[CGRYEZ

Acta Microbiologica Sinica

2019, 59(6): 1164-1173
http://journals.im.ac.cn/actamicrocn
DOI: 10.13343/j.cnki.wsxb.20180342

I 3RiE Na, K-ATPase Z R &5 T 2B X fE R ABIXILEE S
%J\EEEE%#, ﬁiﬁim%#, ﬁ'}%ﬂi, ﬁg*

B RS Ko A B 2f 2B, VLN IREAE Y S5 oh R SE N 4] 2F S S =,
b, Y78 ML 210023

LI WAEY) TR BRI

WE: [ B0 ] WETESL B A ATP BE(NKA)TERE K A XA BE R A/ . [ ek ] LAET A AL 2R
i (WT) LA R AR 3 SR i 25 Na,K-ATPase al R (NKA al) 5 F ik BRk oeNKA, 3 12 & A ] i 7]
M0 d, 2d. 4d. 6d) oeNKA FIl WT ¥kt Bi3R pH (SR8 PRI B Ca™ W fE, I X-ray
diffraction (XRD)X XL G AR P55 EA TAGIN , FLA 0oeNKA AT WT B BT IR A 3 Flve: R R 4 64 IR
FRACR . [ 24558 ] 0eNKA B BRI NKA a1 FE PR X 2 5 8 MG 4350 WT R ARG 103 f5 71 1.76 fi5. 7£
Rk 6 d MEFFRL R, 0eNKA 5 WT B kA YR fb 3R], 7EREIRAS 2 Rik WT B m T
0eNKA, Fififf[A] 22 B Wi 4i /N FESS 6 Kk FIRAL; IR pH HALGHAAE, 435 FRE% 3.64 F
3.87; 0eNKA KUALHE K A7 i BT BT Ca? i BE (1011.36+47.78 ng/g)%) -}y WT (248.30+25.21 ng/g)i 4 1%
XRD £ I 1% 8 7 TR ik 0eNKA X RE AT KUK AE BT BH o [ 2536 ] NKA ol 3 FRIE Rk 0eNKA X i K
AR RE ST B35 T WT Bk, FLEREREE R NKA S5RER A XA 25 00 8K
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A SE O A 1 ZARIE I (B4 R A #h A 1 40
KA b, BN A Y o IR T T . bk
A HLEE A D ST P RO s+, B
PRI B 38 3 1L A 22 UK 1) 2 4 R A B R SR )
A REE AR, (RO, ARZ I R REAS BIAR 4T Hh
fiEfe, Hlan, AW FR S5 TREYHARR
G, SEE A RE RS S 2T YRR R
X ] R AR R D ik S AR K OF Bk R
TERSE . BT O A H TG T P WAl
PP E M R ek SRR, 2 FKF
fEBTICE Y S0 A EAE PR R RIATLEE,  AATRTRE
L R i s S e i o i K%
BN, A RIRIR TGS 5 X R IR L ) IR ERR
R PR BB XU S B R RR AR 4
(1A 3oL A v A TR I e R T AR I R R 1) ik 254
L Rk S R, R R T
SEA R A (VRS 28 VRS I B BRI AS & B 1 5F)
FNFRERP, AR mRES, A
& TR BT IR R ERT. BRI, W E
R 1 53 F- IR EEA LRI ST A Rt — B TR A

Wang %573 i RT-qPCR & BHL52 il 85 12 KUk 75
PIRERRERH Wi AR NKA ol JERE AR BE
P, RIEWEFRIRE T (3 K& TR 447.6 5.
PR ATP BE(NKA), RIENERZE , fA7E T EAX A0
BB 2, FLAT B8 38 3 4R A Py il
P, F ATP B RE S AL B I AL 2 4, i
WEENE 2 4~ KEFEARD 34> Na 22 4, #1540
RS N A - e B 2 MR B 3 T, AEFR 4 i
RFURIANE o % 2 M o il B MESTE WL IR —
Bk, Hp, o WIEESE ATP fitfb 0, B
JRCRE LR SN RN 2 i, B ISR VR
BN ST W i i R, R o PR A R,

