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Characteristics and mechanism of sulfur oxidation of
Halothiobacillus diazotrophicus exposed to low oxygen

YAN Hongshan, LIN Weitie*, LUO Jianfei’

School of Biology and Biological Engineering, South China University of Technology, Guangzhou 510006,
Guangdong, China

Abstract: [Objective] To study the sulfur oxidation characteristics of Halothiobacillus
diazotrophicus LS2 under different oxygen levels and to decipher the mechanism of strain LS2
adapting to low-oxygen environments. [Methods] The concentrations of S,05>~ and SO,* were
measured by ion chromatography. Bacterial growth was determined by plate dilution coating
method. The differentially expressed genes and related metabolic pathways were identified and
analyzed by transcriptome sequencing and bioinformatics technology. [Results] Strain LS2
oxidized reduced sulfur compounds and grew under 0.2%-21.0% oxygen, and it maintained high
sulfur oxidation activity under the oxygen level above 1.6%. Comparative transcriptomic analysis
screened out 851 differentially expressed genes that might be related to the adaptation to low
oxygen, including 464 up-regulated genes and 387 down-regulated genes. In sulfur metabolism,
thiosulfate sulfurtransferase, sulfur oxidase/reductase, and sulfide:quinone oxidoreductase were
up-regulated, while the Sox enzyme system was down-regulated, which indicated that strain LS2
might change the sulfur oxidation pathway to adapt to low-oxygen environment. In the low-oxygen
group, the cbbs-type cytochrome c oxidase was up-regulated to increase the O,-binding efficiency.
Meanwhile, since less electron could be received by O,, the nitrogenase genes NifDKH and Fix
complex genes fixA, fixB, fixC, fixX were up-regulated, making N, and CO; the alternative electron
accepters to maintain redox balance, which explained the higher maximum bacterial growth in
low-oxygen environments. [Conclusion] Strain LS2 is a sulfur-oxidizing bacterium that can
maintain high sulfur oxidation activity in the low-oxygen environment. Sulfide:quinone
oxidoreductase, high-oxygen-affinity terminal oxidases, and nitrogenase play a role in the
adaptation to the low-oxygen environment. This study is of positive significance for deciphering
the mechanism of sulfur oxidation under low oxygen and provides a theoretical basis for
optimizing the treatment process of sulfur-containing wastewater.

Keywords: adaptation to low oxygen; sulfur-oxidizing bacterium; nitrogenase; terminal oxidase;
transcriptome analysis

WALy AR e . s e K REUKIK L A, RIE YA ER o
EME, W T A W R 22 Fhy Iz —121 i A AL 41 7 (sulfur-oxidizing
W S A K& LA Tl PR K, LRI 5 bacteria, SOB)TEAE WL PRE IR IE K P LAE T

http://journals.im.ac.cn/actamicrocn



4360

YAN Hongshan et al. | Acta Microbiologica Snica, 2024, 64(11)

HEAEM . SOB 1Y & B K Ab BT 20 i) e 2% 7
Yyim g R B R Eh B T, SRR AR AT B HEA
K EBUBUKFEBOK , BB AR AT LATE Ao [V 50 15
Pk T A, AT AR . BIE
% TR 391 60 i St B AR A R

SOB 7EEALBALII 1 JeAm S0, #E 4N
M 2K ¢ BiAk Y I S B (flavocytochrome c sulfide
dehydrogenase, FCSD)FIfifb )it S Ak iL It filg
(sulfide:quinone oxidoreductase, SQR)J& H fij &
HIBEAE 1 b2 SN, i P FR S, & AT 4 il e
ek BN AR o FIERY. e R ¢ SERAHE
TREJG =AM iR S Shg
W . SQR RE M i b H.S 5 & Bt H ik
(glutathione, GSH) 2k B 4% Bk T Bk & 4 16 9
(glutathione persulfide, GSSH)&Y, H,S,, FfHZ 1t
L5 RO AT AR KA ) GS,H Fil H,S, (n>2), 4
n=9 I, KELEAAEE A K4 Ss BRI H
JREP . GSSH % i itk 4yl itk — 2 bl Ak 4
A AL (persulfide oxidase, PDO)I A AL i /il
JF B (sulfur oxidase/reductase, SOR)F|H. PDO
fitfk GSSH 5 O, WAL SO;” #1 GSH, SOR
IBEASHEIL GSSH 55 O A A= AL SN A2 i H,S
S0, PDO 5 SOR MR HITHE O, %
5, WmEATEZ AT GSSH JLE Bk
HIHFE, HA AIRER SQR HEALZFEINw F v A=
AR, PR Ss TR,

