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[869]) BIIMRIFEE GRUR B T4 AN AR, STRTERAREMFAE. [FE]
FAH A R R R BN A AL OK BT RIEREEIE, L IMLAT B B AL 69 kAL BAL A
7> FIR R EB LN 5 454 16S tRNA B 5 15 X FE AT DML 69 i BESEATBE R 45 M AT, ik
BAEE, RRIMEABRTRERAEMEZ L TST IR PO, 202 ARAS R EHLE
RO B B A e A B g T4, [ R] @A 10 Reqssdik, RIFTAREL. &
B ek, FAniE g w4k IR IR AN AR, KT RARANER, DB A BT
T HMAT, =% BRAATIK H & (Acidithiobacillus)f= s b4F i /& (Sulfobacillus)#9 kb 48] 34 L F+; 16S rRNA
A I SRR T T, DG BB L2 & BALALEAT E (Acidithiobacillus thiooxidans)Fw=
P ARAL FF AT H (Sulfobacillus thermotolerans)iX 2 A ik & 44 k. DL G B BF 49 4% BAL 68 ) A
15.15%, FLEAFE A1 3R AT 70.86%. 3T B B 491257 2 R AL 09 R B 7Y B AR 0 1R 5 OR HEAT PLAR,
VAR kAT gk a2t L, HIMLE SBiol @A 16 d 4R B R TA 81.18%, FALFEATEA
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YR, LR ARAR T I AR 692 R, Bid oIz e B AR TAL, HBF R
AERLERAT H (A. thiooxidans) 4 £ 24 F Z AL 69 84k, Mt #sRi 3F Je4F # (S thermotolerans) 4 £ %
Ve R Sk 0 AL, W R ARG SF ILAT H (S thermotolerans) & 24 #t AL ALERAT H (A. thiooxidans) 49 4
BT R AFREAE ), LA RAAT AR DA T B T E SEERR S TR EEHRFT 96, X
5 5Biol B DL % B AT K B B (Acidithi obacillus) A= 52 ALAT 1 /& (Sulfobacillus) 44 te 4142 & . i35
B 1T 23852 R — 5. I ATE B4 ARAAR X 89 o) s N B AT AT, A IBIMLE B B4k A A
1 £ £33 if sulfocyanin-like & & E I, A B T E8 i sox A4, sor Z4A3E sox T AL K.
[4#£]) BEKRBPIIAERE T, TARMFUARIET . ARG ZRORFT AR, G T KA
ICEH B E AR, BEGBATET AR A ERATZT b 9E R . X3t 528 B A&
AR EgHN/FEL.
KR Rk g, D RH R, BAHBATE; WRASNFIRATE; YRAER

Pyrite-bioleaching microbial community: domestication,
identification of dominant species, and characterization of
functions

WANG Lu*!2, ZHAO Wei*?, CHENG Tingting?, HAN Yifan*?, WANG Jingjing?,
ZHANG Xiaoxia?, HUANG Zhiyong

1 School of Biological Engineering, Tianjin University of Science and Technology, Tianjin 300457, China
2 Tianjin Key Laboratory for Industrial Biological Systems and Bioprocessing Engineering, Tianjin Institute of
Industrial Biotechnology, Chinese Academy of Sciences, Tianjin 300308, China

Abstract: [Background] The bioleaching performance is closely related to the microbial
community structure and its dynamics during the bioleaching process. Understanding the
changes in microbial community structure and function during the bioleaching process is crucial
for elucidating the role of microorganisms in this process and building efficient microbial
combinations. [Objective] To obtain the microbial community with stable and high pyrite-leaching
efficiency by domestication, and analyze the structure and function of the microbial community.
[Methods] The microbial community was subcultured in the 9K medium with pyrite as the
energy source. The iron and sulfur oxidation capacity of the microbial community was measured
before and after domestication. The structure of the domesticated microbial community was
analyzed by metagenomic sequencing combined with 16S rRNA gene clone library.
Differentiation culture experiments were carried out to study the functions of dominant
microorganisms in the domesticated microbial community during pyrite bioleaching. The
functional annotation of metagenomic sequencing results was carried out to analyze the
functional changes of the microbial community before and after domestication. [Results] The
microbial community with a stable structure, improved bioleaching ability, and adaptability to
the pyrite leaching environment was obtained after domestication. The metagenomic sequencing
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results showed that the relative abundance of the genus Acidithiobacillus and Sulfobacillus were
both increased. Detection results from the 16S rRNA gene clone library showed that the
domesticated microbial community mainly consisted of Acidithiobacillus thiooxidans and
Sulfobacillus thermotolerans, with the iron and sulfur oxidation capacity increasing by 15.15%
and 70.86%, respectively. The leaching effects were compared between the bacterial community
and the dominant species alone. In terms of total iron leached from pyrite, the 16-day leaching
rate of the domesticated community 5Biol reached 81.18%, while those of A. thiooxidans and
S thermotolerans were 51.86% and 37.65%, respectively. The better leaching ability of 5Biol
than that of single dominant species indicated that the existence of synergistic effect between
dominant species in the community, which endowed 5Biol with the leaching effect that a single
species cannot achieve. The differentiation culture experiments showcased that A. thiooxidans
primarily contributed to sulfur oxidation, while S thermotolerans was mainly responsible for
iron oxidation. S thermotolerans was dependent on A. thiooxidans for iron oxidation. This
indicated that different strains within the community may collaborate synergistically, leveraging
their respective strengths to enhance the overall leaching efficiency. This is consistent with the
increases in the relative abundance of Acidithiobacillus and Sulfobacillus and the enhancement
of leaching ability of 5Biol after domestication. After domestication, sulfocyanin-like proteins
were the key proteins involved in iron oxidation, while sulfur oxidation included the sox system,
sor system, and non-sox subsystems. [Conclusion] Long-term domestication by passages with a
specific ore can yield a stable microbial community with enhanced bioleaching performance.
The simplified stable microbial community makes it easy to elucidate the functional roles of
different microbial species. The findings provide insights into the construction of efficient
microbial communities for bioleaching.