AT PR B R S 2 R R R
B B B KRR TS 2028 S A NKA
XTREFRFRAT ) AL O HLERAH 53 0 A DL R IE

REIR A T B RERR R4, F AR AR
JRA—RERERIR, T 4RR S IR A ik . H
PR R RS RGEE R A, ke ok, Hak
FEw, WEREIE T, AR K P v R R A AR
PR R A o 38 A R R R EL 0 0 T 2
B RALIF5E

ARIGE AR NKA ol FEFE R
P, FHRABREIR A, 55 B2 R B RRAE oA
IIFTSIE R NKA ol JEDR 2 75 RE 1 5 X ik R
BRI RAVER, i — 23 E Mg kR
P AL BRI, DT A Al 2B 7= F0 Tl 52 2
AL S

1 BB

11 WS YrrR

111 W EIESRE. BilhErk, Wb EEE
TR D B R RS B O SE, DRS 3.3928.

SR HR T YAG 535551 L): Glucose
20 g, Yeastextract5g, Trace elements 1 mL, ([&]
%I Agar powder 20 g), NEZEK FE 5 2
1L, R RAFH KA LB 537 35(1 L) Tryptone
10 g, Yeastextract5g, NaCl10g, /i 1L i#E4liK
FEOY VAR, VAEE pH (HZE 7.0, 0k & AL TR Y
MR R A SMM RiFEH(L L): Glucose 10 g,

20xNitrate salts 50 mL, Trace elements 1 mL,

Sorbitol 218.6 g, Yeast extract 1 g ([E{AZS I Agar
powder 16 ), fil 1 L #A&I/K T/ iE MR, pH EFEE
6.5, MUALFT R B 37 3R A R B R (L LB,
Hl. Sucrose 30 g, NaNO; 3 g, MgS0O,-7H,0 0.5 g,
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FeSO4-7H,0 0.01g, KCl0.5g, K,HPO,-H,01 g,
75h0 50 mmol/L ¥ Maltose iS5 3L Rt ik,
1 L2l 5853 i o )R % pH (B 6.5,

1.1.2 B8 Y. mE KA FE S B b ER2E B ek
AT, HAbZ: R CagSis0q, 2,
XRD Azt Widat, FLE MK A . X-ray
fluorescence (XRF)/Hr HAb 2= 2 A% : Si0, 50.71%,
CaO 47.61%, MgO 1.20%, TFe,0; 0.36%, P,Os
0.05%, SrO 0.04%, MnO 0.02%, ZnO 0.01%. #E
JEA BRI AR BE 1 100-200 H i, 4l Kk A
JoK CWEIR e 25 B 4 3% Th W B A 2 B, it T
£

1.2 BT NKA ol BRI FRAE PR . g
%

1.2.1 NKAql ZEFEFRFIBEBE . o FikHk
22 RE R AR AR pANT-1, Kb S A& v
W R PSR A s R PO AR, il PR
AT T A R M S A R R B T AR e . R T 2
BEUE R BEEE A (glaA) a3, AiE S ARG 3+,
TEAT 22 ZEWH BRI A 33 35 4 A T ad i kBl 1L
RIS . (1) MES glaA JAsh FROEIA: LU
R E LN AR, PglaA-F, PglaA-R k1514
(% 1), PCR 3k1% glaA FE[A i 2000 bp Ji 8+

1, SR B 5, Xba T #1 Hind K glaA F
Bevi e BARMEALIG pANT-1 Fikr, 35 glaA F
B PE R . (2) FAER ST B A LA B H A JBR -

