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Influence of glucose on the co-culture of
Acidithiobacillus ferrooxidans and Acidiphilium acidophilum
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Abstract: [Objective] To gain a better understanding of the synergic interactions between
chemoautotrophic bacteria Acidithiobacillus ferrooxidans and heterotrophic bacteria Acidip-
hilium acidophilum that usually occurred in bioleaching system and acid mine drainage
(AMD). For suggestion on AMD bio-remediation and research foundation on ecology func-
tions of acidophilic heterotrophic bacteria in bioleaching system and AMD environment.
[Methods] The biomass dynamics of At. ferrooxidans and its natural co-culture with Aph.
acidophilum in 9K-ferrous iron media with or without glucose were measured respectively by
quantitative real-time PCR; meanwhile, the pH and Fe*" oxidation were monitored. [Results]
Whether the glucose was added in culture media or not, the Fe*" oxidation efficiency of At.
ferrooxidans is higher in co-culture than that in pure culture. When the concentration of glu-
cose is 5 g/L, pure culture of At. ferrooxidans couldn’t oxidize Fe*" while the co-culture could
finish the Fe>" oxidation in 100 h, and the pH is higher when more glucose was added in both
cultures. Without glucose, the cell number ratio of At. ferrooxidans to Aph. acidophilum in
co-culture was about 100:1, which suggested the usual cell number ratio between autotrophic
bacteria and heterotrophic bacteria in AMD environment. Both in pure and co-culture, the cell
number of At. ferrooxidans decreased and the lag phase prolonged with the increase of glucose
concentration; while in the case of Aph. acidophilum in co-culture, the cell number and lag
phase showed a reverse trend. [Conclusion] For efficient Fe*" oxidiation, the proper cell
number of At. ferrooxidans should be 100 times higher than that of Aph. acidophilum. Because
Aph. acidophilum facilitated the Fe*" oxidation by At. ferrooxidans and reduced the inhibition
by glucose, the addition of organic compounds such as glucose could not be a good AMD

bio-remediation strategy.

Keywords: Acidithiobacillus ferrooxidans, Acidiphilium acidophilum, Co-culture, AMD, Bio-
remediation strategy

K EE R PR Z /N, B As (R EA B P R R SN R K
P, METRIE. WAk, BRI  (AMD)R/EA YR S a5 is T AR IER
e I . BE L SRR AR SRORY SR ELE e 5K SRR R R AR Y,

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



1582 WA Y 24 Microbiol. China

2013, Vol.40, No.9

AR FREE ol it BN IR BE TS Y o AL,
AMD IR S B i AR A Ll PR AR
SRR EEL TAENE, HENZ T AMD H
1) H' DA S pH {E, JHEd bl . RS mkk
BRIy 4 B, IR B AT ) 3 AR PR HE 1 R
JECB g R A AL A B AT T8 (Acidithiobacillus
ferrooxidans) &L Wiz MK R F AMD  Z5A% v iR
PERASE TR UL E Y, WU HATAE YR ARG
W5 PR AHRR A S E i 2 — P70 A,
ferrooxidans 8 13 B ALV ER AN (B0 id IR ER AL P 3R
BERIEIT [ E CO AR EIEE A TR, T
Z AV REW] A HIHAE K . Marchand 55 % 9
1 g/L BYHZRERNBESE At ferrooxidans %284k
WEARAAE R ABE T, (EIN A REFI I S35 2 4 52
I KM Acidiphilium acidophilum REVSEZR 24
Xt At. ferrooxidans AL AR A AR B H0HI",
DI REFE 45 KRB, At ferrooxidans 5
Aph. acidophilum TEEREA 518 5 BRIFAH SR
L fifR 53 A AR I AR A5y T A7 AE T Y
IR, At ferrooxidans BEEAL Fe* VE AHETR
K, i Aph. acidophilum TEIRE S FXF Fe**
HiRJERE NP, B Aph. acidophilum FEFIH At
ferrooxidans 1 F& AT A B A HLACE = 01E R
WRIR N RE IR T 5 72 A KU FEA iz ik & o,
Aph. acidophilum BT A KA HEA Y 2R
AP LR At. ferrooxidans T HIHIR AL
KW g At ferrooxidans W] DL B AL 4 %ot
Acidiphilium &Y RANHIER, AT A
(A 5 AR S5 33 PR o Gl A 4 S 5 S I R — 2 4
Ja& B ¥ DG AN B R 0 A2 MR ORI AR
FIARFRERRED 5946, EERIERY
WP E PR i T A e 2 L, A R
TE At. ferrooxidans ¥z ¥R IR R TN Aph.
acidophilum R AR H 537 K A A HE(L g/L),
BOERAT TR RS2 2 W A, R
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HK B Aph. acidophilum WA= 4] GEJ&—Fhx)
AMD FEHA T A i S