Keywords: pyrite leaching; domestication; microbial community for bioleaching; Acidithiobacillus
thiooxidans; Sulfobacillus thermotolerans; synergistic effect

H: W32 Hi (bioleaching) & Fl A4 B &
B SR AR U e AR = W 0 4 B T ) ) R
AR SRS 4 R A 4 ry e AR R R A
SR B IBRALE Y , AR S A P 1
AR BB R A R R E R AR R TR,
TR Wy %o B AR A IS H A AR 4 R TR L
A RIS E P, SRy e E e
TNRTRAE AR KRR , TR R AR R ] DA
FE, iR A, B0 R R R FeT,
WD EACRI A, SR R RCRD U
TR L5 F AR 5 iR AR 2 DA OEE), fif
Pri w72 th i A W RV S5 i AT Re X TR
P38 N A P PR TR, R R R TR

PERERE LHE K,

A W T A 3 DA B O =7 2R e —
PN A S A DI RE AR R, FEAF S
22 foft R Vi #1920 R AT R R R A T
. Rawlings® K F“top down” /i L E A [RIAGH
A T 11 PRFE IR TR 11 PR g AR
WL, RIARMT YRBERP SR
JEHANE R E W) AP . Bacelar-Nicolau 25P1FI
Tuffin 5] F“bottom up”Jy A4 EERUE Y
Ve TR K S BRI Y, Tuffin 5501
RIREE T3 B0 5 DA 7 P e T A 2 S AR
o LRI YA, (AR 3 T T 25T . X
VLA, A MR R R T30 AR IR T PRI 2 DA
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FI 412 A4 07 2R R R D PR 2R P RO IR R 251

WAV RAERT O AR I, HRZ
SR E R S RE AR TS, X RRER Y
FAF NI E TR A AR A . AU . PR
PERT,  DAKAS [] R B4 I ML o ) BE AT 2R 5
LR MBERANFRR . R, AR L
ARSI 2 . IR R, B E S
REMEAT AR B INXE, TR, O 7 3RATAS A4 fay 5 |
DIRERESE BV R, AR AT R A R ARl A ) P
PATHY T ZEINRE, A SCIUAM A B B4y B —
TPEY), XFScE s CA RS R T R
Yife, BUHRG— D REWR ke R EOCR
FIBR IR 19 T BRI 20, T X YA 32
TR EATHES, %R R Wy Ak F ) g
(835 A LA RN ERBE 1E AL, ) WIS A ) Ao A
R R IR, XS R
PR AR SR L RR MR R |
PR BN A B L

i R

1.1 #&

ARSI T FH TR SR B 5056 2 BE A 1 BE ISR
B EER R AR I R IR Sk ok
H = r A W b B HUR e AE ST At 1 vE B R
BRI R, IRA S TE S A A R
FRPETCHLER S R A P AR 3, i 15 d 7
WU 15 A R oG4 18 H R A 3 92.48%,
A= I TE P15 Ao A e o O B R
ST N (i) S M (YA 1B A B WA B N
SCHERRIZ A REAE B B R RS P b A T 9
b, LAfRfbFnRa e BEVE 4L, o — o i
AR RN B DI RE

ARSI 5 B TR RO LY
PATE MR A LR AR AT 1 (Acidithiobacillus thiooxidans)
ATCC 19377 i #6516 25 ML AT B (Sul fobacil lus

thermotolerans) DSMZ 17362 FIFE R4 AL T 4%
fiit #F & (Acidithiobacillus ferrooxidans) ATCC
23270 ¥Jl) § DSMZ 3w

ARSI Fiv P BB AT B B 30T A W Sy T
BiRR), HEZSTRB MR 1 s, 6
SR 2 o, X AT (X-ray diffraction,
XRD) K I 4z 25 b A% 2 [ 5 G A W Bk 2 ol b
iL>(National Microbiology Data Center, NMDC),
%5 NMDCX0001728
1.2 EFEMEEIRF, L

OK Hi IR HZ25 SCHR [ 111

B R R AL AE OK BRI ILRS |, O
U FeSO4-TH.O, K e kA BIHEE 28 100 H,

R1 AHRTEELERD
Tablel Chemistry composition of the pyrite

JLR g

Element Content (%)
Mn 2.450
Si 20.790
Fe 29.440
Ca 5.360
P 0.044
Al 0.760
Mg 2.298
Cu 0.008
Zn 0.008
K 0.300
Na 0.148
Pb 1.950x10°¢
Cd 2.360x107¢
Ti 0.023
S 35.650

2 HEEY BT HERS

Table 2 Mineral composition of pyrite

| HEEHE

Weight content (%)