MM ETE Total RNA fli#e 4l ik £ (Vazyme,
China) ffl $ % 18 76 25 [R5 77 2 P A I 2 8
RNA, OD fEAM-GA%)5, H 1.5%35NEHHEER H
TRA I A RNA 0 52 8 1 70 A 15 o0, 5
HiScript® I Q RT SuperMix for qPCR (+gDNA
wiper)i® 7 £ (Vazyme, China)JE17 [z 55 3 4R 15 2
Hi 21 cDNA. H 4 GenBank (NCBI) X il % NKA
ol FE [ cDNA B , 115149 NKA-F NKA-R (5%
1), DIEHhE cDNA Ak, PCR ¥ NKA ol I
RN, 355 )P 9] 95 5 4l (ClonExpress™ 1T,
Vazyme, China)i%$% NKA al WA 5L H - B 5201
R 2 FORL PglaA-NKA., F E i i 28 1A
ARG S AHANEERMN LB Ak AR
Ko PRk IEH A KBTIV PCR FIINY
BOUE, R R IE A 3% 4 HL A 2848 I AR R A
1.2.2 eAbFnfmge il 5 B A AR h 2 I AR A

2 PEG-JFUA AP PglaA-NKA 4
FkL e AN B AR BT, JFEAES 100 pg/mL IEE R 1Y
SMM [ (A5 5= F i W A K A1

x1 ALBAASIYFT

Table 1. The sequences of primers used in this study
Name Sequence (5'>3")
NKA-F ACACCTCAGCACCCAAGCTTATGGACGCGAAGTCAGGCG
NKA-R CGACGGCCAGTGCCAAGCTTCTACCAAGCAAACCTATCCAACAC
PglaA-F CCCAAGCTTGGGTGCTGAG'GTGTAATGATGCTGG
PglaA-R TGGGTGCTGAGGTGTAATGATGCTATGTATCCCTTTCAATTCGG
QNKA-F CGATTCCACGGATGACAACTAC
QNKA-R CAGTCCTTTCTTGGGTTCGC
QGAPDH-F ACAAGGACTGGCGTGGTG
QGAPDH-R ACCGTTCAGGTCGGAGGAG

actamicro@im.ac.cn
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123 WFREHATE WT WAEBERE: (1)
R w85 R A TR WT B RR A NKA ol £ [K 2635
T MRS (108 AN /mL) i 363k NKA ol JE[H %
LT R WT TR 2RI 3 5 22 2R Ml AT R R 77 3t
i, 28 °C. 150 r/min &K% 2d, B 2214,
ZBRAK AT G G AR AT, $E RNA I 524 5%
4 cDNA, LA GAPDH A NS EH (51 W3 1),
FIF RT-gPCR K LR ik i, DL WT Rk
A RIB R 1, WA RIR LT AT WT
LR Rk i 3 NS O (2) s Rk b+
FWT FERRRY NKA i . [R]FREL 0.1 g Brfif T
H 2B 5%, A 0.9 mL PBS 28 thifk (W 5
10 mmol/L, pH 1H 7.4), F4NMmE ke, 4 °C.
10000 r/min &> 20 min, Y4 0.5 mL i, F)
F NKA Tk A 22157 £ (Mbbiology, China)illl 2
NKA G K . BUNKA al B[R k5 R
KRR AT R, PCR I 36 1E L DR e 97 1)
IEREEAN, I L TFI00E 0eNKA, fEFZERL
SN, (3) WVERIIXTEL: 43ll#E45 f 0eNKA Fl
WT (2R 2 AP, 28 °C 3R 2 d, W
SR TEFA, LI E NKA ol FE[H (155 2250 H 7%
FRUIFL I,

1.3 RihESEIRA XL

1.3.1 IR B oeNKA Fl WT 043 Hi1E
YAG [ FRIZed 1, 28 °C K557 3d, AL
B2 KT B 7%, 12000 r/min #.0> 1 min
g B, DAkl 3 . AR R
T6 T BB A B — 3 BRI T4 3
W, PRI TR N 1x20° AN /mL s SERREL
XTI A BT 7E 250 mL (1 = AR A
I 1 g REBRAH PRI A FGHE R L 100 mL,