YT At. ferrooxidans 5 Aph. acidophilum TE
e i TR P B 58 v 85 DD I AH B G R S THE A )
BahEZEM, RAOTEHM At ferrooxidans
5 Aph. acidophilum ZH RSP B SR WA A BT PR
PP RE v HEATOT 5T, A6 36 L AE A 4 M A R 1Y
2N At. ferrooxidans X} Fe* B AL g 1 iRl A LA
S PRI G WU AR N 8 R ) R AL 5 E A R
B MR E 2 FR A YA, I IR &
Y EAT ALY BRI AT AR 4G, X Ay
WHEA LU R AT it I B 2K RAEA WL
il 254 T I A R Fe® SRR L, AT Ky g R S
TR UITELE YR A 22 I AMD S50 S R 14 B
B Ry A ST RENT S SR AL, JF 8 AMD FRET
B E RIS,

1 MRS

1.1 EfM. IFFESEREN

SEEG R R HIRIRE At ferrooxidans ATCC23270
M Aph. acidophilum ATCC27807 41 [ 36 FElf
B PO A 0 (American Type Culture Collection,
ATCC), At. ferrooxidans 5 Aph. acidophilum FLE557
I e sE I, HEA R 5 SCR R,

At. ferrooxidans } H:'5 Aph. acidophilum {3
BRI oK Rigrdkltige, HEEARER R M (g/L):
KC10.1, (NH4),SO,4 3.0, MgSO,4-7H,0 0.5, KH,PO,
0.05, Ca(NO;),4H,0 0.01, 1 L dH,O, Mk

(0.5 mol/L)JH pH {H % 2.0, 100 mL 43T 250 mL
=ff, 1x10° Pa K& 15 min, 7ERHIE KHFM
OK FEAERRFRETINA 4.47 g FeSO,7TH,0, 1
FeSO, 52 A1 I (LI pH 42 /51 % 2.35+0.04), -
FHALEHR 022 um /0B &k A 98 5
(MILLEX® GP, Millipore)S: 1, T At. ferrooxi-
dans N5 Aph. acidophilum LR FRYIIERFE
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HEETUCEHI L 10% (WIVEER, 203 185
W5 e — % H il m A %) ik 9K-FeSO, 1 7E4k
o S P A AL BRI A 3 A PATRE SR, HEFRIR
&4 30 °C, #%k 200 r/min,
1.2 FENE

TH IR YR 4% Sukun NSKY-2102, b i
Wi, pH BRIETTFE WL PHSI-4A, FiTREREL (KRR
AL Avanti® J-E centrifuge, Beckman Coulter,
USA; &t 43t 6 E it Nano Drop ND-1000,
NanoDrop® Technologies, Inc; SET & PCR &R 48
Bio-Rad Laboratories, USA,
1.3 Sk

SEH T Fe? Vi 1R FH R T 4 T U
FEM, pH M pH BREE T
1.4 DNA 2H

FE PP AFATICE Y 100 mL B, IR
FEM S FRIR B OALTE 4 °CL 1 000xg 451 T &
> 2 min, WEE FVEW . UUIEYIH pH 2.0 B R
FRUEVRIFAE 4°C. 1 000xg £ FEs.ty, WedE b
THW . HE ARG LEIRELRE 1R, K5
HIF 3 WE L ITIERN BB, 7 4 °C.
15 000xg 54 F 5.0 20 min LIEELRNE ., WedE
FAY 2L TIANGEN /A v TIANamp 4 J 2 A
2 DNA $2HGX 57 & (TIANGEN BIOTECH, Bei-
jing) ¥ IR E VAR UL N 2 DNAL i
) DNA F 58 uL pH 8.0 1 TE Z& w3yt i, It
A 2 uL RNase (10 g/L) 37 °C #& & 10 min J5, T
20 °C A7 H