Mineral phase

FeS: pyrite 533
Ca(S04)(H20) calcium sulfate 20.4
FeS04(H20) szomolnokite 21.2
SiOz2-quartz 5.0
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B AT 121 °C., 1x10° Pa K 20 min 5
PEAT L LA 20 g/L IZOREEIMABIAR R

OK+S BEFRIL M2 1 B 7 3 () e ko B
e AN 10 g/L BT BRI

OK+Fe Hi333. ¥RW KL A ks
BRI 44.2 g/L B FeSO4+7TH,0,

OK+Fet+S i fk: 20 55 357 3 b i v ik
WREH TR 10 /L BREATR A 442 g/L Y
FeSO,-7H,0.,

W A B R BRI B AL, I A K BT 23 AT )
(R A RA R ; 13 DNA L IR BUR ]
&, [ Biomiga AWHF ARAIRAHF . BAL
WA HT AL, MBS 5 M AN e I 4 A B2 ) o
1.3 EHH R EEAIKL

¥ 11 PR ECART W@ AN
5Biol, fEIRHFEFREPMAE s, G
N 30%, HiFRScMA 30 °C, 180 r/min. gsE
PRI ML SR AR pH A, 8%
R SRR . ARYE DLW R
pH FRER 1.5 24 iR o fae i, Ik SER
L Z I
14 YRR ERR KRR FHEIT N ERR

WHEMERMET AR, SARBRIER
X, R AR A R ER . 4 d
Rl 2 AMAR pH. BRFRAR T & it . WS &
MEgkS a2, e, FIA pH iHi#47 pH
A R, A R AR 5 ) ) P ek B T, T
BRI 7 R FHABAE IS kA e B VAT R
I 7 R PR W 1) SR AR w43 S BE VAT, Bk
Jei TR A MILAR 5 1 I o RS BILAs o0 BT
ACHEAT o BIAL S B RE A B B R
e R IR R B SR A IR R R Rk
17 x100%.,

1.5 “okigs”

OSSR R EE TS A

AFEEI R FREE T, T AR A: Y% AN [\
PR B g, DT R 5 2 v 3R
B LE Py Rl X EEAB R AR Ak, T IR T A )
FETR AR A DI RBRRAE . R IR S 1 R RE 2 B AE
OK+S g7k . 9K+Fe g4k . 9K+Fe+S 1537
FerpEESR, WO A AR A 09 28 Ak R AV K P
AR ARG SR T T 5 AR, MESS 1 4%
5 3 AUAEE 5 AR IE S 8, F 2k
F pH. iR A A LR B b R A
(MR PR 5 1 ) R < 100% 0 FESF 148
ArRIWEINEE 1R, B4R, 8K, H 14K
ISE E5E 3 RS 5 A BIEmEs 1 K.
57 KA 14 RINSE

STER 5 AR SR 14 d I B4 LHLRE S A
16S rRNA 5 [K] v [ S 1) 32 647 1 0% 4K
M, 16S rRNA K& o B S i of XF 168
rRNA JE 2 K P50 AT 3 Mo dr , Bk
22 3CHk[16], HHEHE DNA i/ 3% DNA
A 2 PR BOAR GEAT R EL, THF 16S rRNA
FER P9 B4 R F 40 R 5 19 27F (5'-AG
RGTTTGATCMTGGCTCAG-3")F 1387R (5'-GG
GCGGWGTGTACAAGGC-3")#17 ., PCR A&
Z(25 puL): 10xBuffer 2.5 pL, dNTPs (2.5 mmo/L)
2 uL, 5[4#5(10 mmol/L)4% 0.5 pL, Mg** (2.5 mmol/L)
1.5 uL, Taq (2.5 U/uL) 0.2 uL, Hi%e DNA &
Bz 1 pL, ddH20 #ME 25 pL., PCR KW 5514
95 °C 3 min; 95 °C 30's, 55 °C 30 s, 72 °C 1.5 min,
28 AEFR; 72 °C 10 min, #E4ifk PCR =4,
5 pMDI19-T #ifki%4%, HAL KT DHSo 2%
AL, TR, 37 °CHEFR 12 h S PREBHPE vEkE
¥, R BRI Msp T AT Hha I %f PCR 7=
VAT D) 40 A, BRI R PR IR 1 MR TR
PRIEATINY , 5 GenBank € %1% 41347 BLAST
XA A FR 2, DU /R RE b i A AL
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1.6 JaIEEBEAEERANFS T