115 °C K& 20 min. 7354 A 1 mL oeNKA #l WT

TR, W BN . SO0 2 Rt BE 21 43 54
3 4N FAT,.28 °C 150 r/min $E K 35, 7EHE 5 0.2
4. 6d J3 A BUREAE FE Sl 44

132 HFRPRMESHKAMEIERNLS
Br: (1) pH ERIIE : A pH 310 E 15 IR A R
ARG IR pH (B (2) AEWEIE : A Rs =k
g, WAER 221k 70 °C LT R IHE, FRE, iR
N Ar, FH HNOs F1 H0, THf# ##4, 8000 r/min
20 10 min WEER T Y, FIAIBLRT 70 °C HET
ZiaE, RERMSF, HEEICH A, HZIKTE
A=A-Ay. (3) 1 IF TRRITER 22 NS [R) B - 2 1y il
FE ;. B53RUE 8000 r/min E5.0 20 min, W4E FIEE
WS 223k, FITIMLA 70 °C MEF 2465, FE0 0k
JE , # A 100 mL 1 mol/L EDTA-CH;COONH, %4 i
A PR 30 min, 8000 r/min Z.0> 20 min, B I
T A KI5 Y (AA-6300C , Shimadzu)
R b AN B 22 BR N Ca® Mk, v ilic ok By
M By, HiFRihFZRHh Ca®' ¥R B=B+B,. (4) J5iH"
X AL JE & ¥ 59 XRD (BTX-526, Olympus,
America) 7. FEAUKIE LK AT Y 5kE 3
W, ZBRm P A4, 65 °C M, &) 100
H i J5 F T XRD 43 #r .

2 GRS

2.1 RBHIE NKA ol 2RISR X ERIFHE
EFIKEEAL THY NKA ol FEDRAHNT 15
BRI RS 25 SR & 1 fos, Tk i 8 ANk
HNKA o BE R 23k i 55 i 6 AT WT A EL 3345 AN TR
FEERIRE . HP, NKA2, NKA6., NKAS #1k
T NKA ol BERIRIE 85108 WT ik 71,
103, 131 f%(&l 1-A). NKA2. NKA6. NKA8 #%
167 NKA S 7300 72 WT #Ak Y 1.36.1.76
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Figure 1.

Overexpression transformants characters of NKA al. A: Relative expression of NKA al; B: Enzyme

activity; C: Colonial morphology. Data represent the meanzstandard deviation (SD) of three independent

experiments.

1.42 %, Forh NKAG i B AL bk NKA B PER
T WT A A ek % 4k 7 B BT (K] 1-B),
IR HL NKA6 b7 1E 5 2 AL s2 5, id Ak
0eNKA, 0eNKA 1 WT 7 [ APl b 1 B 75 TR
FABL(E 1-C), DLBT NKA al JE R B2k I
KA.

2.2 EERA RS RS RSV ENZL

sl 2 s, B A TE XL RE KA 6 d il R,

Y AW, TE 0-4 d E22EKRGE, 4-6 d
U7 2 B B R AN A B A TR . A R R
WT Fll 0eNKA KUK AT IS () A= ) i PEAS [R] I
H—EER, 15 oeNKA Fl WT 75 2 d 1 5& 22k
JE iR 43931 49(0.38+0.02) g £1(0.87+0.01) g, 0eNKA
PR TR 22 PR A o i AT WT, DB L F oeNKA
1) P 22 B A R AR RV E R/ N WT . B
I TS 19 2 P TR 22 M4 ) 1k 2 St W i /N, RUAE
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Figure 2. Biomass changes during wollastonite
weathering process. Data represent the meantstandard
deviation (SD) of three independent experiments.
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A TR 22 AR A T RE A A R SRS R AR K
A —EWRIE T, I ELAE P 5 B Bt 5 ) )
121298/ NKA ol 3 [H 1 18 ek 21 i 2 0 1
X TR 22 4 ) s e A R i — 2R TR A

2.3 FERA RSP pH &

0eNKA 5 WT Bk KA E B A7 LEAS [ 1 [7] 114
B IR pH (AR IS AN 3 PR o S RE KA R BE
FEBAE R K 5 B9 pH {E 7.810 nIREEIN
TS0 ) v s K T SR R A 7 B s i R TR 1 25
T, W pH E Tt & 3 A, RREEAE A
KA WA IR SR BN AR, P4 pH {221k
FABAAE], pH AR 0-2 d AR, H WT F{K
kT 0eNKA B 2, 2 d i 0eNKA 15377k pH
HE T WT K559, 7T REDEIT oeNKA B 224 E W)
AL, BB RV TEG 2-4d, WT
AT FHS, 0eNKA FFRIRIEAS2E; 4-6 d,
0eNKA Fl WT f4) pH {5484k 54371 >~ 0.25 #1 0.02,
22 HBUAR, R REHTHRE , Y NKA ol JEH 1)