O, /& SOB # WL F3Z ik Z —, THitkaeis
TEARAE S T BA m i A TG 1) SOB HiPkBE
% P 93 5 T I 7K Ak B ) B RUAS o A RE F SR
A Ak 4i 1 Halothiobacillus diazotrophicus LS2 J&
R /INFF B J8 (Hal othiobacil lus) 1 3 f , BERSTE
15-40 °C, pH 5.0-9.0 fyREE 4K, w6
. . GACELERER | 1% VUG ER £ AT

<l actamicro@im.ac.cn, & 010-64807516

BRIRERAE W, (EJCHE A B R SR A o
— B VET R 4 3 DR 4L RN T X ) S
Rl as 5, Rk LS2 AYJL A4 4mfd T AL FE
SQR. Sox Mg REZFELAILEE, LI 4Tl
O, i J5 S N A it S AL il ——aas T AL (A R ¢
ARG . bo BINRAELEE . chbs BN ER ¢ %
LRGN bd BB A AL G, i chbs BN AR ¢
AR bd BIPRE LB R T = ECR FA LR,
IR AR LS2 HATEAR AR h - T Ak
e, ABFHT T LS2 fEAFSEWE &M
B R B A KR, R B e it 2 2 i
T LS2 5 IRAE N A SCRIE A, Jf4 it LS2 fIX
A oy A O ) G A AR

1 MRETE

1.1 EHFE

WA B 35 (g/L) : KH,PO, 0.40, MgCl,
0.12, NaCl 1.00, CaCl, 0.01, Widdel fi{f&c%
7™ 1.00 mL/L, 121 °CKE 20 min J5hi AL
JEBRT AU Na,S,05 0.25, NaHCO; 0.20, NH,CI
0.027, FeCl, 0.007 9 /L.

[EARRE 3R (g/L) : K,HPO, 0.40, MgSO,4-7H,0
0.12, KNOs 0.40, NH,C1 0.10, # A3t ks 15.00,
121 °CKH 20 min J5MAZIIEBRE R Na,S,0;
2.48, NaHCO; 0.20, FeSO40.02 g/L.

1.2 BE#k LS2 BRE R EL

Halothiobacillus diazotrophicus LS2
(=GDMCC 1.4095"=JCM 39442") A 5256 5 {3

fER)— R A LA, WIS 50%Hh 1:1 1R
SIGHRAET =70 °Co TEALEHUARAE T—70 °CHY
PR LS2 DL 1% 8Ef i AR SR, &
F30°C. 150 r/min ¥ERIESE 2 d, WRIRAL
A R AR R, #ET 30 cCAILEE A




Pt 45| AR YRR, 2024, 64(11)

4361

AR 4 d, PRICRTEVR I AR AR I 5L R AT AR
J IR T IR 25

1.3 E#k LS2 EFREKE THHREALK
A RHEFE

131 AESEEEMTHIH &

WAL . IVESAME T REMR LS2 M4
I A KA S I B T E SN 21.0%.
5.0%. 0.2%% 3 DMK, ZEATi#E—%
PRI R LS2 7R BRAAF T i e ARk
SEIRE T 10.0%. 5.0%. 3.2%. 1.6%. 0.8%.
0.2%% 6 AAN[AIAE e BE T2 S50, T2 ]

