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Microbial Diversity and Ammonia-Oxidizing Microorganism of a Soil Sample

Near an Acid Mine Drainage Lake
LIU Ying, WANG Li-hua, HAO Chun-bo, LI Lu, LI Si-yuan, FENG Chuan-ping

(School of Water Resources and Environment, China University of Geosciences, Beijing 100083, China)

Abstract: The main physicochemical parameters of the soil sample which was collected near an acid mine drainage reservoir in Anhui
province was analyzed. The microbial diversity and community structure was studied through the construction of bacteria and archaea
16S rRNA gene clone libraries and ammonia monooxygenase gene clone library of archaea. The functional groups which were
responsible for the process of ammonia oxidation were also discussed. The results indicated that the soil sample had extreme low pH
value (pH <3) and high ions concentration, which was influenced by the acid mine drainage (AMD). All the 16S rRNA gene
sequences of bacteria clone library fell into 11 phyla, and Acidobacteria played the most significant role in the ecosystem followed by
Verrucomicrobia. A great number of acidophilic bacteria existed in the soil sample, such as Candidatus Kortbacter versatilis and
Holophaga sp.. The archaea clone library consisted of 2 phyla ( Thaumarchaeota and Euryarchaeota ). The abundance of
Thaumarchaeota was remarkably higher than Euryarchaeota. The ammonia oxidation in the soil environment was probably driven by
ammonia-oxidizing archaea, and new species of ammonia-oxidizing archaea existed in the soil sample.

Key words: acid mine drainage; acidophilic bacteria; microbial community structure; rhizosphere; ammonia-oxidizing archaea
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(LT L AT /9 BF 95 51 % B, & Ak i B8 ( ammonia-
oxidizing archaea, AOA) | {Z Hu - AR 7EMGVE | 3 |
TURRWY . WK LA 35 K A B0 4 0% 2 R v
M HAERZ 8 ] AOA & T E 1 & A ALK
FM . BAWIIEEY  AE pH 3.7 ~6.0 MR IELL
e SEAL T T (AOA) B Z BRI A o 7 5
K (amoA ) ¥ VB Z T 411 amoA'" | K W& A 1k
WA RE R A EEEMEMH. HXET pH /N T3
{14 A v PR P B 5 v AR A R B R B 9T, H T O
DLHZIA.

A 5T R 2567 T2 B He e M 1 K IX
Ik, SRR R /I B T X AR s 35 SR 1
AR Sy B LA B I T ) 2 RS A T TR
AL REM A YR, PR RAEA T
ANATHG IR X A e A= W 20 i) 1 B
TN st A - 8 v R AR FR AL R A R
TX5 g A A PG FRAAE SRR

1 RS

1.1 FRaREE KT

FEMT 2012 4F 8 FRAE T LB R TR 10
LU 7K PR e/ IR 2 o X B SR AR AR B 1 S8
e R T ICR E H 48T 4°C R A7 15 iy 2 52 06 %= 0T
JRUPEEAT SEBGERE. B 100 g HIEBFEE L 1 mm 0,
PALBRAEPIIR R 5 50 g 2 i 1) £ 38 50°C HLT 24
h, TSRS T KCL AR A B 4 5 pH.
A LK (total organic carbon, TOC) & & H B4 HL
Wil 5 A3 A Multi N/C 2100 5. S A IS A &
R A AV AR B e e R vk L
M3 B A R AR, T A A A )R
I . 28 250 5 AR 4R, SR SR B 4t
JERE R E A R Y AR R SRR 1eP
(iCAP 6000, Thermo) Ml % , A4 5 75 1k UL SCHik
[15]. +3EF A=Y £ E (Microbial abundance ) 2%
JHIY BE £8 e 8 B 32 11 5007 (acridine orange direct
counting, AODC) I5& , BATJ5 i WICHR[ 16 ].
1.2 HEREPIZ DNA 42

H0.5 g T aerE i ISR 2H DNA $2 B0 &
LA AR IR 5 A B DNA (2 B8 MoBio 385 &8 7
FIAE W0 PR ). B HUH R A9 L K 4H &L DNA &
Nanodrop % DNA ¥ 5 & T —20°C 1R A7
1.3 207§ 16S rRNA JEP A4 1Y

F 12 vE 15149 27F (57-AGA GTT TGA TCM
TGG CTC AG-3") #1 1492R (5'-TAC GGY TAC CTT

GTT ACG ACT T-3")"7) DL+ IEFE R 41 DNA Hf
M, VGRS TP AR TE AY 16S rDNA JE[ Bt PCR [z
N A VR TASYE 95°C 5 min, 2814 94°C 30 s, 38
K 53°C 30 s, #EMH 72°C 2 min,35 MEK G, 72°C iE
i1 7 min. i3 PCR J=#RTE - 20°C IR 17
1.4 5T 16S rRNA A 4 1

