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Isolation, whole genome sequencing, and comparative
genomic analysis of Acidithiobacillus strain M4-422-6

YU Tiantian, XU Ying, JIN Jiafan, ZHU Sidong, YANG Jifang, CHEN Jigang*

College of Biological & Environmental Sciences, Zhejiang Wanli University, Ningbo 315100, Zhejiang, China

Abstract:[Objective] The isolation and comparative genomic analysis of Acidithiobacillus
capable of oxidizing sulfur will enrich our knowledge about not only sulfur-oxidizing bacterial
strains but also the molecular evolution and ecological adaptation mechanisms of
Acidithiobacillus. [Methods] The medium with sodium thiosulfate as the sole energy source
was used to isolate the strain capable of oxidizing sulfur, which was followed by Illumina
HiSeq X and Oxford Nanopore sequencing of strain M4-422-6. Bioinformatics tools were used
for sequence assembly and gene annotation, and the comparative genomic analysis was
performed with Ignacidithiobacillus copahuensis VAN18-1. [Results] An Acidithiobacillus
strain M4-422-6 capable of oxidizing sulfur was isolated. The genome annotation results
showed that the genome of strain M4-422-6 consisted of one chromosome and two plasmids,
with a length of 2 917 823 bp and G+C content of 58.54%, encoding a total of 2 925 proteins.
The 16S rRNA gene sequence and the phylogenetic tree built by the type (strain) genome
server (TYGS) revealed that strain M4-422-6 represented a novel species of Acidithiobacillus.
Functional gene annotation showed that strain M4-422-6 carried numerous genes involved in
sulfur oxidation, CO, fixation, and acid resistance. The comparative genomic analysis revealed
that although strain M4-422-6 had the closest genetic relationship with Ignacidithiobacillus
copahuensis VAN18-1, and the two strains possessed numerous different genes, which were
mainly involved in phage resistance and mobile element encoding. [Conclusion] Strain
M4-422-6 represents a novel species of Acidithiobacillus and has unique genes that are not
present in strains of the same species. Therefore, we hypothesize that the intra-species
differentiation of Acidithiobacillus can be attributed to adaptation to specific niches.

Keywords: sulfur-oxidizing bacteria; Acidithiobacillus; genome sequencing; comparative
genomic analysis
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5 FAME. Hith 5 NP, g IR
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DR G R Y L TR 22 37 ASBIF T 45 SRS (H AT g xt v
PR G AT PR AE BARRAIE BN, T LT Sk VB R AR AT TR
Je& B 53 ARG A i A 1 R A RS

P<dactamicro@im.ac.cn, #8010-64807516

1 S

1.1 RFIAERE

4 SR E: I (g/L): (NH,),SO4 0.40,
MgS0,-7H,0 0.50, CaCl, 0.25, KH,PO, 4.00,
Na2,$,05:5H,0  5.00 , FeSO,7H,O 001 , pH
4.0-4.5, KH,PO, 1 Na,S,05-5H,0 #5741 0.22 pm
UERSSIEEBRTA , HARALY 1x10° Pa K4 20 min,
B FERLA AT 1 %R B ¥ 7 700 uL.

45 R SR I 1E 4 SRR P
R FE T AR T 4% BNE B -

BARER (SO IR W 4 SRR IR I Y
Na,S,0;3-5H,0 B A (2 g/L).

PR AR, aladdin®/A #] ; NapS,05-5H,0,
Bio Basic Inc./Aw]; WL, JuatF/RilZEY)
HFARBRAT; 2.5%)86 R W e . B8 Hr,
Solarbio® /A Fl .
1.2 ExpEd