Fep A BRFUN 125 mL WIS, T I %€
MR O BT UK 10 min, SR FIAESS
5 Ny B BN B R A - 7K 3 min,
PR 1 min, BAEEAE 3 K, BEmMEBEHRENT
A 0.085 MPa IEHAY Ny, BISHTZS &4 w290
0. 2% IS TR R, TEILEEAR E&SMINA O,
il S AN 0.8%. 1.6%. 3.2%. 5.0%. 10.0%
PITESE TR R, TS A 21.0% 08 &
BEFRR R Rl A RE R TS, AT AL
P, To S SR R o O € 15 R AT VAR ST 40
Ml A R w], Porapak-Q #%).
1.3.2  S,0;"F1 SO BRI E

i FH & 7 £4,4i% ¥ (Dionex Aquion RFIC,
Dionex IonPac AS19 IC 1)l %E Y S,05> Filj™
¥y SO W, IKVEH A 18 mmol/L KOH, i
VWO 1 mL/min, #PiI#5HUR 45 mA, R
30 °C, PEEEHEE 25 uL, FHEHLS 4-6 uS/em.
1.3.3 £KENE

T8 Ao R VA A S AR AT VB T R ) 2
AR
14 BmEAFNFEXRE
141 BEKEBEFMGE

BBk LS2 767 1 mmol/L Na,S,05 F 415 35

Her 30 °C 150 r/min #ERIGFE 10-12 h, 500 mL
PRE L 0.22 pm TERHMIEICEREIA, #£ 6 mL
ToIRPIG SR E
142 #HAFEXEHZE

SBT3 MEKREHO0.2%. 1.6%.,
21.0%), FfiEH NayS,05 F1 NayS,06 1 A Y,
BRRYIRE T2 MREME . Wk LS2 Ll
EMEEARBINEY R R, JRE
FEURAT M B A SE PR R, 2 h (1
NS, T I P i
I, R B S 2H PN e (PR VAR BE RS ) R i P A
DN 1) B R AR A A B, O ELJRS W 1 R TH AR 8 4
BF, AR BRI A B9 050 368 2o 4 208 24 1k R o
S5 38 3 5 0T S L) e A e A R AR vk
B, TR AR S [R] N %) SF- 25 R R, G R
KRG 3 A ith 4.
1.5 PEREERBES
1.5.1 HKESF

BB TS R BE 40 21.0% (48 2H)
0.2% (R4, JEY NaS,05 HEF N 1 mmol/L,
30 °C. 150 r/min FEIRKESE, WHEHAKREY
12-14 h HPAT T RNA $25, LA A NF155:
10-14 d, 435335 pH 5.8-6.1 HIEY AR IEHESE
4, BFa] T RNA 285
1.5.2 RNA EEFANF

TEAERF IS S5 PF R HTER B 1 B P EA 5%
RS - VA TR A P R e AT T A
it O 7 WA A A R P I AR R B A S R T R 3
SR R AN . RNA $#REUEIE RNAiso Plus
A& (TaKaRa A UL E T, & RNA
—70 °CLRAFF. RNA WpZ 6o M 4 e A Yt
FATRRA FIHEAT
153 LEEERBESFAZE

£ R FRIRFLH T LR E AL R AL, %

http://journals.im.ac.cn/actamicrocn



4362

YAN Hongshan et al. | Acta Microbiologica Snica, 2024, 64(11)

AR, LA F 15 8 i 5% sk A SR8 &
(read count) N A%HE, #F Bioconductor H
) R iE 5 40 DESeq2 (v1.38.3) UHEf 5 ab 11,

i1 |log, fold change[>1.0, Q<0.05 FYHEH, 4t
TR Ve 22 S R R . BRI (gene
ontology, GO) & 4 7 i i GOseq'™ #1743
Pr, P<0.05 HBFH L. 2EF7RIKNEENTE LU
Fe [N 5 I 4 H L4 45 (Kyoto encyclopedia of
genes and genomes, KEGG)E 4 3 15 % A%
Af AL 2 R 38 540 Pathview (v1.31.3)1)