1.5 RT-qPCR 5|4 K H4FZ 4]

F TR 2 A 3 R A A R BRI (n
16S rRNA F: )+ DL BUE — & 1, a] FIH]
RT-qPCR & 1 4% I [B] £ AP LA 1) 16S rRNA K&
PR DO DRG0 19 o 2o 2 9 19 A 0 B
DA TEO FAIX E i e F . RT-qPCR 511 H]
Primer Premier 5.0 #{4i% 11, 5191)F5) KA KAF
B 1 R,

J A AE RT-qPCR Ew Hrp—Fh 165
tRNA JER 45 DU A9 55 —Fh T4, &
FL PCR 43l 46 00 3 19 X6F 5 | 400 O R S o
PCR ¥ 34 7= W) 2 B0 B 7 B J A/  RT-qPCR bt
TVEPRHE M2, LUBA 8 BT A fop DA r A ] 2 1A
B P8 DR, T AN 100 mL HR L
DNA 2B )5 15 %) ) DNA f5lEE 4 60 pL, F
T RT-qPCR WYRFIUAE A 0.5 pL, W42 FR¢ i
B E A R 5 D1 K= DLBO<6/5 . hrREdE Dl
Byt E A= ! Copy number = 6.02x10%

Concentration of standard (g/puL)
MV (g/mol)

Hrb MV (5 F1)=n (B BT 5L %660, b
BEUR R i o YOG RE TN A o 784G I s o 72
RS9 PCR KR, BHIMEXT B AR 1
TR o) —F AR K4 DNA, H 25 pL
PCR ¥ MR ZRINIT: 10x/KRZE P 2.5 pL,
MgCl, (25 mmol/L) 2.5 pL, iFEH/ZIa51%
(5 pmol/uL) 0.4 uL, dNTPs (2 mmol/L) 0.5 uL,

(copies/mol) x

b

£ 1 Real-time qPCR 3|47
Table 1 The real-time qPCR primer pairs

Amplicon size

Annealing

Primer Primer sequence (5'—3") (bp) ) Target gene

Afl-f GGGGTGCAAGCGTTAA 189 58 16S rRNA gene of At. ferrooxidans ATCC 23270
Afl-r  TCGCCACTGATGTTCCT

Aa2-f CCTTACCAGGATTTGACA 148 58 16S rRNA gene of Aph. acidophilum ATCC 27807

Aa2-r CAACTAAAGGCGAGGG
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Taq (1 U/uL) 0.2 uL, DNA 4 0.5 uL, ddH,0
18.0 uL, PCR ¥ #4 9 A 2544 95 °C 5 min; 95 °C
30s,58°C30s,72°C20s, 330 MEH; 72 °C
5 min, PCR W45 G B 4 uL 7= ¥)F 2%3 5
WEBE IR HL UK LR
1.6 Real-time qPCR

fdiH iCycler iQ SEMf E H PCR RGLHATAE &,
25 uL qPCR fRZ41F: 12.5 uL SYBR® Green
Real-time PCR Master Mix (Toyobo co., Ltd.,
Osaka, Japan), 0.5 pL ARFESFIIEE DNA, 1E [/
KI5 14(5 umol/L) 0.5 pL, ddH,O 11.0 uL, PCR
PIAIEIR S 95 °C 5 min; 95 °C 30 s, 58 °C
30's,72°C 20's, 3t 40 MEHF; 72 °C 5 min, PG
95 °C ZgM: 1 min; 80 MEFFIRE (S5 °C-95 °C,
FHIEFR G IREEHE R 0.5 °C) 10 s; FTafith £y
Lioalll 8

10 -

Concentration of ferrous iron (g/L)

2 HR

2.1 Aph. acidophilum FNEEEXT At fer-
rooxidans AL I $XBE 1 HOS2E

At. ferrooxidans %t Fe* [ AL BE J1 & H:
A BRE PRI B AR R, TR A [R] (RS
He WAk i R (2.340.42)x10° cells/mL [
BT, HXF Fe? AL IE L& 1 FiR. mIE 1
WL, ISR EE, IR Fe® L
HORCRIIHE At ferrooxidans 2i35 71 . 1F & b
W LR R 5 g/L B}, At. ferrooxidans 4% 379 2%}
Fe* A ALRE ST, LTI At ferrooxidans
{FRETE 100 h PUREFTA 1Y Fe* ko, Y%t
WEEIRF) 10 g/L B, HEEsRIR R R & Fe® 4 fb Ak
11, At. ferrooxidans 18 Fe* S8 ALY pH (H28 k4
P 2)5 Fe’ A bEE R 3, HNEIRL A

