2026, 66(6): 2810-2824 G =i
CSTR: 32112.14.j.,AMS.20250856 Acta Microbiologica Sinica
DOI: 10.13343/j.cnki.wsxb.20250856 http://journals.im.ac.cn/actamicrocn

Research Article Bt &

TERMEFERUERIEIMLSFAITE S1-24WXX X
AEEADHEYRBIER SHH

oiEw T, gE, 22, KFF

1 A EIEABE, V108 FE
2 RAEH T R, 7104 M5
3 mEIFiCRY:, =~ BM

BUEHRE, W, 2T, R0505 . LA AR SR R AR IE ER IR 2 AT 1 S1-24WXX W A JEBE A vl 4 A= 3= R AR TS LA ]
TAEHIAI, 2026, 66(6): 2810-2824 .

WEI Xinxiang, CAO Qi, LI Jiang, ZHU Fangfang. Uranium bioleaching from stone coal waste rock by the indigenous mixotrophic
bacterium Alicyclobacillus ferrooxydans S1-24WXX: effects and mechanisms[J]. Acta Microbiologica Sinica, 2026, 66(6): 2810-2824.

i E: [889] BHERBMEATI LT RS L FTRMAM R T 7 LIRS EE L TR EIK
ST G, AR E R EBAK BT TR G RXEHER, 2RBEL /75 FARBRFORET
KA ARG B AS TAH. AR EAERTLEREE G RIS TRRF ATH
(Alicyclobacillus ferrooxydans) S1-24WXX *t & WL B & F 4hiz i 69 % o0 BAE A ALK, VARG &5 F 4%
B 5 FRAMR A, [Fx] AL EREals Ly Bl L Z 28R ENERE A ferrooxydans
S1-24WXX, i idi% B RImA MR (Tow)s FAAK IR (Trom) B o B AT B (CK) 8972 8, A4
LA RE G A B RS T o4 B R . RA X 4 KATH (X-ray diffraction, XRD)* & &7 B iz
th R ERATH M EAE, A KR NE LA T pH. AALE R 842 (redox potential, Eh). 4k & F K
R ARz R E T, [4R] A A ferrooxydans S1-24WXX 2 F R F T iZ H4K £ 6982 /Z (pH<2.0).
FALIL R @45 (Eh=600 mV) A Fe* iR E (% 1 000 mg/L), &RIEARHE A FZ B2t B4, £ Tou
Fo Taom M T 40id b B R G934 46.9% F= 44.2%, 5] A3 EELLE) 4.07 4542 384 12, &4
SRR, BB SRR ST B RIR B . R AL S FelT ey iE b IR, X R AR A
R EFHE . (48] KRBT MW EIRE A ferrooxydans A A Wiz kPR ZH T,
Hil i RABRACAE B M AE AR LS IR B A, A IS A A TR 69 4k & @ AR T AT 4R, &

FENIH « R B TS S B 1 L RS 2 5 4 (NSBSI2025018); VLG 2 E /T FHE I H (G1J2409202);  YLVG 44 T JR %
AR A w1 1 100 H (2024HYNI11)

This work was supported by the Doctoral Research Start-up Fund of Nanchang Normal University (NSBSJJ2025018), the Science
and Technology Project of Jiangxi Provincial Department of Education (GJJ2409202), and the Public Welfare Project for Nuclear
and Energy of Jiangxi Bureau of Geology (2024HYN11).

*Corresponding author. E-mail: ncnuwxx@163.com

Received: 2025-11-16; Accepted: 2026-01-27; Published online: 2026-02-03



BlEeE 4 | BoEWsia, 2026, 66(6) 2811

LI E G 5 R H AR LR 25 KA.
X ZHTAY, KSR FRATE; 4b; 2, GHES

Uranium bioleaching from stone coal waste rock by the indigenous
mixotrophic bacterium Alicyclobacillus ferrooxydans S1-24WXX:
effects and mechanisms