S
2 HERE4H

21 ARSEKETENK LS2 MRELRE
K
211 BE. BE. KELHTEK LS2 895
S RERKES

Hikk LS2 7EH4A.(21.0% 0,). #%.(5.0%
0,). fRE(0.2% O) ¥ 5 Hh it A AR S A
BRSO R nE 1 R, 7EPVIIRASIIE R
21.0%. 5.0%A1 0.2%5%4F T, 1 mmol/L Na,S,0;
AARAE 12, 14, 191 h PIHFESEE:E, dNiEEcR
KAESIH 171107, 1.63x107, 2.37x10" CFU/mL,
Z G AR AET . S5 LI R LS2 REASTE
ATEN 0.2%21.0%8 R b A .
SR, AHLE T8 SRR R 95, AR MR
2 0.2%MEEFRIRE T, Wbk LS2 At s (b B
I A 1 R N B S  E- lvvyo  =
TR R IR I P B AR AR R B, U BRI AU B B8 R
PBE LS2 fRIHECRA I R, (AR,
REIRBEHRE LS2 M KA KB BRETH
AT, XHRRAEIRE S T AR LS2
[ RE 1T BB B 2 Pl T 5 AR K B A G 1A R
i

<l actamicro@im.ac.cn, 010-64807516

>

—&— Sulfate 129
—®— Thiosulfate 3
. —A— Cell number 1200 E
3 20} 2
= =3
2 @]
g 11.50 =
= X
g 1.0 T 2
S, 1.00 —E
:'__ =1
. =
2 1050 5
= @]

0.0
10.00

-10 0 10 20 30 40

t/h
B 12.50
3.0 | —m— Sulfate
—@— Thiosulfate =
Q‘ —&A— Cell number 12.00 E
E | 2
E 20} 5
g 11.50 &
s £
S =
L0t 1.00 .5
o 2
A =
T 10.50 8
0.0 ¢
410.00
0 5 10 15 20 25 30
t/h
= 13.00
50 —m— Sulfate
__ [ —®— Thiosulfate loso 3
= —A— Cell number U E
g2 15 =
E T 12.00 E_)
. =
Q: 10l 11.50 Ef:
2 £
o 11.00 E
% 0sl| E
N 10.50 &
0.0 1o.00
0 100 200 300

t/h
1 E#k LS2 EEEA). BEMB). KEAO)F
HTHRELRE K%
Figure 1 Sulfur oxidation and growth curves of strain
LS2 wunder normoxic (A), microoxic (B), and
low-oxygen (C) conditions. A: 21.0% O,. B: 5.0%
0,. C: 0.2% 0O,. Replicates n=3, error bar represents
standard deviations.



FEUEH SF | SUE PR, 2024, 64(11)

4363

2.1.2 ARESEKE TE LS2 TR L4FHE

M — BRI LS2 TEANRI MR T B
AR, REBETNEASTEN 02%.
0.8% . 1.6% . 32% . 50% . 10.0% % {4 F LA
1 mmol/L Na,S,0; F5F5 itk LS2., L5 2 i,
TET A A AR T 1.6% AT, Hikk LS2 76
6-8 h FEAXTEH, WTLIFE 14 h PPK 1 mmol/L
Na,$,0; JHAETE 4. SRTMT, 7E 0.2% O, A IAEIREE

b
o

—m— Sulfate
—&— Thiosulfate

_
n
T

Concentration (mmol/L) *
=

0.5
0.0 *e
0 100 200
t/h
2.0
—&— Sulfate

—&— Thiosulfate

_.
n
T

=
w

Concentration (mmol/L) ©
=

&
)