DL IEEL PR ZH DNA S, A HT o sl 5 14
109F( ACK GCT CAG TAA CAC GT) F1 934R ( GTG
CTC CCC CGC CAA TTC CT) '™ 4 e i vty 20 1
[ 16S rRNA LK BE. PCR SOV SR 158 B b Tl AR
P£95°C 5 min, Z5ME 94°C 30 s, 3Bk 48°C 30 s, FEfi
72°C 2 min,35 MEHJG ,72°CLEH 5 min.
1.5 FHNABEIER (amoA) B 14

amoA & 2 A Ak U1 BE BE—2 0 A i
(ammonia monooxygenase, AMO) o V. % %) s 15 FE
B DL HEREPIZH DNA AR, 4300 1 1 2 A A 4 T
amoA 5| ¥ amoA- 1F ( GGG GHT TYT ACT GGT
GGT) Fl amoA-2R ( CCC CTC KGS AAA GCC TTC
TTC) ") | amoA-3F( GGT GAG TGG GYT AAC MG)
Fl amoA-4R ( GCT AGC CAC TTT CTG G) ™ & &
b B amoA 51 ¥ AF (STA ATG GTC TGG CTT
AGA) Hl AR(GCG GCC ATC CAT CTG TAT GT) "
PR RE i b A AN R AN B A TR G A BN SE U
SR B RSN PCR [ 5B E M 95°C 5
min, 281 94°C 30 s, 3Bk 48°C 45 s, FEAH 72°C 2
min,35 MEHJF,72°C IEM 10 min. A AT H
PCR JZ % 25 F% 8 2 95°C 5 min, 281 94°C 30 s, 8
K 48°C 60 s, FEAH 72°C 2 min,35 MEH G, 72°C 1t
f# 10 min.
1.6 TElE SR F

53 ) K A AR A0 B R A0 B Y 16S
rDNA 5 SCE DL R E AT T Y amoA v [ S
FEALANTE amoA FER & Y14, ¥ 15 5] PCR
PR, WOR R A% SO, e B SC R R B T VRN M
PCR F=#i% 4% 5] Promega /A F] () pGEM-T g & 844
AR IRAE PR A UK BOR RS AL T E. coli DHS
EAZ AN W A F A Amp/X-gal/IPTG (1) LB
S, T 37T CH BRI 17 h, ZJRTE 4CHE 2 h ik
@ BEPLPRE A R, AR IR, AR b
¥ %F M13-M4 ( GTT TTC CCA GTC ACG AC) Fil
M13-RV( CAG GAA ACA GCT ATG AC) #F4F PCR
P U0 UEAE AR BER /N DU B FE R, 0B L oy
PRI SR T T v SCE 43 P 105, 38 i 43
ASPH M FO L AE A T HE TP
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1.7 FINEUKRG KT I

FIJH Bellerophon #2546 1l - 2% B & 1.
SR )5 I Dotur B XS FIr 45 77 50 b 4743 28 iF BB AR
FEH( Shannon ) F1°7 3 F% 48 £ ( Simpson ) Il /10 A1
Mk, e A R s B iz H Blast )7 5
GenBank + EMBL + DDBJ + PDB Fv #4740 Bl 1 48 &%
FE T BARLIE S ) SRR AL 38 v 1) N
(KA. BT A F 50 BioEdit H Y ClustalW 2 5
HEAT X, 37 MEGA 4. 0 S R G L T,
1.8 JPIERYS

FEARBFE T TR T 518838 2 GenBank H, 41 14
16S tDNA 1 J5 41| % 5% 5 iy KF863913-KF863952,
KF924200-KF924205 ; i1 16S rDNA H[F511 % 5% 5
h KF918278-KF918306 ; 4 &AL T B amoA 1) T4
k5 N KF916687-KF916696.