MR S RCE AR RIS 16 KBy
S5Biol TH B 432 DNA JE K 4 #EBGA 7] Sk
U DNA, K445 09 DNA FE & s AR ER A
FIHEAT Ilumina PE100 MY . ARAE A g —1
SCHE, ik 6 3L R iE 47 XA (paired-end, PE)J
J¥o AR BACE S 180 bp, AU T A
100 bpo I P43 3 49 ) 46K (raw - data) (i ]
B4 SeqPrep RS N BHHLH) reads, XfF51
5/ F1 3" R AT B BT Y, AR 1 AR Sickle
BBV K E/NF 50 bp KA EEALT
20 f¥) reads, R4 TR AY clean reads. #41k
A BRI BRI DFE I SOAPdenovo v1.06
TP, PHESE k-mer [HIZELHEY
39-47, TE scaffolds N gap 4b, ¥f scaffolds T
Wi AT Y contigs, FX§>500 bp ) contigs #1748
T, WP RS R A MetaGeneMark
PEATHE DR SR , I Xof A i T 7 A ) 3 A
122004, i gene catalogue, ZRAFFEME
clean reads, T #if5 gene catalogue 7£45FE il 7
I E(EE; 4 gene catalogue 1 MicroNR JF
HEATLEXT, R EE Y FERE R, 45
GRAEFER, REAR S EZRA YT
Z%; [AIFE, B gene catalogue F1 KEGG %(¥ /% |
eggNOG s S5 UEAT L 4045 36 R Th e i
RMEFEEGF R . FERAKE EXT YT S #
WEh DL ARl B 8 22 5 0 XIS ) 2 BE
DR 3 T ] U5 2 [H] 72 (eggNOG) 1 By RE T B 45
RGN R reads 0 H, FIH R 8 {F2
TFEL R, B P g 56 L T KEGG £ids
JERE R ZE IR, 7 KEGG orthology (KO)7K-F-
AR, R RIS T RS . i
T80 Ak w1 5 A #e P R (Acidithiobacillus  Fll
Sulfobacillus), 7EJ& N #4172 fig v B 45 R 40
1, IR HAA L,

1.7 YMLRIE R ER S

#E NCBI %4 % T 28 Acidithiobacillus 5 #
AL Thre N, 1ER 8,
blast-2.11.0+3X fFE15 A BLAST, HLA YL
S 7% DR 20 B8t b 5 gk A AR O i) R RE 3 )
reads %, FFZzmlEEL; FFXF Sulfobacillus fEk
FALAH K EEA sulfocyanin, 7£ NCBI #(¥8 L)
sulfocyanin A S H TR 28 5 HAH SC 1) 23 #h
i) sulfocyanin-like & ¥4, AL sulfocyanin
AR, 4305 YIS Y 2 2 A T
W45 SR AT ot 78 e rp i 8 HE A RLRE A
(bit score>200, % [1FF AL E>60%, E-value
BN 0.000 OIS, FEA PILHTE A LX)
YIPEAT reads FXHFIA LSt 45 RN
sulfocyanin-like & H W R HE K & W+ .
Sulfocyanin-like & [ &5t & F W MEGA
5EIFSERL, BN R RIS .

EExTERAAACEEIN, 2RI JE T KEGG 48 1%
1 eggNOG %l FE B LS R T 581, Hods
Z: 5 A 0 5L I FE bR 5 i 2 R v i
AL

2 ERE54M

2.1 YI{LEIT 5Biol HEL = EEH 4HE
SBiol TR BEFE LA E R A RE IR AR AR 57
LR FR LR T 10102 160 d). T 1A
fis, Wikt R, WA ERY Rk R
€ pH i, BEYMEAEOIE 2, pH N REREE dAR
K, BEEE pH FrdsitEfeml . xFyifik gy
J& SBiol RfIR A ZRH pH., SRR T
Fe#s, i 1B i, YILRET 5Biol H#f 16 d
AR R R R E N 1 243 mg/L $£TFHF)
3 486 mg/L; Yk )5 5Biol L 16 d Al #H{KZ
B kB N 1176 me/L #2713 3 472 mg/L.
TR SEARTE AN E 1C PR, YIMLRTIS Y
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5Biol PAHEYIRENG 1A F b i WA 1 R AR R AR
A, bk 5 BB R AR R b ik
AL, MY R BI 6 BR A, kR
Er I A b BB, SBiol HRE
A TE 2B R 2 P B M i A s A =X A
o BRI 2 (T8 R = 208 T & i,

W AN Ak S, AREE 1B AIE 1C
Firon, B UIMETT 5Biol A 16 d 12 H ik
ZHEMmekp S 2 885 me/L, Yifk)E
5Biol A 16 d 2 H KR &Mk &2
3 322 mg/L, AT YIMERT = MR & 4 15.15%
(45 NMDCX0001728), Y4k @ BEm kA AL
RE 1A T4 e . & 1D BoRiR A R pH 19481k,
Y4k 5Biol Hz 1A R pH E AR 19 1.91 FEF
16 d /Y 1.36, #EIKR pH FRE(EHR 0.55; F

19
19}

30

[SS I )
S W

—
(e

Generation time (d)
O

W

(e

C -A- Ferrous content (5B10l_atter)
-©- Ferrous content (CK_before)
2 500 [ o~ Ferrous content (CK_after)

E 2000F
1500 -
1000
500 -

mg/L)

Ferrous content

0 4 8 12 16
Time (d)

fbJ5 5Biol fEEIA R pH [HMWIIA Y 2.48 &3
16 d 19 1.34, $EWIKR pH TR 114, [H]
BF, Yi{b)E SBiol WHFAR RERELR T HE 1 LA
s, YIALET SBiol BHFIZ H A R PRSI AR 1Y
SEMWIIARE 14.83 mg/L AR ZE 26.27 mg/L;
YifkJ5 SBiol BHAFIR 1A R AR B R AR A % 1
MHIER ) 12.40 mg/L FLERE 32.63 mg/L (di's
NMDCXO0001728), DIk & B HE XS Bt e AR i R 22
HRYMEATR R 70.86%. 28 F, YIMLE @R
R b re A LR I A R .
2.2 YL BEIE 5Biol AL FNTNAE

R T A IAETT S SBiol EAERIRE
WA REAR L, 43X 9IS Y 5Biol
AT TR B A 51 o P84S B W S
5 NMDCXO0001728, 432220t 5 R 8o, 18

AV

(98]
(=]
(=]
(=]

2000

1000} 5

Total iron (mg/L)

D - pH (5Biol_before) -a-pH (5Biol_after)
3.0r -0 pH(CK before) - pH (CK after)

2.5¢F
©

20F N ® <)
1.5+

1.0

pH

Time (d)

1 YILET/E SBiol BIRER RGN WEHTH A Y P HATE pH 724 B: Gk

Ty C: WERE 7 D: pH 2Rk
Figure 1

The parameters variation during bioleaching experiment of 5Biol before and after domestication.