WEI Xinxiang'’, CAO Qi', LI Jiang’, ZHU Fangfang®

1 Nanchang Normal University, Nanchang, Jiangxi, China
2 East China University of Technology, Nanchang, Jiangxi, China

3 Yunnan Open University, Kunming, Yunnan, China

Abstract: [Objective] The uranium pollution risk and resource value associated with stone coal
waste rock stockpiles constitute a core contradiction in mine environmental management and
resource recovery. Microbial leaching is a key technology for recovering low-grade uranium
resources, yet the potential of mixotrophic bacteria, which combine the advantages of both
autotrophic and heterotrophic metabolism, remains unclear in this field. This study investigated the
uranium leaching effect and mechanism of the indigenous mixotrophic bacterium Alicyclobacillus
ferrooxydans S1-24WXX from stone coal waste rock, aiming to achieve the synergy between
pollution control and resource utilization. [Methods] The indigenous acidophilic mixotrophic strain
A. ferrooxydans S1-24WXX was isolated from a stone coal mine in Shangrao, Jiangxi. Leaching
experiments were conducted with three groups of organic matter addition (Tom), no organic matter
addition (Tnom), and a sterile control (CK) to systematically evaluate the uranium leaching
efficiency of this strain from uranium-rich stone coal waste rock. X-ray diffraction was used for
mineral characterization of the raw ore and leaching residues. Dynamic monitoring was performed
on changes in pH, redox potential (Eh), iron ion concentration, and uranium leaching rate during
the process. [Results] Inoculation with S1-24WXX significantly enhanced the acidity (pH<2.0), Eh
(=600 mV), and Fe' concentration (=1 000 mg/L) of the leaching system, all of which far
exceeded those of the chemical leaching control group. Under Tom and Tnom conditions, the
maximum uranium leaching rates reached 46.9% and 44.2%, respectively, which were 4.07 and
3.84 times that of the control group. Mineral analysis indicated that the strain catalyzed pyrite
oxidation, leading to the formation of a strongly acidic, highly oxidizing, and Fe*-rich leaching
environment, which was the dominant mechanism of promoting uranium release. [Conclusion]
This study reveals the significant potential of the mixotrophic bacterium A. ferrooxydans in
uranium bioleaching. The bacterium drives uranium dissolution through inorganic acidification
rather than organic acid complexation, providing a new pathway for the green recovery of low-
grade uranium resources. This holds important academic value for mine environmental
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management and sustainable resource utilization.
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Table 1

occurrence of uranium of the sample

Chemical composition and the mode of

Composition  Content Composition ~ Content
Si0, 60.82% LOI 25.35%
ALO; 6.29% S 4.10%

CaO 0.27% TOC 18.0%
Fe,0; 3.63% Uior 172.0 mg/kg
K,0 1.89% U, 1.23 mg/kg
MgO 0.37% U, 5.66 mg/kg
MnO 0.01% U, 47.3 mg/kg
Na,O 0.04% Us 81.8 mg/kg
P,05 0.17% U, 37.1 mg/kg

LOI: Loss on ignition; TOC: Total organic carbon; Uy,: Total
uranium content; Uy—U, represent the water-soluble, acid-
extractable, reducible, oxidizable, and residual fractions of
uranium, respectively, determined using the BCR sequential

extraction procedure. For detailed steps, refer to Wei et al.l?],

1.2 EHETE. £ESIIE

T2 95 T T 0 A TR AR TR R DA A T L
MR YER BT LR Wy vh o3 B ARk AS o B IR (g/L)
(NH,),S0, 2.00, K,HPO, 0.25, KCI 0.10,
MgSO4+7H,0 0.25, Fi%jFE 1.00, FEEHEEY)
0.10, B5FEFAE FHAETLL 5 mol/L H,SO, 18 1 47 4
pH % 2.5, DIBL4L H BF A2 1 35 55, JF T
121 °CZEIR KT 30 min, R BN F-H o 3 4t
T alifh, PRBUESH— . A KRS
AT IR S alsh SR . MU B TR R T e DR R A T
A DNA $2H, 8 1% BB IR I e DR G )
TP rY 2L K 20 DNA Fist, Jf- A H 8 il 540
SPEEEETHIE DNA WEEFIZEE . DL F IR
) DNA MAAR, FH#E4H barcode J¥ 41 19 L iiF
5149y 338F (5-ACTCCTACGGGAGGCAGCAG-3")
T F 51 %) 806R (5-GGACTACHVGGGTWTC
TAAT-3") %t 3[R V3-V4 B[ 78 [X #E1T PCR §4 .
PCR J vj 1 196 55 35 A= ) = 25 B A FR /A W) 58
. PCR X WK Z . S5xTransStart FastPfu 2% i
W 4 L, dNTPs (2.5 mmol/L)2 pL, F. FiF5]
¥1(5 umol/L)#% 0.8 uL, TransStart FastPfu DNA
AT 0.4 uL, ik DNA 10 ng, #MEZ 20 uL.
PCR W 551 : 95 °CHAEYE 3 min; 95 °CARYE
30s, 55°CiE .k 30s, 72 °CiEf#i 30 s, 327 4
PEFR; 72 °CCLAEH 10 min,

