histidinol (D); etc.

Alcohol or carbohydrates and
amines

Amino acid derivatives;
Small peptide

Carbon metabolism 5.75 2-methylene-3-methylsuccinic acid; FA;

2-hydroxyglutarate; Sugar acids;

Glucaric acid; etc. Organic acid and its derivatives
TCA cycle 2.30 Succinic acid semialdehyde (E); FA; Organic acid and its

2-hydroxyglutarate; derivatives

Glucaric acid
Fatty acid metabolism or 2.30 Carnitine C13:0 (F); 3-hydroxydecanoic Organic acid and its derivatives;
degradation acid (G); Yuzu-lactone; etc. FA; Esters
Glycolysis/Gluconeogenesis/  2.30 D-ribose; 2-deoxy-D-ribofuranose 5- Carbohydrates;

Biosynthesis of nucleotide
sugars

phosphate; etc.

Organic acid and its derivatives

I SEM El%, WL R A RIS RAM T &
PR Z MM
25 HiFFHPMECERERRESH
MR 2.3 47 LC-MS Ml e 455, 456 AR
ZH7E NCBI 4 b AL 19 LS2 B4 1(F B,
XFAEPI I B IR . BT A K B i
PR R ) S A SE R 3 T R S B
frifk—2 538 . LANZ 2L 16S rIRNA S XTHE,
FELRGFR AT, LS2 rh 2/ At L R Fe ik /K-
3% FR(P<0.05) WK S i, il fbid fe o
BEIEA soxB (Wi A AL L # 11.75%, [ fk o A2
KRR FLH chbL (K BiBE-1,5- Bl PR AL ) L1
28.04%, Z5EN ISR E NN secd (M
M) R 261.26%, % FBHPE B A0S MRS
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Z Wiz i 3L N B (IR 2 0 5 % i) 1 L
54.17%, W RE A B JE 1l 3 42 v OC B [
pgsA (BEAREEH THBEIR & ) HJH 91.24%, =&
MG 2 SR AR S 24 BN L dcd
(AR I S ) 4 22.65%, S 5& R
SEALWFEN puuE (255 ) T 1# 18.40%.
XSS RIS R AT, Y4 i@ 2Rk
AL T LS2 WA A A RN, AL AR
Ak TR LA S A P BT i A A P R

3 Wkb&®h
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