2 HRE5HM

2.1 AODC 5853 HT

JIT R B IR S B AR 3 W) BRAL S SRR 1
FESH IR PEAR 5, pH o IH 2. 83, BLA MLAK & &>
0. 675% A% T4 HAIARAK 13 TOC SF3 22
TKEN 9.5% ; HEEMAEYEE N 3.1 x10°
g™ NHY -NFINO; -NEHA K 7.6 mg-kg ™'
3.1 mg-kg ™' ZMARHES A R4 R A AR,
AL & R 151 380.3 mg-kg ', Fe & A
57.0 mg-kg™'. SO;” {raLiA2 168.0 mg-kg .
2.2 IFNEE KRR RO T

26 I 7 40 B SC PR SR 3RA5 103 55 741, 2o bR dd ik

F1 TEEROBHLESE

Table 1 Chemical parameters of the soil sample

24 g 15 24 e (8
pH 2.83 Fe/mg-kg ™! 57.0

TR % 9.5 Na/mg kg ™! 79. 86
TOC/ % 0.675 K/mg-kg ™! 45.21
A FEE A g™ 3. 1x10® Al/mg-kg™'  1380.3

NH, -N/mg-kg ™! 7.6 Ca/mg-kg ™! 76.95
NO; —N/mg-kg'l 3.1 Cu/mg'kg’1 1. 14
R P/mg-kg ™! 2.3 Mg/mg-kg ™! 12.0

S03~ /mg-kg ! 2168.0 Zn/mg-kg ™! 2.53
Cl~/mg-kg™! 8187.1 Mn/mg-kg ™! 6.21

HHR AW IE A BIFH R 95 4 w5 &8 8k
S IS5 28 41 39 A UFH). 3 A S0
M AT Ze an &l 1 Fros , 3 AN SO R 28 ¥k T
Gz AT DL B ot e Ml B R T T A T | R R
EAC T RIS 25 . A AR 48 5 ( Shannon ) F12E 3%
FRIGHL( Simpson ) T LA H1ZAE & b 41 B 1) 22 R
TR (ER2).

50

45 | WA
1 |
W01 —a0A

35
30
25
20
15
10

5

U 1 1 1 1 1
0 20 40 60 80 100 120

LU 8l
E1 #HE. SENESNEEHENERE

Fig. 1 Saturation curves of bacteria, achaea and AOA OTU

OTUs

R2 HEH., HHURESRENEEREESFEEN

Table 2 Diversity indices of the bacteria and archaea and AOA clone libraries of the soil sample

TSR TR OTUs Shannon F§%X Simpson F§%% Dominance"’
il 95 45 3.49 0.0327 0.0832
W 28 14 2.38 0.096 6 0.098 2
A TR 39 10 2.02 0. 141 0.123

1) Dominance =1 — Shannon/ (InN) ( N:Number of OTUs)

2.3 AN b A A i 2 AR L
WES W Sk
2.3.1 AEZHELUKLRGERE o
PR AL 1) 515 A RDP W3l | 7531 i 5k
IR R G0 & B (0. 45 R s, g SO
BT 1L A CnIE 2) , Fo B o e il R R B 3
K B 7 B N Acidobacteria  ( 47.4%) |
Verrucomicrobia(18.9% ) . Chloroflexi(10.5% ).
£ NCBI i Blast B2 7 LU XS 4315, 2L HX

TGRS T HOXT, R 59287 X R o 41 B
FGRXRABITM YR B T — @Rk B, 4n
Sy X R PE | BRYEIR MR | BRI £ AR
PERT LR K A B M AR PR G

ARTEGE T RR AT R T 12T o He Bl e m i 128, 7
SO EREIN 47, 4% . BRFT IR T VB AE R EE rh 4 A1
Iz, AR AR v B bR ——AE
T 16S rRNA KL SCHE R iy F 2 AT 3k 10% ~
50% 0 AR S ERAT R T 14N £ )8 T Gpl 2K
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Actinobacteria
429

ECINTE 3) . FRAFIR T B — L8 1 510k T4 o BR 358 4
G AT P R ME IR BT LA T 52 P Lee %1 7E
A5t ] 1 S5 R AR s - S8 29531 W ] PCR LA
N2 5% PCR (reverse transcription PCR) #ff 5% +- 1
FEsL AR W 2 R 1, 7E TRNA SR SCPE D e iy

wie /O
Dcllaqratl;}?bacteria

Betaproteobacteria
1.1%

Gammaproteobacteria
3.2%

Alph_ainroteobacteria
4.2%

Chloroflexi

Planctli?)zlr;:clcs rRNA ﬁ%%ﬁ%‘%ﬂ E’:J cDNA B‘CE\:FEP 5 @fiﬁ%l‘]@f IJ_'T Hﬁ

BIERR T 50% R WIBRAT B 1] 240 T 1 32 L A i o

Verrucomicrobia

—18.9% B e 22 1 EUFT R G P e
9 & Bac-XC- 105 (2.0% ). Bac-XC- 109
B2 SAESCRE RS BT &t

Fig. 2 Proportion of each phylotype in the clone library
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2

53

]

Granu
10]__|Bae-XC- 16(KF863926) .
100 Uncultured Acidobacteriaceae bacteriumclone Amb_16S_1199(EF018742)