SR B JF 46 16S rRNA £ K FE 5 E
f£ & NCBI GenBank Z({E JEfh, B x5 K
PRINA1399952, i i BLAST X LL il ¥ )5 51) 5
EHE IR RIE P, e H 15 Ak e 50 AR 0L 4
= BRIE N 2% )7 5, £ MEGA 11.0 #44
TR AR R RS K B, bootstrap {H X
SN 1000, BEBE S1-24WXX 5 BUHE FE Yy
Alicyclobacillus ferrooxydans TC-34 #H {0l FE Ky
99.77% (Bl 1)o WK T AR TR 0ER
55 P45 [ 5% T 05 SIC 6 2 1 G R M VR A U 0 v
i

Oy B R TR AR RS A7 R A TR AR AR A
FEIE 2R SRR X 4 A AR TEAT T 9 5% .
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Figure 1
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Alicyclobacillus vulcanalis (NR 025778.1)

Phylogenetic tree of strain S1-24WXX. The GenBank accession numbers were displayed within

parentheses. The numbers at the branch points indicated confidence levels. The scale bar represented the degree

of genetic variation.
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Figure 2 Temporal variation of pH during the
leaching process in the three experimental systems.
Trowm:
CK: Sterile

Tom: Inoculated with organic matter;

Inoculated without organic matter;
control.
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Figure 3  Temporal variation of Eh during the
leaching process in the three experimental systems.
Trom:
CK: Sterile

Tom: Inoculated with organic matter;
Inoculated without organic matter;

control.
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Figure 4 Temporal variation of total Fe, Fe*", Fe** concentrations and Eh value during the leaching process in

the three experimental systems. A: Inoculated with organic matter (Toym); B: Inoculated without organic matter

(Tnom); C: Sterile control (CK). Compared with the sterile control (CK), the bacterial-inoculated treatments

(Tom/Tnom) exhibited more active Fe?' oxidation and Fe*" accumulation, accompanied by a significant elevation

in Eh.
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F2 ZRIRIE A RIR LTI S #hOR E BRERT 8] AY
T
Table 2

concentrations during the leaching process in the

Temporal  variation of uranium

three experimental systems

1/d Towm/(ng/L) Trnom/(ng/L)  CK/(ng/L)
0 757 851 829

5 7.24 6.96 5.00

10 159 115 81.3

15 560 404 187

20 2818 2928 1076

25 4020 3 805 1 464

30 6902 5872 1592

35 7985 7522 3920

40 7086 7077 4739

Towm: Inoculated with organic matter; Tyoym: Inoculated without

organic matter; CK: Sterile control. The uranium

concentrations in the table were determined from a mixture of

three parallel samples.
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Figure 5 Temporal variation of uranium leaching
ratios during the leaching process in the three
experimental systems. Tom: Inoculated with organic
matter; Tyowm: Inoculated without organic matter; CK:

Sterile control.
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Figure 6 XRD patterns of the stone coal waste rock sample pre-and post-leaching. A: Inoculated with organic

matter (Toym); B: Inoculated without organic matter (Tnom); C: Sterile control (CK); D: Raw ore. The intensity of

the characteristic peaks of pyrite decreased significantly after bioleaching, providing mineralogical evidence for

its oxidation and the consequent driving of uranium release.

BT A. ferrooxydans S1-24WXX AU GG
SRR SR BE P A G HEVE T, TIESE T HAEAIR
RV RORPERECE Y/ R R NI VA S R A B N TR 2]
N Tz E R mAaEm AR H b E AR,
I gE TR AL A IAIR
briz th B Ak, B A i R S 2
M HA BT A 1 5 — RAE R EPY, B
8 B VTP A 7K Hb X R Ul 3 A T

5 BALVE SR W T RN A, fE R RR R Ak A
o P VR BESIE T, X R il S AR TR W T i A
Bl 25 T R G Al e, DT IR B 42T 85% 1Y
Bl RO ARG G A1 BRI A G B
WRW, BT A WIS K
Bt A, Hrp ] LA AR 47.6% (K 1);
XEERERNTHEATAESSTEAIE, TOC
ik e 18% (& 1), il =B LAAhIE & 1 sl H 2%

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



2820

WEI Xinxiang et al. | Acta Microbiologica Sinica, 2026, 66(6)