R R 4 8 TS Ul R B 1 7 U T i R R s K
J 7o RARA T ARIORE 4% BT ER R
1:100 543 4 S ARG IR H, 30 °C. 180 t/min
PG 3 d, Kigel e s R i i 6
Ak, MEEFRELM B h A R A, B
BV GRS 10 SRR B ZE 1077, K f
— A EEERBRIRAE 4 SRR SRR,
30 °CHHIEIEFF 3-8 d. HE R A A & W g
T FIE AR, Phidk i 7% Bl a1,
H AT FHEAAAE 2 S5 I IR R R 2 4 5
AR IR, FRETE K G B T AR 4 o
Baifh 2-3 1%,
1.3 16S rRNA X3 1%

PR TR VR B T 547 50 uL JCIE /KA EP &
H, 12 000 r/min B.0> 5 min J5WATIRS], BN
PCR " Mg #iH . A A 40 i A 519 27F
(5-AGAGTTTGATCCTGGCTCAG-3")fl 1492R
(5'-GGTTACCTTGTTACGACTT-3"), 2 HA



BTINK % | EW2EdR, 2024, 64(4)

1277

I SE PO SE A ik AT R AR 16S TRNA JE R
PCR 14 5 B 5 . 5452 16S rRNA JE[H 7
51252 EzBioClould z -3 PHEA T T R Y HE X
HR A LT 25 5, BEIGR & T /g MR 6 AT 1 s i —
PREFE B E M4-422-6, JEf74K 16S rRNA 3
SR TS BN D5 R i S G o T L D
MEGA 7.0 7 16S rRNA J:[H 25 K& BFH,
K FAR A N A% (neighbor-joining), Kimur X{Z
HRiARl (Kimura 2-parameter model), 1 000 X H
J&& (bootstrap) A PEAl BT (U AL B HERfRE -
1.4 W

BOGE B0 A U0 1 20 B 355 R P R A 7 2 PR e
s, 7E62 WA TR AN BB .
W AR KR LA 1% R e fp & S°
BRI JRAE R SR R ACKLAR AR 1 i
i, 30 °C. 80 r/min 555 2 4N E X HCERK .
B TP U R BORL, 30 °CHERE 24 h, H
2.5% 8 I [ 2 VR T S S, (S A R B AR
AL B ROEA . IR S° KigRSE bt
BRI AR SR, 4 500 r/min .0 5 min
WCAETRIAA , FH 2.5% 150 T 1 5 A 1 S 4 i, ol
PO R, A B LR AN I A P R AR
B
1.5 BRI =81

PRI 4 SHIFRFOEARTE A R E , b
Z A SRR, 30°C, 180 r/min 5535 B4
PR, UG SRR 1% R E i =
6 NLls pH {H(1.8. 2.5. 3. 3.5, 4. 4.5 S°
Btk 30 °C. 180 r/min #Ei%355% 6 d )5,
7 15 2 ODygoo fH -
1.6 MR

AL F % B KA R R W, H R R H
1:100 8 % S"H53R3EHr, 30 °C. 180 v/min &%
Bige, ERTEZMERIRIE, BTN E
ff) ODgoo 1B ; #50HL F3E, 4BIRFABRILR

B B 00 L 3okt 32 OVRINIE. R 35 Aol e B 9 B s
IERCR S,057. SO . STES T
1.7 EHREREBNFSFE

HUfE S° 55 b X Bl K T TR
8 000 r/min 25.0> 5 min AR, FEECGREE
ZH DNA, Z4t Bilgse i A B 25 B BR A ]
HATHRBRAINT . HEESHEL TR,
1.8 E#HHERFRBKES LR EEEREA
=

#F EzBioClould = F- 511 16S rRNA %A
JEAN LR AR, EHGRE TEmRmArEE, A
fE NCBI £#s b & A JF 5L 407 91 s X
¥k, f & A albertensis DSMI14366"
(GCA_001931655.1) . A. caldus ATCC51756"
(GCA _000175575.2) . A concretivorus
ATCC19703" (GCA 018853445.1). A. ferrianus
MG" (GCA 010378095.1) . A
JCM18981"7 (GCA_003966655.1) . A. ferriphilus
DSMZ100412"  (GCA_018854775.1) . A
ferrivorans DSM22755" (GCA 018853935.1), A
ferrooxidans ATCC23270" (GCA_000021485.1). A.
sulfuriphilus  CJ-2" (GCA 003721225.1) . A
thiooxidans ATCC19377" (GCA_009662475.1) Fll