L Bac-XC- 27(KF863930

(5.1% ) . Bac-XC-19(1.0% ) il Bac-XC-25(1.0% )
Y15 Candidatus Koribacter versatilis B 3E % %< R

78
9

Bac-XC-86(KF863950)

Uncultured arsenic-rich sediments clone Carn-cDNA_57(FR846981)

Uncultured bacterium clone ERF-E5(DQ906073)

Bac-XC- 99(KF863952&

00| Uncultured bacterium clone PW005(GQ402550)
Uncultured bacterium clone CT6(FJ466140)
Acidobacteria 5}), N3B(FRE74231)

icella sp. J3R(HF568987)

Uncultured Acidobacteriaceae bacterium clone Elev_16S_1734(EF020234)
Uncultured Acidobacterium sp. clone JL123_87(HQ730661)

*®%Uncultured bacterium clone fl T(IX522998)
o Bac-XC- 41 (KE863937)H

Uncultured bacterium clone HLLCs 126(1X099917)

Uncultured Acidobacteria bacterium clone KBS T1 R5 149258 el(HM062228)
100[Uncultured forest soil bacterium clone DUNssu057(AY913279)
Uncultured Acidobacteria bacterium clone HEW 08 525(HQ598652)
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Bac-XC- 25{KF924202&68(EF0[8306]

47

&

200 =2l Bac-XC- 4(KF863936)
Uncultured forest soil bactérium clone DUNssu336(AY913513)

Uncultured bacteriumclone Amb_168
andidatus Koribacter versatilis Ellin345(NR_074350)

Bac-XC- 19(KF8639 27)3
Unknown Actinomycete (MC 13)(X68464)
Uncultured Acidobacteria bacterium clone DH133(JQ861293)
%0 Bac-XC- 105(KF863919
Uncultured bacterium clone WLBL543(IN168307)
Uncultured Acidobacteriales bacterium clone E2006TS6.3%(GU983355)
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58 —Uncultured bacterium clone EMC-0047(KF026310)

%9 —Uncultured Acidobacteria bacterium clone FAC2(DQ451441)
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Bac-XC- 106 863920

Bac-XC- 5 (KF86394)
10?5 Uncultured bacterium clone

E’Ig 1{FJ466151)
58
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Fig. 3 Phylogenetic tree of Acidobacteria in the soil based on 16S rDNA sequences



/v

6 X%

PR AP 1L 32 7K 2 T30 - S A ) 2 e B R SR A L TRV 9

2309

VT, Ward 2P W # T 4045 Candidatus Koribacter
versatilis 76 N BTRFFIE 1T 3 DR 5L R4, KB
Candidatus Koribacter versatilis .45 filf B2 £5 1\ fiFf ik
IR JFRE S, HAE BHAE pH 4.0 ~6. 5 S 447

W% Bac-XC-27(4.0% ) ., Bac-XC-86(1.0% )
F1 Bac-XC- 99 (1.0% ) 5 B #& Acidobacteria sp.
isolate N3B [ 16S rDNA &SI A IERI A 97% |, %
PRI B H 2 E R A — I 2 b AT X R T R
w20 Acidobacteria & TE RS R 53 B BRI BRI Y
FURE SRR, 22 QYL (8 2 B, 4405 AT 7E pH 3.0
~6.0, JRIEH 20 ~37°C HIFREE AL

50 Bac-XC- 14 Hl Bac-XC-4 ( F J 43 5 N
4.0% #13.0% ) 5 Holophaga sp. ] 16S tDNA 7%
[FJ5 3 5. Holophaga J& 41 B 1E — LR A BT K

R RSN E] AP AR T AR LA B B 8 KA I
/KM ANHE T 300 2 m BERIE b A SR AP L R
PEW 3K Y . Holophaga JB AN 22 4 ¥ > B ™
DR AU, PTTE R BE R 10 ~ 35°C BRBE i AR A7, fic i
TR A 28 ~32°C , Bl pH N 6.8 ~7. 5.

efE Bac-XC-41(5. 1% ) il Bac-XC-80(2.0% )
TERGEBW 5 Acidopila rosea T H—IS (K 3).
Okamura 257V 23051 78 H AR 19—~ AMD 4bH T (/K
FE pH 2. 7) FI—ANZ5 MRl el 38 (pH 4. 5) &
Witk Acidipila rosea. Acidipila rosea “}j 85 >% FC R
U4, SR BT B BRATIE B SR 2B AL REAT AL
BFRA, W[ LILE pH 3.0 ~6. 0 JE BN A 77, el pH
J94.5; pH 7.0 REARAREAAE.