A: The variation of the pH decrease for every generation during the domestication; B: Total iron content; C:

Ferrous content; D: Variation of pH.
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JEA- I, YAk RTHES AT 10 B 2 1R TR
AR & (Acidithiobacillus) (79%) . i B M B e
(Thiomonas) (0.88%). 1A ¥ [ & (Burkholderia)
(0.76%) . HiALAT T J& (Sulfobacillus) (0.76%) .

X 2 8 # JB (Pseudomonas) (0.53%) .
Pseudogulbenkiania (0.34%) . " [ & /&

(Acidiphilium) (0.34%) . VA& 71 J& (Nitrosomonas)
(0.33%) . & &k i 6 9K & J& (Thioalkalivibrio)
(0.30%) . %% 14 J& (Streptomyces) (0.29%) I H:
fil others (16.53%) (&l 2A). YIfb/5HEA R 10
() ¥ Fh 1 A Acidithiobacillus (86.77%) .

Qulfobacillus (0.84%) . H K3k T4 J& (Methylococcus)
(0.80%) . Thiomonas (0.69%) . Burkholderia (0.66%) .
45 {4 K 1 & (Janthinobacterium) (0.51%) . #E1E
¥ T J& (Verminephrobacter) (0.49%). Eh#mfFIk
I J& (Halothiobacillus) (0.35%) .
(0.35%) . Thioalkalivibrio (0.32%) 5% H:At1(8.17%)
(% 2B). WMk Y 5Biol EREH Acidithiobacillus
BIRAE YRR, JI4kJ5 Acidithiobacillus fY /5 He

Pseudomonas

B

HiTE, EHEAET 10 R, 9itkiE S59I14k
AT TAREAA L, {84 T Sulfobacillus, Thiomonas,
Burkholderia #1 Pseudomonas . H. H |,
Sulfobacillus H1 JI{LHTHES 56 4 F T2 T 9k )5
HEZ 565 2, AHXF BT 0.76% - TF % 0.84%, iX
" fE5 Sulfobacillus 7EE A K & Hh IFE AT G

DRe R A4 SR Bos , JIkATA 24 1~ H
Z [F) 25 1 7% (clusters of orthologous groups of
proteins, COG)##M %], YIfbJ5H 22 4~ COG
Rl E I RO =2 I A =y s o A Ll N 555 O e
FER R AR AR, B, SRR s
AT (E)AH DG 14 1) fig 2 PR AR X6 =5 B B St 38
(1 2C) . FI F KEGG s g Hext iy 45 Rt R
k)5 AT Y14 KEGG orthology (KO)
R/ T 340 N(E 2D), LAYk R AL
TR BESSH FIREL R H 2 2.1 MZE R BRI
05 T REORRE T8 R S8 AL Re T, o T ik
— AT YA e GRS AT & HE ko AU 1L RE
1, ASON YIAE S BT B AT

0.35% 0.35% ; A ﬂé?ﬂf{‘éﬁiﬁﬁﬁ%@
0.50%\ Acidithiobacillus
0.52% - BT
0.66% 8.18% Sulfobacillus
0.69% W B
0.81% Methylococcus
0.84% e A O N )
: Thiomonas

| A E R

Burkholderia
B EATEE

Janthinobacterium

Halothiobacillus

N

IR
Pseudomonas
B ERTAFINEE Acidithiobacillus ™ VERRTHIR Acidiphilium WL i T i R
Thioalkalivibrio
W AN E R Thiomonas A2 2 |8 Nitrosomonas w i
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C
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Figure 2 Changes in taxonomy and function of 5Biol microbial community before and after domestication
based on metagenome analysis. A: Taxonomy distribution of microbial community before domestication; B:
Taxonomy distribution of microbial community after domestication; C: Changes in relative abundance of

cluster of orthologous groups (COG) category before and after domestication; D: Changes of KEGG
orthology (KO) before and after domestication.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



I F | BRRTEVREEENICRERB M ST 5015

23 SWIEFRXEBTERNE Y8
h TN BT YIRS R A D03 A 4
FINRERFE, fH ] 16S rRNA FE A v [ SO )
J7 ke — e K Ffr T 91465 5Biol B
PIRFIE S5 o It Ak IR s, WIMT T
5Biol WIAFH AR SR H Y Re AL FE YR
wmE 3A Fron, YA E AT 16S
rRNA 5 K] 5 [ SCHE Ay 45 21 R dar il 21 7 44k
T 5% AT i (Acidithiobacillus  thiooxidans) il fiif $1
i Ak 2 B #T # (Sulfobacillus  thermotol erans) ix
2 MR 16S rRNA EEHFH, i b 97%,
JE# 3%, A thiooxidans J&— Rl LAY (14 i g
M AL, A E gk A kR U
S thermotolerans # B REA L M4k . BREL
HE VAR ERER A AL VE R R AR, 2Rtk
FFHRE, YIMLIE 5Biol HWRES &Mk E LA
A. ferrooxidans. %% 1L # A. thiooxidans
S thermotoleransix 3 ¥k 5L IE IR U RE ) 4T T
F# (JiS NMDCX0001728), TR0 1K 2%
Ak 38 J5i 37 (oxidation-reduction potentialcultue,
ORP). W3k & K& pH 7284k, YIML)S 5Biol F
HHR S e I TR — R B, LUR T

