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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,0;*~ 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 cbb;-type cytochrome ¢ 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 fix4, 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
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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% O,. Replicates n=3, error bar represents
standard deviations.
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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.
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Figure 3  Sulfur oxidation kinetics of strain LS2 under different oxygen contents. A: 21.0% O,, Na,S,0;. B:
21.0% Oz, NaZS4O6. C: 1.6% 02, Na28203. D: 1.6% 02, NaZS4O(,. E: 0.2% 02, Nazszog. F: 0.2% 02, NaZS4O6.

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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x1 REFHTEK LS NEZERREER

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 HkHE
A9404 12905 SoxD, S-disulfanyl-L-cysteine oxidoreductase -1.17 *
A9404 11335 Thiosulfate sulfurtransferase 1.70 oAk
A9404 02545 Sulfur oxygenase/reductase 3.35 Ak
A9404_ 02540 Sulfide:quinone oxidoreductase 3.28 oAk
Oxidative A9404 06580 Cytochrome ¢ oxidase cbb;-type subunit I 1.75 oAk
phosphorylation ~ A9404 06575 Cytochrome ¢ oxidase cbb;-type subunit II 1.66 *ok
A9404_06565 Cytochrome ¢ oxidase cbb;-type subunit I1I 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 ok
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 HkE
A9404_07335 Fructose-1,6-bisphosphatase I -1.39 ok
A9404 07065 Triosephosphate Isomerase -2.26 *ak
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 HAH
A9404_ 01805 FixA, electron transfer flavoprotein, beta subunit 5.47 Ak

*:0<0.05; **: 0<0.01; ***: 0<0.001.

FER R L FERERI RS, cbb; Bl
FALBED 2 FIE, RV LS2 il FiHRA
i AR R AL RS SR XT O, M ARUE . [
if, FiFo & ATP i T HZ A M P B ATP B I
PRI, BHIEME LS2 FEMCA S Tl Rekt F
RETEAZ PRAPIRA, TRl THFE ATP 4ERFIEPN
WA BT IR FERRE . TERIRSCIRFRRAR Y, X0
Wi 1,5- — %5 fR & 1k i (ribulose-1,5-bisphosphate
carboxylase/oxygenase, RuBisCO). 5-f R t
5+ ¥ i (ribose-5-phosphate isomerase, RPI), 3-fi
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M2 H I B P S B (glyceraldehyde-3-phosphate
dehydrogenase, GAPDH) . # g TN #lf 5+ ¥4 i
(triosephosphate isomerase, TPI)% i) F ik T
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3.1 EHk LS2 BREME LTS
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HoS 2P0, Bribz 8h, Tkk LS2 fRE K 2 4
Y A5 Sy o B 1 ] R B R OGR4 R Gt i) ik

SO0 GoxyzsH 503

S 006
@S SO, Sox¥2:5-5-50,
(soxB)
6xCyte -s SH g0,

I
/Complex I SQR A
. (reverse) Complex 111 omplex [

g 4xH

5 Bk LS2 MRE R IBHER N KR

ax (i 1/2 O,

m(H"
X o2 2 so;' GSH
2- 2-
NEE H oy 4 Polysulfide/S” 5.0, @ 50;
D A -7 ?
G g S -
= / \ GSSH
NifDKH 9ATP._ [ Calvin | - 9ADP SO
>< 4 5H,0+3CO, | cycle i Glyceraldehyde-3-phosphate
16 ATP 16 ADP

, RENS I o [ A AE AR E A AR A
ﬁ,TUEﬁ%¢#Tﬁﬁaﬁ%*hﬁo
3.2 EFk LS2 IR SIS R HLH

FR A K S 00 R S BT 4 2, DAt
Ak R E . B E RN A B A A R

BIAT AT EE B R LS2 AR SEIE I ML i A
iﬂ(lﬁ] 5) [21- 22
321 W& 1&1&1&1

Sox i F & SOB H i WL AKH B AL AR IR +h 4
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Figure 5 Pathways and critical enzymes of strain LS2 in low-oxygen environment (modified from[zl'zz]). The
solid arrows represent chemical reactions, and the dash arrows represent the same substance or transmembrane

transport process.
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