Igneacidithiobacillus  copahuensis  VANI18-1
(GCA 018854015.1) . ff Ji  JSpeciseWS

(https://jspecies.ribohost.com/jspeciesws/) il
GGDC (https://ggdc.dsmz.de/) ~F fit & B
M4-422-6 55 L) b 4% AR LG 18] 1) B H IR —
Mk (average nucleotide identity, ANI)PHHI%F
DNA-DNA 7% % f{H (digital DNA-DNA
hybridization, dDDH)™!, {if Fi A5 2 (4 k) 3 A
2l % %5 4% [type (strain) genome server, TYGS]
(https://www.dsmz.de/services/online-tools/tygs)** ,

i B TR KOF BB bR M4-422-6 15328
HiAL . FF M4-422-6 HEPH ZH $2 58 2 IGI IMG $i4is

ferridurans
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J% (https://img.jgi.doe.gov/) 1 7 R R 4 v BE, 4k
MR JGL E54 P v A AH G AR 1A T A T
HEE oo
1.9 BEHIRENASE . MEE RS MHEXE
2K il

5T KEGG 4 v /9 o AX 3 (sulfur
metabolism)i B FEBELE R, PRIGHE K M4-422-6
() B BBt AR C ML AL & ) AR A DGR TR T
fi K AL & 9 AR i (carbohydrate metabolism) Fl Bk
[it] 72 (carbon fixation)if & F BE45 L, IR15 H#E
M4-422-6 HIRRACHARSCEE Y s AIHTE A 508
i T 10 R ML i) R 5% Ay 25 DR VR 4 7 [ U L X 48
R, REHHEE M4-422-6 i R MR AH & 1) 3
o I HIZ AR TR BR ML PSR

2 ZEREAM

21 EHTBES5LERE

FIFH Na,S,05 NEEWRPI i) 4 S HE 3L, &
B ARAS BB 8 il 5% 57 5L R AR Bt AR AR Y — Rk 2
W, #HAT 4% M4-422-6., EzBioClould z -1 [
IR HEXTEE R BOR, Bk M4-422-6 () 16S tRNA
JEH ¥ 51 (GenBank & 5%%5 : OR958617) 545
Wtk A. caldus ATCC51756" (%) — B M % i
(95.0%), KT FiE] SR (97.0%). AL,

25 000x
BOkV

T 16S rRNA K Jp 444 i st A2 b B
FE M4-422-6 TEHEALRS HHIE pl— A0 37 4352
(%)
22 BEMEH

B 3B A R B (K 1A), TR PR
M4-422-6 A EA Z L5, DA AT I
ZABEaENZ MK, HNEGEREPEETER
JERAORL, X SR TR SRR AT B FR B A 10 T8 A
fiEo DEAR, 5T P93 AT DL TR Y i 2 o S0k 2R 4
T, IXEEEEHYAR AT RE R MY . LR
S 73 A1 I o A R R T, LA R A 22 A A R
W B A7 o, 0 TG TR B 2 %) o AR 3% 1T 28 T DL
B, 3K [T 5 T R 2 PR 40 TR X BRI A A TR AR
AT F80(E 1B). A, 40 a) K 20 A 2 i v]
W22 IREER (B 1B), X LS5 A AT 2 J2 240 1l 43 0
IR AW, LA i 4 i [R] (4 5K 28 00 56k 41
X SR 1 [ 1
23 B EENIRBRENESSTHT

i R BE 7 AG I 45 R R, AR M4-422-6
16 pH B 1.8-4.5 1Y S I g s rh I BE RIFAE K
(EImg) . FRBTaR AL BB IR A5 R BoR, wbk
M4-422-6 BB A R AL B, EL7E Ak
R OB RRR AR , (HJLTP- A4 H,S
(E 2),