A B

BUERET TR SRR S AR, YIS SBiol R
16 d KR H R[5 81.18%, A thiooxidans,
S thermotolerans Fil A. ferrooxidans fitis 243 51
51.86%. 37.65 Fil 63.14% (45 NMDCX0001728).
Ui B T R AN [R] ) U4 ) 22 [0) R B A7 7E b Im) B
VEILRIPE s T R IR RE

L oA TR — IR R A R R
R PR S RE R Ak . K BIAE 9K+S
BFRE A AR ERFA A
A. thiooxidans 5 98%, S thermotolerans (5 2%
(K 3B); 1 9K+Fe 5k, B3R sHUREA
RETERE TR R SR BT B DNA, ik s
W 75 9K+Fe+S HiFkrh ki R UE ,
A. thiooxidans 5 73%, S. thermotolerans i 27%
(18 3C). X R Y P REAE AL AN AT 4 Fr7 , 7E 9K +Fe
FrFRdE, (KR pH R ALRIN ARG
th— B B, BAAfRE T A 1R
KB 54%, BEAAAQRESE I, BRAELbRE IOk
R, TR AL AN B2 22 N R (K] 4A-4C0). 1E
OK+S Higehkh, BEEMBARRBIIGZ, A
REJIZW T F%, 55 140 pH FEIK 1.6, 265 3 fARE
fik 1.24, 55 5 4RFAK 0.75 (K] 4D-4F), [A)if Rl

C

W Acidithiobacillus
thiooxidans

Sulfobacillus
thermotolerans

B3 SBiol BB EMMEAMR  A: YHMLIS 5Biol WHHMLHEWFNA A B: 5Biol BHFTE 9K+S HiFf 5
ML FRIR RPN C: SBiol W HEAE 9K+Fe+S Fi R 2L 7 I LS H Bl 4L ik

Figure 3 Dominant taxa composition of 5Biol microbial community. A: The dominant taxa composition of
5Biol microbial community after domestication; B: The dominant taxa composition of 5Biol microbial

community after differentiation culture in 9K+S medium; C: The dominant taxa composition of 5Biol
microbial community after differentiation culture in 9K+Fe+S medium.
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Figure 4 The iron-sulfur metabolic characteristics of 5Biol based on differentiation culture. A—C:
Iron-sulfur metabolic characteristics of 5Biol microbial community during successive subcultures in 9K+Fe
medium (A: First generation; B: Third generation; C: Fifth generation). D—F: Sulfur metabolic characteristics
of 5Biol microbial community during successive subcultures in 9K+S medium (D: First generation; E: Third

generation; F: Fifth generation). G—1I: Iron-sulfur metabolic characteristics of 5Biol microbial community during
successive subcultures in 9K+Fe+S medium (G: First generation; H: Third generation; I: Fifth generation).
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Figure 5 Changes of dominant taxa composition of 5Biol microbial community at each stage. A: Initial

stage; B: Middle stage; C: Last stage.
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Figure 7 Functional changes of the dominant taxa of 5Biol community. A: Functional changes of the
Acidithiobacillus in 5Biol community; B: Functional changes of Sulfobacillus in 5Biol community; C:

Changes of genes related to iron oxidation before and after domestication, the information of gene numbers
was corresponded with the iron metabolism gene in KEGG database.
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8 ETHRAMREHER sulfocyanin XUEBRFINRGELEN HPhRcSLoRIERSY 5Biol
WAL AR BE A P R B R P 1, FRicas O BRI S SBiol T AHE I Bif Y 2% Ak DX 20 rh e 31 1 e 57
55 P B % R D B 9 B R G G 5 SR TR 2 R e SR L), A — LA 5 44 D EUEIR P, it
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Figure 8 Molecular phylogenetic analysis of sulfocyanin-like proteins in 5Biol community before and after
domestication by Maximum Likelihood method?]. Among them, the sequence marked in solid circle is found in
the metagenome after domestication of 5Biol community, and the sequence marked in hollow circle is found in
the metagenome before domestication of S5Biol community. The data in brackets is the number of the
corresponded sequences and the ratio of it to the total number of sequences in the metagenome. The analysis
involved 44 amino acid sequences. There were a total of 44 positions in the final dataset. Evolutionary analyses
were conducted in MEGA 5!, The percentage of replicate trees, in which the associated taxa clustered together
in the bootstrap test (1 000 replicates), are shown next to the branches. The scale bar represents 5 amino acid

substitutions per 100 amino acids. The protein and gene sequence marked by circles in the tree could be found in
in National Microbiology Data Center (NMDC) with accession numbers NMDCX0001728.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



I F | BRRTEVREEENICRERB M ST 5021

FLAG B IR MR T IR RS WG Sat. L I9E 4 2 B I
CysC. BRI BEMRIMIRIE )5 CysH, E1]
HR IR T R BRI s e s 37(2"), S'BMEA%
IR CysQ [3'(2"), 5'-bisphosphate nucleotidase], A
PAKG 37-3'- iR IR PR A R A e A o R T TR AR R o