—— Blank
—O—AF
—e— AF with 1 g/L glucose

—&— AF with 5 g/L glucose
—1—AF & AA

—— AF & AA with 1 g/L glucose
—— AF & AA with 5 g/L glucose
—%— AF & AA with 10 g/L glucose

0 10 20 30 40 50

60 70 80 90 100

1 FBERENTRETTE Fe Stk
Fig.1 Curves of Fe" oxidation by At. ferrooxidans
H: AF: WEFREAL W ERARAT I8 ; AA: Aph. acidophilum; AF & AA: "EREAEREAT I 5 Aph. acidophilum 3:555%; Blank: N3z

PR LT & BT -5 2 R (] 4 T e 5 e ) S

Note: AF: At. ferrooxidans; AA: Aph. acidophilum; AF & AA: The co-culture of At. ferrooxidans and Aph. acidophilum; Blank:
Abiotic control. All denotations as above have the same mean in the following figures.
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pH

2.1 + i\

—— Blank

—O— AF

—@— AF with 1 g/L glucose

—eo— AF with 5 g/L glucose

—— AF & AA

—m— AF & AA with 1 g/L glucose
—— AF & AA with 5 g/L glucose
—k— AF & AA with 10 g/L glucose

1.9 r 9\6 \\
L\\ \ l\é
1.8 \ i\\
\@m
1.7 1 1 1 1 1 1
0 20 40 60 80 100

t (h)
2

RERR AL L SAFRATE Fe S L 32 Ay pH (&

Fig. 2 pH profiles in process of Fe*" oxidation by At. Ferrooxidans

pH HRF, A ZHEME R TR E R E A4
WG H pH BB & .
2.2 Real-time qPCR 5445 5 4467

T RT-qPCR 951G DFF SR I3
WHEERE UK S SR WK 3 FoR . M 3 AT 0L, PIXT
IR L RED 1 A D TR b Y H AR, i HL
X o —ME AR AR . A, 2
Real-time qPCR fE#& At. ferrooxidans Y Aph.
acidophilum FUHEI, 65 A ih e izl 25 SR 2R I
4> PCR SN L, $75 BT PCR BN ™
Yp—, 5 ERgR—3,
2.3 FeXGLi32H Ar. ferrooxidans 5 Aph.
acidophilum B E ST UHR

FEARIM AT EE 5T At ferrooxidans
5 Aph. acidophilum % shBZAIEHLANE 4 B
o M 4 AT, FEIEIEFIKR T Aph. aci-
dophilum X EUE K BB At ferrooxidans Z )5,
TEEA HARER G IR X T Aph. acidophilum
JEMREE A SR At ferrooxidans AT £ A HLY)

bp M 1 2 3 4 M bp

300 300
200 200
100 100

B3 S5 FERy ko

Fig. 3 Electrophoresis analysis of the specificity of primer
pairs

LE: 1702 9 PCR SR T IS0 Af1-f Al Afl-r, PCR KA
7390 R R S AL LR A AT T B 4 DNA I Aph. aci-
dophilum FEFZ] DNA; 3 fil 4 FiH5I¥8 Aa2-f Fil Aa2-r,
PCR R Rf 73551 4 W R A AL L R BT T 2 P 4 DNA Fl Aph.
acidophilum [ 2 DNA; M: DNA marker 100 bp ladder.