8.0
—+WT
7.5 —&—0eNKA

7.0 +
6.5
T 6.0 +
55+
5.0
45+
4.0+

3. HEEMAMRKIREPEFER pH ETK

Figure 3. pH changes in culture medium during
wollastonite weathering process. Data represent the
meanzstandard deviation (SD) of three independent
experiments.

o 22 10 PR B I PR I DL AN K . 0eNKA Fl
WT 7 R AR A A v 0 ISR A R R ) Jo A e 1R
FEEEIR . BEHIMRSE, FRATEEFRIAEE pH P,

2.4 FERA RSB PIEFRER P Ca” WREE

WE 4 fis, 0eNKA FI WT 155 fER AT 12 G
iR 6 d, Bl RIHERS KL TR Ca®*
WREA AR = (18] 4), T pH R PR
HAE RS RO 3T B F I E 2 R . 0eNKA
PRI RE IR ARG Ca® Mk B s i T WT I
PR, BREERIRMH T, W 2E S okl . 5
2 K75 oeNKA Fl WT XULEEK A1 B Ca® ik
JE43 5120 404.28+57.10 pg/g F1 379.96+13.45 pg/g,
WAHREZES . SGEE 208, 2dE 0eNKA 1)
P22 E W T WT, 1568 0eNKA Xk IR A7
ARSIV E RS . 55 4 KA 6 K 0eNKA
RALRE IR AT Ca® W BE Xy B 2 i T WT, SII56
6 KHF 0eNKA KULRENK A B Ca™ ki e
1011.36+47.78 ng/g, %1 WT (248.30£25.21 pg/g)

1200
—a—WT

—a—oeNKA

1000 + A

800 -
600 -

400 -

¢ (Ca®)/(ng/g)
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0 ‘ . .
0 2 4 6
t/d

4. BHERARLDEZPERD CaIRETL

Figure 4. Changes of Ca®* concentration during
wollastonite weathering process. Data represent the
meanzstandard deviation (SD) of three independent
experiments.
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[ 4.07 fi5. 0eNKA 7AiMl RS EAIL, pH {EAH
RITESL T, RURRE KR GBI 21 Ca® . X 1]
NKA al FEPR ARk o 38 m 1Rk A i AL
REr, FF A A B X P 5 R R s )
Jr 2RI o NKA ol JEPR ) i 2238 ] BB B4 T 50X
FRRE T Ay, Bl (22 5 e A A S A 1
1 P A B R A A R SR ) XU

FERAERE A A AR, Bl B SR R4S
WT B3R R CaP Mk BE M M. mIRE R THE R
RFR A Ca ULTETE /b i AR B 45 5, Tfi
0eNKA RiFRR R Ca® e BEARIRANT BT, X nl g
& Ca® BRHIUH KT W sk SRl B A
FRE S P B A SRR 5 2 R
PRI, D TR A R A Rt — PR
2.5 XRD krlREKA RIS 5

M XRD 43 H7 J5t I 4 ) (original) Je 48 3ok
0eNKA 1 WT Xk 6 d J5 w5k lioria, &
P Hp 2R it K 41 (PCPDF 5 75-1396),
4l Ji v FLATT S0 B R (] 5). 48 0eNKA il WT
WAL G B AT Rk A, 2 e A B A
b, B RAL G RE I A 5 1 5 LA G 06 1 5 B A
Xt original A%, 1&5EFEEK/NA original>WT>
0eNKA, HH, 0eNKA 41 AT 5§ B 4146 L
SIS, Ui 0eNKA F1 WT Xk KA B4 — & 1y
KALAEAT, H oeNKA FHA: T WT B8

K A4 WT F 0eNKA KL S5 JLF- 3% 58 1)

W B, ATRESE B T R A 5 YA BAE AR
PR He AR, BB o E B, AN RERL
XRD #5003, I H R MG 7e A R R Ak Kl
FrEEREYRE 3), B7ENE T
H e 0 R VAR SR A T B s 1

FERALIS AR, NKA al 3[R A9 5 ik BUARTE
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5. RLERERAKRBEEY B XRD 4N EE
Figure 5. The detection and analysis of wollastonite
and residue after weathering by XRD. The arrow
express that the peak intensity has obviously decreased
or disappeared in the figure.