KB R A CysK 122 & BR-O- L Wk He Fe
Pty CysE #FJm TE e & it w224
O- LB R BE MetA/MetX . BERLEE v A
MetB . MetZ (O-succinylhomoserine sulthydrylase)
B J T FRRL A R A ) R

VU R EL IR Rl TtrA . TtrB, B LLPRE
VO R R e A A B AR R 5t A PR R/ 20 Bk
AR B L Rl TST, 7] LR AR AR IR b 5%
AR R ER ;. WA R #h Ll SUOX (sulfite
oxidase) A] LU VA7 B2 48 S8 AL A B R 46 5 21 ek iR
& RGPS5 G 1 TauA R R 2 R GE
BN TauC B35 4R MHLS PN Y
iz, MMRELFHE REBEMER SsuC =Y
TR ER I 5 a .

Y iE SYMETT A, WA T 8 ANEEE
(SUOX, cysC, cysQ, metZ, TST, ttrA, ttrB, ssuC),
¥y 745K (glpE, sor, sgr, SoxA, soxB, soxY,
soxZ). H, glpE Jihd i A m iR i S 5L R 1l
Z: 5 AR IR ER AL WAL IR Eh i A2 5 sor
SRR A A SR, P DK R T AL R B Ak
2 osor gt Al R ALl 5, R DR AR AL
DAL Z ik ;s soxA. soxB. soxY. soxZ
iy SOX R4, SOX RGMTTKHAHmERER
PeAL R IR SR . A M Akt B b RAT &
SEVE T o OIS fn i) B A AL AR DG IR FE IR A
A28 R TE AL 8 ) P Ao e e ke S B

Ti5h, eggNOG ¥l PETERZE R o, Yk
HIRY 5Biol EHEHIEKINE] T tetH (COG1520).
HdrA (COG1148) . HdrB (COG2048) . HdrC
(COG1150)#1 Rhd (COG2897) 4wt KL K, #Rifi,

TEYIMEIE Y 5Biol 2 HE PR 2H v i oA il 2] 3 £
PSR 7
3 Wik
3.1 BEYMLREERBENMEMA,
BEBTRY RERAEIMHIER
HHEARRMLL, A2 kR BA
WEPLHE, i, wO RO R
it oy AT [l AT 2 AT 55 . AR R A ]
R K TE SR P | X 858 T3 i i ek 451220,
SR, M TR MAERTES . ERKAHAF
AR A YE SN R, Z 4R R s A
FeE ARCRART By ] T s IRk Sk A
VI il T ot m s e N T2 41
KR Z PP AW . AN B 25 43 DA R AR B ik AS A
ZEPERY B IR 3 00 R DA D B I B A,
FIRYHARFA PO (R, 7EHEIT AN 8
MG B RR Z A8, A5 —4>
T RIRR R N T R A A T A T R T
R a1 SRR, FESRE R AT, W)
Jo TEARGI, FeTEERG IR 1 094 o v R 5
BRI, 8t 90k 3N ) T R4S 2H R
TRefa € M AEW A S . YL 5 3R L
A. thiooxidans & 3 . S. thermotolerans > 4 13 [F]
By . 2 PR HR ORI Ik
. B b3 RSk 52 7 OB A X Fe il
S A AR m . B 2 SRIEAATE RS AE
TER A YR W s, 2
MR HA AR A S AL A S . A
W5 G S o, B/ AR
TR G AL A, ferriooxidans Fli A 1L
B A. thiooxidans, L, ZRAELE W] 4L Fe*
AR Fe’t, Fe TERBRIA & g — R A Ak,
A LLVA AL Z A A s 4 s B R DT, B A
TR AT LR B B R 2 A AL B R, AR

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



5022 (YIS Gk

Microbiol. China

AR R R B ERTEFREEP 2 Fh B Fh HIME AT KR
fem iR SR HE ) AREMRFRED
PR VE LR 5 5% B o] LAREff i A SR AR K
A BT ALY, JHHBR AN
XI A. ferriooxidans &% H 7% 1A YA KA, $2
HFRWEARE ST, mAAR R IR fEAR
flh, A, thiooxidans #2182 — ™ 3 F7 1)
AL, BA N TCHLER AL G ¥ b 3R R it
I HAESWREES R P EAEE P, s
— LA B[R AP S thermotolerans Krl #4118
e —HRARIEALRE E SR, AT RALAESR | SRR
VAR R ER AR AL I IV E BRI, TE 0.02%[8%
BEPR I sl A A MU IR AE 0 S5 T A A,

Sulfobacillus YA TERLALE = Hi H R i L,

TEML R E TR T AL TR X Fe? Ml S myAALE = 31E
FAPOL, C iz Jm A & iR mE IR A AL B AL AT T
(S thermosulfidooxidans) . S. ther mosulfidooxidans
subsp. Asporogenes . & iR i b ZF 1 AT A
(S acidophilus). &R LFTFEE(S sibiricus).