Note: The primer pairs used for PCR in lane 1 and 2 were
Afl-f and Afl-r, the DNA templates were genomic DNA of
At. ferrooxidans and Aph. acidophilum, respectively; The
primer pairs used for PCR in lane 3 and 4 were Aa2-f and
Aa2-r, the DNA templates were genomic DNA of Az fer-
rooxidans and Aph. acidophilum, respectively; M: DNA
marker 100 bp ladder.
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5x10°8 o 3.0x10°
e )
:z —A— Pure culture of AF 1 2.5x108 :z
o 4x10° | 5
o . g —
N —&— AF in co-culture % g
S =
e _ 1 20x10° & g
8 E 3x10° | —&— AA in co-culture 8 E
< g <'E
g 2 4 1.5x10° § 2
32 s 2
g 8 2x10° ¢ <8
R 2 4 1ox10° S g
v 9O S ©
Sa s
S Q
4 s | = Z
g 1x10 1 sox108 %
wn 5]
° 2
1x10° = £ - 1.0x10°

20 40

t(h)

60

80 100 120

4 FEILTEFERENTSFENEAIEFRES Aph. acidophilum W% K 2%
Fig.4 Growth dynamics of At ferrooxidans, Aph. acidophilum and their co-culture in process of Fe’* oxidation

WA K . eBE 3R At ferrooxidans 5 Aph. aci-
dophilum 168 rRNA F:[H 5 D15 LA FEFAE 100:1
B, XAERECR CRWRRTE—E R
Bt D3 R AR 1Y A 3R TR R S R R H
SRR N A RMELLE] . 535b, JEsE3R e
ferrooxidans B R AMMIBUEH AL FRIN 2.73 45, 45
HE1 P P BRI AR IR R T AL fer-
rooxidans WIT% 77 fm T HAER 7
24 FHEREMNERALUIKTETES 4ph
acidophilum BYEIE N7 T LRI R

H I 5 FIE 6 A WICiealishsRid et g
At. ferrooxidans V)% YA bt 48] 28 AR B8 1O B2 /50 1T
Wb, SE AN AR IR A K Aph. aci-
dophilum W RIG N, I H HGE w0 B A 20
WA A, 4551 1 FeP Ak T
TR EHER N ASNE] T At. ferrooxidans #EE: 7%}
Fe* k., B350 At ferrooxidans TEHNA
AN BL(E 5 FIE 6) S A I B (P 4)4H
o, HAnfgaml 7T MEg, HIssRd
At. ferrooxidans 5 Aph. acidophilum WiFP-E Y1)
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Bm KR RBUL Y HAHREE R 5 o/L (&
6), IHEFEHY At ferrooxidans MU KA,
i A RE R B RRE B Fe? b 5e (& 1), Bt
BAILEE SRR Aph. acidophilum VA Z XS
At. ferrooxidans Ak Fe* ORI F 9% A G155
3 e

A SO B IR E AW ERRAT R 5 Aph. aci-
dophilum TR ER PP RIS TR, A8
I TR AL NI R At AT B % AT 400 ) ) W 1) T 2 RE
TR Z BN F I8 W) Aph. acidophilum W5
W, BT Z R RIVE, iRt An
ferrooxidans XA EEIX FAIWBTIE & T
HAith 3%, X5 At ferrooxidans ¥4 & BT HIPL
PRSI DIAETE At ferrooxidans %} %]
BT HERIF 5 U B0 S v 4 4 AT o e A
1.5 g/L (5 Aph. acidophilum IR-E553%), MAWIST
R B R A S /L Hi R IR PR FRATE
H T 4&YMLEHIH At ferrooxidans 5 Aph. aci-
dophilum A IEEEFEY), A2 TR SR A X
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6x107 L 9x107
—A— Pure culture of AF
7 8107
5x107 —a— AF in co-culture
1 7x107

—m— AAin co-culture

G 3
o >~
a E S E
& g S
S ax107 | 1 6x107 3 &
£< <t
g E 1 5x107 g §
S z 3x107 £ 2
g9 1 4x107 & &
S © = 9
g g 7 , IS
QED 2x10 4 3x10 2 9
3 S, <
T Z 124100 TZ

= %107 =

g 10 B

1x10° 1 1 ! ! ! 1x10°
0 20 40 60 80 100 120
t (h)

5 & 1gL BEENERE PO S RRFRERENTESFTREAERRES Aph. acidophilum B4 K thik
Fig.5 Growth dynamics of At. ferrooxidans, Aph. acidophilum and their co-culture in process of Fe*" oxidation with
1 g/L glucose in culture media