0 2 4 6 8 10 12 14 16
t/h

|
NS}

g
o
1

—m&— Sulfate
—&— Thiosulfate

_.
n
T

<
th

Concentration (mmol/L) ™
=

&
o

o

10 12 14 16

2 EHKRLS2 EARRSESKRETHRMALFER

T, Witk LS2 fifA b KIE T 1%, KReewges)
BRSO, 76 191 h 52446 1 mmol/L
Na,S,0;. TEWIR T2 A AWE N 0.8% 1 41+
T, WA 2 BB, 7E 0-24 h B
AR FERC, I BT T A R, B
Ak ) R AT H R RIS A . 45
RWIRIR LS2 AEMS /AR 2 1.6%AYPME
RO TR AL S

B
3 2.0} —®—Sulfate
= —&— Thiosulfate
g
£ 1.5 +
=
& T
g
S 0.5}
g
© 00t} e —e
0 50 100 150
i’h

D

2.0 -
i —=— Sulfate
= 15 —@— Thiosulfate
S 15t
g
£ 1.0 +
£
£ 05
Q
=]
5}
O 00}

2 0 2 4 6 8 10 12 14 16
t/h

F

2.0
= —m— Sulfate
= 15 —@— Thiosulfate
S L5t
g
.5 1.0
E
£ 05t
Q
{ =]
o]
QO 00}

-2 0 2 4 6 8 10 12 14 16
t/h

Figure 2 Sulfur oxidation of strain LS2 under different oxygen content. A: 0.2% O,. B: 0.8% O,. C: 1.6% O,.
D: 3.2% 0O;. E: 5.0% O,. F: 10.0% O,. Replicates n=3, error bar represents standard deviations.

http://journals.im.ac.cn/actamicrocn



4364

YAN Hongshan et al. | Acta Microbiologica Snica, 2024, 64(11)

22 AESKEXFHTHEREKIINE
AL S st m s R e 3 s, LA
Na,S,0; HIEYIH;, 21.0% 0,5, 1.6% O,. 0.2%
0, %5 3 /™SI 2H A A8k B AL TR Vi 57
24 0.098., 0.051. 0.002 1 pumol/(h-107 cells),
DL NaS,06 NIEHINF, 21.0% O0,. 1.6% O,.
0.2% O, SEHRZHI Viax 235120 058 0.049 .

A
100 |
=
=2
2 sof
=
4 v, =120.23 pmol/(L-h)
=0.098 pmol/(h-107 cells)
ol K,=173.40 umol/L
0 500 1000 1500
¢(S,0,)/(umol/L)
C
30F
=
e 20 +
3
£
2 10r v, =27.93 pmol/(L-h)
- =0.051 pmol/(h- 107 cells)
0 K,=42.16 pmol/L
0 500 1000 1500
¢(S,0,>)/(umol/L)
E
3 =
z
o2
E
g
=Rl ¥, =2.66 umol/(L+h)
=0.002 1 pmol/(h-107 cells)
0r K,=0.80 pmol/L

0 50 100
¢(8,0,7)/(umol/L)

3 EHLS2 EFRISKERGTHELTIHEF

0.002 1 pumol/(h-107 cells), 7E%/SFE M IS
T, R LS2 FAfk NaySiO¢ Y Vimex 1 T8 AL
NayS,03 B Vinax, B AR LS2 %F Na,S,06 H A ¥ i
A RCR, AAERR G A ST, BFP
JIEVI Vinax $23E, RUIEATRIMT 1.6%H
FUFT, Wtk LS2 M A bR h M A o &
HIE

B
s TN
<
2
3
E 100}
=4 Vi =280.58 pmol/(L-h)
=0.58 umol/(h- 107 cells)
ol K,=157.50 pmol/L
0 500 1 000
¢(S,0)/(umol/L)

D

80

[=x)
(=}
T

v/(umol/(L-h))
=

v, =88.41 pmol/(L-h)
=0.049 pumol/(h-107 cells)

[3e)
=]
T

0 K,=313.76 umol/L
0 500 1 000 1 500
<(S,0¢7)/(umol/L)
F
= 4
=
=)
E2f
%‘ V=422 pmol/(L-h)
=0.002 1 umol/(h- 107 cells)
B K,=3.75 umol/L