—ERE Ffm TR E KRR A RRCR, R
CE Z 8 BT (Kl 4, 5), {HAEXTF WT, X
AR B A BB RS . Xt 5 m &
WA A EE IR SR B W) A 2 Fh I R 25/ AR AT
B, MR R — AR Y T DR R RS AR AL A
TRV, FEBNILRCR A B R I,
R KA &S, DR 2 Mgk
TERERR LWy AL P AR B DR A T 22

3 4

AWk T RS NKA ol FEHEFRIAE
Pk 0eNKA, JH NKA ol SR 3R 35 5 F S AT
WT ¥4 B3 o FEAHR G 7R 5514 T, 0eNKA
5 WT BT 22 (AL Yy A pH (B8 L 3 ] o
H1 2 d /) 0eNKA IIFZIKAEY) i & /N T WT,
AJRE S 2 0eNKA J7 IR/, pH {ELAHX LR o
£ 2-6 d P22 PR A Wi 22 B AR /N, BRIk &R o
pH Ht#a THaE . ik oeNKA Al WT KUk st K
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AEIRCR, 0eNKA XL A AR EL WT P8
WO Z2 098 S T, XRD IS R RE KA &0
0eNKA 1 WT KUk 5 Ha W sl AN AL, {H AT i
SR TR, Hh oeNKA XJREIK A A9 RALFE 1 8

5‘%0

ARSCHTFEEE R Bk — 2 E 58 B 5 R PR R B

PRI A EAE 3 T HLSR AL TR AR
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Overexpression of Na, K-ATPase gene enhanced the weathering
ability of Aspergillus niger to wollastonite

Jingjing Sun”, Chengfeng Yu”, Ziyu Fu, Bin Lian”

Jiangsu Key Laboratory for Microbes and Functional Genomics, Jiangsu Engineering and Technology Research Center for
Microbiology, College of Life Sciences, Nanjing Normal University, Nanjing 210023, Jiangsu Province, China

Abstract: [Objective] To investigate and confirm the role of Na, K-ATPase (NKA) of Aspergillus niger in the
weathering process of wollastonite, a silicate mineral. [Methods] Wild type Aspergillus niger was used as the original
strain to construct high Na, K-ATPase a1 (NKA 1) gene-expressing strain 0eNKA. We determined the biomass of
0eNKA and the wild strain, pH of the culture medium and Ca?* concentration released from wollastonite at different
cultivation time (0, 2, 4 and 6 d). Besides, we also analyzed the mineralogy of the wollastonite residue by X-ray
diffraction (XRD) to compare the weathering effect of 0eNKA and the wild strain on wollastonite. [Results] The
relative expression of NKA o1 and enzyme activity of 0eNKA strain was 103 and 1.76 times higher than those of the
wild strain, respectively. The biomass and pH of oeNKA had the same variation tendency as the wild strain during the
6-day cultivation. The biomass difference between the wild strain and 0eNKA decreased significantly on the 2nd day,
and then was gradually narrowed down over time and reached the lowest on the 6th day. Furthermore, the
concentration of Ca?* (1011.36+47.78 pg/g) released from wollastonite was about 4 times as that from the wild strain
(248.30£25.21 ng/g). Moreover, the XRD pattern also showed that oeNKA exhibited intense effect on wollastonite
weathering. [Conclusion] The weathering ability of 0eNKA to wollastonite was significantly higher than that of the
wild strain, and Na, K-ATPase in Aspergillus niger was actively involved in wollastonite weathering.

Keywords: Aspergillus niger, Na, K-ATPase, wollastonite, weathering
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