NIE 4 P R BT 1424 3 Pl B ( SC%

=

oo urkholder aapheﬂa"mmm slraln BLN 15(GQ181056)
. .Egn'kfmfdu ia s
e L
% wl Uncultured gamma rotcobactcnum isolate: rs-jx22(AB679940)
Bac—XC 6(KF86393,

S SR T
40 Uncultured bactgn(t}ﬁglonc 7)

Legionellasp. FA
& [ Uncultured forest soil bac:tcrlumclom DUNssu346{AY91 3522)
Uncultured bamenumclone BO(JX522802)

%zoc?rsgmu 75 S| lngga;((u()_’r 69128

Haliangium f{.pm’um strain SMP-10{(NR 0"4?8Ii
UnculturedHahan nmas‘f cIoneEZSSUFSJ 913)

A
?Jm.u¥un han.ll:num cloné WLBL}?‘)(JN 168206)

ncu urad]h {enum c?one%{DD D3-A_B6(HM125178)
Actinobacterium BGR 43(GU167 SS)
Aciditerri ferrire .".w»n(a\BSI T669)

100
ﬁctﬁtured bact &'ﬁlr—nﬂn\:?onellaﬂﬁashlc‘ B5 B'J 54'.-'96]

Uncultured bacteriumclone ERF-1C J(
UrJ LulLurud bacterium clone TUN_dI(

KF§
ncu ture d%(amerlumclon)eERF Dé%gD%%éO?D)

s {Uncultured bacterium clone B50(J
Uncultured bacterium clone A12(JFR3345 0)
T Firmicutes bacterium WSF2-15(FJ405898)

” Uncufture%f rest(sﬁgaclcnu cIoncDUNssuSQI(AY‘)ISS(:S)
Umu Lu acterium Llom(..l 89(F] 58)
XC- 4?£K 8639

1]
ncu urcdg g‘ucnumcl%nchMAB cl- I95§FR‘F49820)
6 Ur;?ulturud bacterium clone SL13(KF

XC-1
tulluE‘d l? Mcrenaiaumum Sl- 31&[1%74066)
necultured Krednobactersp. C.la-62(JX5

10({KF86.
Unculcurc K edoslarreﬂasbactc]num UMAB- cI 143(FR74976R)
Uncultured bacterium clone B125(FJ466021)

9’ Iij’ncu tureg ggm enumclong 3B _07C(1X098447)
i haLl um L?t\nt.ll"“}KSf[(uUIZ?ﬂS)

ncu tun
Um.uhunzj bacterium clone BaclV clone33(FN870309)
Uncultured bamenumclone PW2371G0Q402703)

T A R K 6(FJ466175)

Bacterium cnrlchmcnlt.uhurccloncauto 10_4W(GUT31333)
Bacterium Ellin5 16{AY960779)

ac-XC- 24(KF86.
* neultured er(mcom:cm%;d)subdl\ mnn 3 A491(JF833547)
Uncultured bacterium clone G90(JF429016)

Bacterium Ellin5 102({AY2345 ]9%
Uncultured IJ'lctcnum clonencd2019c05c1 (JF174918)

* Eac chd% gim um c?onc)l- CPN4 696"!‘ “F515961)
100 Uncultured bacteriumclone F3_5 (00?7 i3
4EUncuhumdb1ctcnumclonc TSCTOR BM(A 486712)

Biy; -XC- 12(KF86

18783)

100 100 Uncu'l‘turg baclgrufrg)cl?me H%K 1 ?f{GU 127745
Uncultured soil bacterium clone 19 _45KEI1 (G
a\"mmcmda sp.OB1 J(g()ﬁ?‘)l 4)
97 G FOS 6&}3 89472)
D2—6 GQBR9476)

Cremmata sp.

- X!
Umufur 50|]9(4LLLr1uTnL orzu\ll _bac_con(EU8G1824)

Uncufuregsmﬂm(cterlum c?one)]2 ??KCOZ%((]] 18894)
Uncullurcd Gemmatasp. clone E68()
Uncultured bactennum clone NR. I J037(EF494332)

4 ETF16S rDNA FIMHEEITHERZLEN

] Betaproteobacteria

Gammaproteobacteria

Alphaproteobacteria

Deltaproteobacteria

Actinobacteria

Firmicutes

Chloroflexi

Verrucomicrobia

Planctomycetes

Fig. 4 Phylogenetic tree of other bacteria in the soil based on 16S rDNA sequences
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Fig. 5 Phylogenetic tree of achaea in the soil based on 16S rDNA sequences
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Fig. 6 Phylogenetic tree of AOA in the soil based on amoA sequences
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