BV A BTN SRS T MR A
= BRI 2S5 55 R S U 7 LU (4.0%)
RIS 7 0 R 15 0k AL SR AT, A Pl v
ot R, ITE—E R BRI T HoR
AR,

TER AR, A A AT 24 550 5 ) PR
SR, AR AR AN BNE R X —
MR FEW G, PR - o A A PR i o 5
ATl 0 SR, ZRUIE S 4R
FULTE B R C 7E 2 IR il 56 0F 528 b 94k
PSRBT, B R WA R
21 S0, Fe'' | KM B K AR Py i ik
BT AL T 250181 6). 12 W% il B A 452
SR A G PR 5 FETCRERE S0, DA T 5 ZACR0AH il 3 2
REAR. RS Fed VR BE (1 T Bt ) 3 3 R T
X—HEE . X — L AT 5 A R
Armstrong SFVR I, Fe IR 24 PR A (A TUE KUK
PR BB ERBLAT A ALIEE UL As, Se A H
TEFE . Yu O B RIS K A SR E
S, U SRR ) (AN B AR IR X < A
I e R ) A 2 BB 1 G B R 3R . Weed 5021
SRt — AR T B RHIR P A Y
PFREREL T B T HEA TR RIS VR, P 31.6%
4 Jm R RO, Wl dE s T AR R S 8 0R
AR A F R
3.2 Alicyclobacillus ferrooxydans S1-

24WXX {RZESH AR A AL

Ay e 22 ol g A AR R B A A SRR
W, FLAEICHLERIS . Fe B ALIA L B A HLRR 4%
G, Hd, AFEE WU A. ferrooxidans)iz 5l
) SR AR S A IR Fe® S AR AVE T 40 e 4
fer=HE i Fe¥ 78 4 b A Ak, K uav)Fieh
U(VD), MK iR 48 m dl O SRR D2 S5
F B A A A LR 5 Bl 2% 5ok SE T
Rl BT i IR A e IR F IR S 5
FEER LR, IR A R RV R IR E
TG 2 23R 1 1 i R A BRI, AR 9Tk

P4 actamicro@im.ac.cn, 7 010-64807516

H B L2516 Alicyclobacillus ferrooxydans “i—2
WERRARNEE SR, AITE pH<6.0 I IAEE T A,
RERE AR M BRI 31T B AR K, g d
FABESS . BEREA N AT S AR, 6T
TZE AR B PR B R A AR LR o AN
T, WAL, HEWA LIRS 5 T fE
IFAE AR AR U A2 50 v A E st ) = AL,
JERRANT . B G, SCERET N SR E SRR AR
AINIE S N B A S R Y S ARG, 4
4 1.0 /L F10.1 g/L, BRI B MAHE o 5 248
ORI RE S R, B R JE R4
¥y pH<3.0 MUBRIRTEIAEE . CAMIE s, 7E
AR T B a2 2 LR 3K 3, AL
i 1) T R AR X g 5 YL R ok L A UE Ok A
Tnom LGS IR 25, R4 R U AT AT S5 A
BLET, [HHEE 2 5 U IMAT HLE A Towm ZHAH
(Kl 5), X —45 R0 KW], A. ferrooxydans
S1-24WXX X fil1 = i A9 02 25V FH I 3E 32 2R Hi
THIRLE A -

BARBAA R A VLR (TR — B LAk
WA hERE BHA S M, H N2
Kupferschiefer 5L H A2 U A HL BT 8 0E S5 A] B
43 S R A A A o — itk Y5 R RE R TR AT
B2 I A R v A R A PLTE AT RE TR
AE HIZA/E MR S1-24WXX B9A KRBT,
REABESE R, TERBS MBI IRA ML AT Taom 74
i, HEAEERET AV E YL 3,
FE ARG EI AT ML A 10 7= B ™ A 9T
Y A1 B ) A1 Fll Kupferschiefer T 7 A YA HIL T B
SR b G BT, (B FTE IR A5 2 1
A, BIEE AT A ER A 6), AMLEE
BT AGALERE 7), XN RFHABRIE
A A PLEE AT R T BB R R S1-24WXX
AR o

BRAIFHAMLISN, A. ferrooxydans iBHE 5L 5
WESERENE DL Fe® s AV N RE VR R b 47 4
RO — b il A A A 0 4 Sk e
B E B AR A T R R



BUEHE 55 | fUEYEIR, 2026, 66(6)

2821

Aperture size=60.00 ym  WD=7.6 mm  System vacuum=8.72¢—006 mbar

2 um
—_—

EHT=10.00kV Signal A=AsB Date: 28 Jun 2024 Time: 18:28:43 W
Mag=5 000x

E7 ERATESRERT NS EEERRA

EHT=10.00 kV  Signal A=AsB Date: 28 Jun 2024 Time: 18:30:24 ﬁ
Aperture size=60.00 ym  WD=7.6 mm  System vacuum=7.09¢—006 mbar

Figure 7 Backscattered electron images of framboidal pyrite in the waste rock. Py: Pyrite; Q: Quartz; OM:

Organic matter. These images display its typical framboidal microspheroidal aggregates. This porous structure is

conducive to contact reactions with microorganisms and leaching agents.
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Figure 8

leaching from stone coal waste rock.
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