0 20 40 60
(S,05)/(umol/L)

Figure 3  Sulfur oxidation kinetics of strain LS2 under different oxygen contents. A: 21.0% O,, Na,S,05. B:
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Replicates N=3, error bar represents standard deviations.
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Figure 4 Function distribution of differentially expressed genes. A: Volcano plot of differentially expressed
genes. B: GO term enrichment of differentially expressed genes.
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*1 REFHTERLS2NEZERRIEER

Table 1  Significant differentially expressed genes under low-oxygen condition in strain LS2
Pathway Gene ID Putative Function log, fold change Significance
Sulfur metabolism A9404 05555 SoxA, sulfur oxidation C-type cytochrome —1.48 *
A9404 05595 SoxB, thiosulfohydrolase -1.98 oAk
A9404 12910 SoxC, sulfane dehydrogenase subunit -1.89 HAHE
A9404_ 12905 SoxD, S-disulfanyl-L-cysteine oxidoreductase -1.17 *
A9404 11335 Thiosulfate sulfurtransferase 1.70 oAk
A9404 02545 Sulfur oxygenase/reductase 3.35 oAk
A9404_ 02540 Sulfide:quinone oxidoreductase 3.28 oAk
Oxidative A9404 06580  Cytochrome c oxidase cbbs-type subunit I 1.75 ook
phosphorylation ~ A9404 06575 Cytochrome ¢ oxidase chbbs-type subunit IT 1.66 *E
A9404_06565 Cytochrome € oxidase cbbs-type subunit IIT 1.92 oAk
A9404 08670  F-type H'/Na'-transporting ATPase subunit alpha -2.60 ok
A9404 08660  F-type H'/Na'-transporting ATPase subunit beta -2.22 *k
A9404_08685 F-type H'-Transporting ATPase subunit ¢ -1.53 *
A9404 06480 Plasma membrane proton efflux P-type ATPase 2.64 oAk
Carbon fixation in A9404 06275 Ribulose-bisphosphate carboxylase large chain -3.62 HAH
photosynthetic A9404 07175 Type I glyceraldehyde-3-phosphate dehydrogenase -1.89 ok
organisms A9404 07180 Transketolase -1.41 *
A9404 03755 Ribose 5-phosphate isomerase A —1.48 Hok*
A9404_07335 Fructose-1,6-bisphosphatase I -1.39 Hk
A9404 07065 Triosephosphate Isomerase -2.26 koHk
A9404 09970 Ribulose-phosphate 3-epimerase -1.30 *
Nitrogen A9404 01615 Nitrogenase molybdenum-iron protein subunit beta 4.47 oAk
metabolism A9404 01620 Nitrogenase molybdenum-iron protein alpha chain 6.73 HoHE
A9404 01625 Nitrogenase iron protein 6.96 HAH
A9404_01790 FixX, ferredoxin-like protein 4.62 oAk
A9404 01795 FixC, dehydrogenases (flavoproteins) 4.80 oAk
A9404 01800 FixB, electron transfer flavoprotein, alpha subunit 5.26 oAk
A9404_ 01805 FixA, electron transfer flavoprotein, beta subunit 5.47 oAk

*:.Q<0.05; **: Q<0.01; ***: Q<0.001.
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WA BT IR FERRRE . TERIRSCIRFR AR, #XR
W 1,5- — 85 fR & 1k i (ribulose-1,5-bisphosphate
carboxylase/oxygenase, RuBisCO). 5-# R t
5+ ¥ (ribose-5-phosphate isomerase, RPI), 3-fi
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iR H b B & B (glyceraldehyde-3-phosphate
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Figure 5 Pathways and critical enzymes of strain LS2 in low-oxygen environment (modified from [21-22]).
The solid arrows represent chemical reactions, and the dash arrows represent the same substance or

transmembrane transport process.
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