1 Btk M4-422-6 ARAIE ST R F R M RA)MIEME T EMIEB) N R

Figure 1
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Transmission (A) and scanning (B) electron micrographs of strain M4-422-6.
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Figure 2 Analysis of sulfur oxidation capacity of
strain M4-422-6. All treatments were performed in
duplicate, and error bars are standard deviations of
the means. Most error bars are within the size of the
symbol.
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(GenBank % 3¢ 5 . CP136767), VI K& pLA
(GenBank % 3%%5 . CP13676)#1 pLB (GenBank
ok CP136769)M BRI L (El 3), R
ZHR/N2 917 823 bp, G+C FHH 58.54%., M
FEZH 930 2% GC A8 5+ LA S dnaA 1 dnaN
ﬁ@lﬂﬁmudﬂémtﬂ e o A 10 52 ) ) A
AL HENHFERHA 2 4 rRNA #4451 47 4
tRNA H:[KFI 19 4~ sSRNA ¥ TYe @ik, #Hk
M4-422-6 FL R 3Lt 2 925 MNEE, dmfidk

ra TN
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4kb
i I6 559 bp

. _ 10kb o

Figure 3 Genomic circle of strain M4-422-6. The first and fourth circles of the circle diagram from outside to
inside represent coding sequence (CDS) on positive and negative chains, with different colors representing
different COG functional classifications; The second and third circles are CDS, tRNA, and rRNA on the
positive and negative chains, respectively; The fifth circle represents G+C content; The sixth circle represents
G+C skew values, and the innermost circle represents genome size markers.
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BB 2 712 369 bp, (A SRR
92.96%. 2925 Mgt I, WIS REN &
HEE 2 466 4>, H 1 701 ASEE A
KEGG . XLErT# KEGG i BB 8
o, SR T EROK AL S A QU B A
HIRZ(2391), HUMUCOTRERUS(168 1Y) 2
FERACHI(161 1) ARG AE RACH(118 1Y)
FEFET06 ). KB @87 1), LUKENE
Hi(69 V). LA, Hkk M4-422-6 FLIR 20 I g
499 MEIZE M . 699 MBI . 232 MW
HE L 70 DG I R GEH R 34 Mk
KA Py P
25 ZEERmEE SR P RNK S
=L

PR M4-422-6 RETE AN TS INAEAI BRI AT 4 5
B drh AR, BN IZERBELL S TP CO,
VEN AR ME—RIR . —2efb~% B 324 W3 i
| FH 4 K /R A #F (Calvin-Benson-Bassham,
CBB)[E 5554k CO,, Hi 7 F L5 N 1 #R filg
RZAN CBB MO, LA E RS R D
N, K M4-422-6 7 i 56 R CBB i % 1) —
ROV (B 4), Hr@Ea T W — 3
FRBEHAR G AR SEIE R . WE— a0 BB, T AR
M4-422-6 FRFHAFHOCIHE R % . HESI T A
Dy 5 R R B AT AR P 2 AR K AR (A
thiooxidans ATCC 19377" 1 A. caldus ATCC
51756 )i AL, RIE AT FR A AH 56 3k (4 35
i LysR ZIG ¥ R F 4t 2K cbbR. iKY 1,5
T WREERFR AL (ribulose-bisphosphate carboxylase,
Rubisco) 4 fith 3 K | ¥ il 14 21 % 25 1 4 B L
K BRFRIT RS g As 3L R . FREHAIKES A A1 B 4%
TIER . 24~ BMC 453802 11 B g ig 3L R |
FREHATE B Ui I, DA AN B R AR 1 G R
SE AL AR, FFe BE R E 00U 5 07 m HES . e
Ah, R M4-422-6 BRI G BRI AR 1Y
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U —DATER TR 2 R GE ParAB 4
AR parA, ZHEHFEFEAFZET A thiooxidan
ATCC 19377" #1 A. caldus ATCC 51756" f ¥R i
T UKL DR A2 04 T U8 o