S benefaciens il S thermotolerans, .+,

S thermotolerans J&i% J& 5 [H] 122 bl 4 18 45 /b
AU, JE I, FRATTFE SBiol B 143
B3R5 T S thermotolerans X BEELEEEY, HiE
FRAEfLHEME S S thermotolerans Krl 22 5745 K,

ANREF BRI . & VO R ER SR AL Y IR
REMRA K, ANRELUS A REVE D B g T S R A
Ko XL AT BBV — PR S thermotolerans
B . % T S thermotolerans F1 W B P = LB AT
(Acidithiobacillus caldus) ) ¥ [F] £ F 7 75 4L i
B h Z R E 4R R H R g diaE s, fE
B AR Z 18] B D[R VR FALE A, 7e
AR R R AR Fer LI AEA0 i R L
WAL AT LIk S thermotolerans T ik #)
F, XATRARRARA ML YT A FE bR a1, IF
Pk A Py A e o X S A SO A B — 30

Z3C A thiooxidans & 5Biol [ £ i 46 X i
XFTREAUAR pH REICHIEN, ity W
Wi, BEER NS T, A thiooxidans K
Lo T T R, AT RE R BE A R R & B SR
WA E, #% S thermotolerans F) ] 251
[t R AR AT e . SRTE AR b T 72T,
AHF5E IR A. thiooxidans #1 S. thermotolerans
PREIVEHT, 2 o B ki o A B Y
b, I T R PR X P R I L3
PRI R ER TR, TR 25T 2 SR A caldus
1 S thermotolerans #47THY N T 2404 o X WA 1A
Ui, A E RN =, AT AT A
FAR T R T FE S
32 YT THEMEESTSESH%RRK
5 ThsE AU E X 2H X

Yifb 5 sBiol BHFEHITIREIL R AA - H R
TORXTERE RS, TS5 g A R 5 D )
B L g

TE 5Biol TAREH B B LA AL LN 22
4t sulfocyanin-like £ F YFER, %8 AT
T 55T A A A B R AR AL B
sulfocyanin-like & [ F1Ek 1) S8 fb 25 DI AH B
AMEFE H K BRI sulfocyanin-like 25 1 1Y 3y 471)
FEk A ulfobacillus, H 3L 5 1 sulfocyanin-
like & H NP ER, ENEHT
Sulfobacillus, x5 b SCHEI Y B HE R E AL BE
T2 h Sulfobacillus K oTrkE— 2, Bl
b5 T B A W BETR 25 F el s 2 S o e AR
VIR O

HRAE B AT AL RGBS, 454 SBiol
YHEHT S R SRR AR R, AT RAR B, Y
LT A 2 AR SOX AL RS, WH
(IR fLEEE TtrA, TurB, TetH, TST. Rhd
M SUOX; Yk Wit E2AFTE SOX REE
(SoxA . SoxB. SoxY. SoxZ). SOR Z%i(SOR),
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PLIAE SOX fii %8k & 4t(Sqr. GIpE), Hrh,
TST FZH I A ferrooxidans H, HdrABC.
Rhd 7£ A. ferrooxidans il A. caldus #5428
B S LRI R ZE YIRS #R AR BRI 2, 156
HI 5 A X S B DR P R I 1) Fl A A B8 A B T
W T, M T 4485 SOR fRY L[N sor,
SOR [l —Fh F EEAFAE Tk 1 v 1 it S A il
REMSAE AL U R B A LA S, A T A PR &
A R ER A B AL 0 A AL 1 B AL AR
HHFEBSRY ARG, & —HH
XS AR AL RGP WIMB)E SBiol B
XFREER R AT BB Y Sulfobacillus #YE Z2 4
KR, WHERLEMHFR PN E 2] T 5Biol
WHEEH R A, thiooxidans Fil S, thermotolerans H.
W, T TR, HAE S thermotolerans
B e AP ERE T osor FEE, IR E
A. thiooxidans H' ¥ B2 iZ LA . Ji4h, TE
A. thiooxidans £ & B T soxA, soxB.
SoxY ., soxZ F#E:[H, 7£ S. thermotolerans (1) 3 [K 4
R T soxCD, iXiiBHREE P iEtT, B
T BT R UL A mT BRAE B A QG B A2 b A T
THA, R T MU . X551k
R RSLEH, 9K+S (R FR 1 A thiooxidans i k4
XA, KRR AR RE T T RIS
HFF(E 4).

4 Z

(1) it iEZ: 10 R I1E, el
Wk BE IR R BT RS R AR b RS T — 4 D
A. thiooxidans > 3= . Lk S. thermotolerans 4 ffj
HABRGm AR I R RE, H 16 d XfaEek
W) SRR R S IA 81.18%, RIMACRIL T
A. ferrooxidans.A. thiooxidans }2 S. thermotolerans
A E PR

(2) XTI 5 AT T o A R, B

T A thiooxidans 3= 275 B4k 112 H & 7
A4LTRE, S thermotolerans 3% & 54 AL )
RE, A ARGHAREL, S1ERT .

(3) B ZEERAMFH A, LI 5
HERCIIALTT B A S RE AN K a2, oK
& Wiz A 2R IS S AR O 1Y
heeFE R m. JYEEHES 5%
sulfocyanin-like & [ [ 3 7 41 % 78
Sulfobacillus, Ik )5 i & A AL i 42 T2 2405
SOX #%i. SOR RGANHE SOX T R4, ik
FEH s S Sulfobacillus F1 A WL AE K,
UL BIMVE B2 T2 R i 1 A1) PR 8 %8 R G

(4) 38 F Y1k 3RS Y R FRAR O A A,
TNES 55 53 BT AS TR B8 B D BRARRAIE , X HE 43 25 15 5%
AR W R A A 45 A
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