1 3.5%108
o Lax107 | )
3 —24— Pure culture of AF 3.0%10° 3
= 1 E;
S 5 L2x1om r —a&— AF in co-culture S 3
S E { 253100 E E
N = 1.0x107 | —m— AA in co-culture v -
Q= 5
O e 2
<% ‘ {20400 & 2
SE 800 52
S > s R
3z 1 15x10° & &
58 60x100 | 39
) T 2
3§ 110100 2 %
= 40x10° | ' <
~ E | = §
& 20%10° | 13000 g
< e
1.0x10° 1.0x10°
0 20 40 60 80 100 120
1 (h)

6 &5¢gL BEENERE F S REP RN TSFTRAIERRES Aph. acidophilum B4 thik
Fig. 6 Growth dynamics of At ferrooxidans, Aph. acidophilum and their co-culture in process of Fe’* oxidation with
5 g/L glucose in culture media

FhAE Mg T aL8h . X REATS RIS SR RE N L ferrooxidans HE KA Fe* B ALIY AL Aph. aci-
HARAEE T R E AR PR B RIVE I REYE  dophilum, TR FAR R PN EE G, P
FIFREE DAFEAYME B 75 A L alids Feil e i &2

A1 MK S MEERTTLIE S, M6 4 A VIIA BER RO . FRATTEE 52 Fe’ E ik
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HYJ At. ferrooxidans 5 Aph. acidophilum F:53E{K
FPINA S o/L MR Z A Fe' bt
W, A pH AN 1.7 #5532 3.0 L4 (EERARS
). TEMHER T RERFAEKD Aph. aci-
dophilum FARRERJE Fe®*, Hp» A b 5 e Tk
A AR, i AMD BHES TR A
W20 W[ W Aph. acidophilum TEA EIE TP}
I B HEAT A= P01 52 1 3 B BR A 2 B 1K
A RAdEs pH ER. T IEREIE Y
— SRR Aph. cryptum (BEORVETR ) BETEA %A |
i pH (pH 4.5-6.0) BT A HLA(0.1 g/L
BEREE N 1 /L MBI EAE A FiET Fe¥' iR
JREN e Aph. acidophilum BURAE —FPAEY)
16 52 SR s U A T B AT £ (W VB R 2 FR R
YR EAT TS AR SE b A TR

HAETE Ao dg ™, At ferrooxidans 12 H
B B R A A UL A BB © BE
IR BLLLE L SIS F T At fer-
rooxidans WA, @ B FZF B LI A
TR H R EERD . HATE AL 4r fer-
rooxidans 5 Aph. acidophilum W)ILEEFEREHE =8
P2 BReR, (BT 2 A T AR
RZ M AMD 45 Jf H g S AL A K 1Y
Aph. acidophilum J&5453 5% X B B34 fid
#EVEFH B AT AR WARIE . AT Aph. aci-
dophilum 5 At. ferrooxidans 1Rz H ¥ EA 10T
R, TEMAFEEE Aph. acidophilum Kt
AREET, EE IR 132 30 0 5 R
FRIGAF T RFATZ WA 7T 45 IR I, Aph.
acidophilum TE A= H 1 T ) GG I BT RE
=5 At. ferrooxidans FLRIWEHLISEAL ST HFLE
Fe2+; MR MR A EZ B, Aph. acidophi-
Tum i3 557 A2 KRB 22 il B A ML) (R AE R 5T
AN At ferrooxidans F A=A A
PLARI= 1, GanRERER . 2RISR At
ferrooxidans FALE W WM, 28R, LU XLk
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HEWEAT 525 51T Bronner 2224 (kpg 4257 T
BT S5 A SC

4 5Hig

(1) BT Fe™ M RERR A AL BRBTAT T
5 Aph. acidophilum [*VEE: LB FEINAE 100:1 BYZL
W, 185 /L BagHIGIR BE 2F FEm A ek
TRFFRANBEAE AR R, TS Aph. acidophi-
Ium BIFHEEFHARZATIEERE 100 h PESLSERTA Fe™';

(2) Aph. acidophilum BefE V&R A 2
FERXT Fe* MMk, FEREZE Mk IH bR AT g
M S A AR BRAT R B3I, BT ATGIR 2 A
AHIEREIEA TS, HeEE Rk R P g IR E AL
BRI AE K S Fe? ELBE T I i T H Al R,

(3) TEMMA K # AT AMD SHEEt1 14
YHBE R, Aph. acidophilum 2 251537 FIKGH2
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