FERHERE R BN, 5HAMCIRIERE
M2 AT T JE L 5t b Je A iR AR AR AL, T Bk
M4-422-6 H A 5% B B B R & &
(embden-meyerhof-parnaspathway, EMP)F1f B2 [
1 4% (pentose phosphate pathway, PPP), LI K EA A
56 & 1 < I B B 7 15 IR 3% 4% (citric acid  pathway,
TCA) (K 4). AL, Witk M4-422-6 FE[N 2 Zitt
ZAMEEKILEWEER, f1E 4 4> OprD
FIFAMNESLE . 1 DK ABC iz F A
10 /> F 2P ia 8 U 4 (major - facilitator
superfamily, MFS)¥%iz 5
2.6 TARFEEMSILBEESH

SN HT R, itk M4-422-6 R
BT EBIBA R R, A
— M EEEE AR amt, 4> T A
TR S A% T g i B ] yfed . 2 A P-I1 4754
M gmiS L ginB F1 ginkK, LA K —A> T U435 ke
BREASEEA ginA (B 4). IEAL, Btk M4-422-6
L DR 2H v S AT — A 07 BT A IR F B o i ) i
PRI, b A — IR L A A R Eh 75 s 7 11
AL narK, —/MAERRERIE SRS 5L nasA
FINEASPRER A I B A R g i 5L A nirBD, itk
I 22 T Ik RE 8 4 5 S A0 A R 8 340 )5 T A )
ACHF IR ER I IV P MR ER e A o 2 (B 4).

PRIk M4-422-6 HAT SOX Z 58 F3% DU i iR 5k
AR R AR (SAD) (18] 4). Btk M4-422-6 1)
fii A Ak & St (sulfur oxidation system, SOX)ZwAY
FERYN 2 ML, Z ARG R R AR R R
(S:05° ) i M B RER (SOL™) o Sl 344 i HiR
R ER AL S SR TQO i DU B R 7K fiF ik
TetH 4K, A& ATOR S,05> Uk L% DU R
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NH, — NH, L-glutamine 2 £
nark Hﬂ'h"‘HJ 2148 "g % E
) i 5] o | &
NO,” — —— NO, L-glutamate Bl 5 |B
\ 8| ~ |5
¥ (=
nark nasA ‘ Ami id = =
: ) = Amino aci
NO; — " NO, RSH+S0,> \
HDR
RISCs _.7% H.S RSSH Y
C 2H'+1/20,
sqr }
2 S0-48,0,745> J . W
SOX | —S8%4S80,7 H.O Terminal oxidases
2- : : bd, and bo, type
5,07 5,07 b8 SO,7+8° NADH
s APS sat SO.> H ] — H*
tetf doxDA 80, !
NAD*+H"
S04
N
\_ J

4 EITk M4-422-6 BR R ANFA S TR E

Figure 4 Predictive cartoon diagram of carbon metabolism, nitrogen metabolism and sulfur metabolism in
strain M4-422-6. CBB cycle: Calvin-Benson-Bassham cycle; 3-PGA: 3-phosphoglycerate; G-3-P:
Glyceraldehyde 3-phosphate; R-5-P: Ribulose-5-phosphate; RuBP: Ribulose 1,5-bisphosphate; PEP:
Phosphoenolpyruvate; 2-OG: Oxoglutarate; RISCs: Reduced inorganic sulfur compounds; APS: Adenylyl
sufate; RSH: Persulfide sulfur; RSSH: Hydropersulfides; Rubisco: Ribulose-bisphosphate carboxylase; OMPs:
Outer membrane proteins; SOX: Sulfur oxidation system; HDR: Heterodisulfide reductase; CA: Carbonic
anhydrase; pgk: Gene of phosphoglycerate kinase; gapA: Gene of glyceraldehyde 3-phosphatedehydrogenase;
gpmL: Gene of 2,3-bisphosphoglycerate-independent phosphoglycerate mutase; eno: Gene of enolase; fbaA:
Gene of fructose-bisphosphate aldolase; tpiA: Gene of triosephosphate isomerase; fbp: Gene of
fructose-1,6-bisphosphatase; tktA: Gene of transketolase; rpe: Gene of ribulose-phosphate 3-epimerase; prkB:
Gene of phosphoribulokinase; pyk: Gene of pyruvate kinase; pdhA: Gene of pyruvate dehydrogenase El
component alpha subunit; aceF: Gene of pyruvate dehydrogenase E2 component; acs: Gene of acetyl-CoA
synthase; gItA: Gene of citrate synthase; acnA: Gene of aconitate hydratase; icd: Gene of isocitrate
dehydrogenase; amt: Gene of ammonium transporter; narK: Gene of MFS transporter; nasA: Gene of assimilatory
nitrate reductase catalytic subunit; nirB: Gene nitrite reductase (NADH) large subunit; nirD: Gene nitrite reductase
(NADH) small subunit; gInA: Gene of glutamine synthetase; gltB: Gene of glutamate synthase (NADPH) large
chain; sgr: Gene of sulfide quinone oxidoreductase; sat: Gene of sulfate adenylyl transferase; doxDA: Gene of
thiosulfate dehydrogenase (TQO); tetH: Gene of tetrathionate hydrolase; rhd: Gene of rhodanese.
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Figure 5 Predictive model of acid resistance mechanismin strain M4-422-6. SLPs: Outer membrane
lipoproteins; NIpC: C40 family peptidase; CoaD: Pantetheine-phosphate adenylyltransferase; BamD: Outer
membrane protein assembly factor; PstAC: Phosphate ABC transporter permease; PstS: Phosphate transport
system substrate-binding protein; PstB: Phosphate ABC transporter ATP-binding protein; PhoU: Phosphate
signaling complex protein; PhoB: Phosphate regulon response regulator; PhoR: Phosphate regulon sensor
histidine kinase; AdiC: Amino acid permease;CA: Carbonic anhydrase; PanD: Aspartate 1-decarboxylase; SpeA:
Arginine decarboxylase; SpeD: Adenosylmethionine decarboxylase; SpeE: Spermidine synthase; AguB:
N-carbamoylputrescine amidase; AguA: Agmatine deiminase family protein; KfiCD: Glycosyltransferase;
KpsE: Capsule biosynthesis protein; KpsMT: Capsular polysaccharide transport system permease; Wza:
Polysaccharide biosynthesis/export protein, Wzz: Polysaccharide biosynthesis tyrosine autokinase; Wzx:
Oligosaccharide flippase family protein; Wzb: Protein-tyrosine phosphatase; WbaP: Undecaprenyl-phosphate
galactose phosphotransferase; Lpt: Lipopolysaccharide transport protein; MsbA: ATP-binding cassette (ABC)
transporter; TrkA: Voltage-gated potassium channel protein; ClcA: H'/CI™ antiporter; NhaA: Na'/H" antiporter;
NhaP: Monovalent cation:H" antiporter; KefB: Monovalent cation:H" antiporter; KdpABCF: An oligomeric K"
transport complex; KdpD: Membrane-bound histidine kinase sensor; KdpE: Cytoplasmic response regulator;
HpnFGAIJKNLHMB: Hopanoid biosynthesis protein; Sqs: Squalene synthase; GABA: Glutamate/y-aminobutyric
acid; GadB: Glutamic acid decarboxylase.
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Figure6 Phylogenomic tree based on genome sequences in the TYGS tree inferred with FasrMe 2.1.6.1%
from genome BLAST distance phylogeny approach (GBDP); distances calculated from genome sequence. The
branch lengths are scaled in terms of GBDP distance formula d5. The numbers above brances are GBDP
pseudo-bootstrap support values >50.0% from 100 replications. The tree was rooted at the midpoint™*. Leaf
labels with different colors indicate percent G+C (blue), genome size (black) and protein count (brown).
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