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Abstract: [Objective] pH and oxygen were the key limiting factors for the ammonia oxidation activity of archaea.
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The law of competition and adaptation of different archaea ecotypes (soil archaea and marine archaea) to pH and
oxygen in complex soils are still unclear. [Method] Ammonia-oxidizing archaea (AOA) was selected as the marine
archaea Groupl.la-associated with acid forest soil with pH = 5.40, and the active ammonia-oxidizing archaea were
selected as the soil archaea Group 1.1b-associated with alkaline paddy soil with pH = 8.02. After adjusting the pH
and oxygen concentration of the mixed soil, a stable isotopic probe microcosm indoor culture experiment was set up
to analyze the intensity of soil nitrification. Also, quantitative PCR and 454 high-throughput sequencings were
employed to study the effect of different pH and oxygen conditions on the number of soil ammonia-oxidizing archaea
and bacteria and also the types of active ammonia-oxidizing microorganisms present. [Result] Compared with zero
time, the contents of nitrate nitrogen and ammonium nitrogen had no change at pH3.8; At pH6.0 and 7.6, nitrate
nitrogen content increased by 23 times and 19 times, respectively, and the ammonium nitrogen content decreased
significantly. The results show that after the soil samples were mixed, there was no nitrification at pH 3.8, while
strong nitrification occurred at pH 6.0 and 7.6. Also, the nitrification in a high-oxygen environment was stronger
than that in a low-oxygen environment. After substrate culture, the number of oxidizing archaea was increased
significantly; DNA-SIP shows that the active ammonia oxidizing archaea with pH 6.0 and 7.6 were almost all soil
archaea Group 1.1b. [Conclusion] This study reveals that pH rather than oxygen is the main factor affecting
nitrification. Although oxygen also has a certain effect on nitrification; in neutral and alkaline soil, soil archaea
lineage has greater activity in high Oz and low Oz environment and have more adaptive capacity than marine lineage.
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TAEPI AT e HhER 2 RN ECE BRI AR SR, BB 20, AEs, A
I, T EMTAEY 2 CHVD A BRIEHUGRE B FRRAEYD, KB HhIRkiEfk B s S
PR 5 BT IR R & A R, 2 E 4 TE (ammonia-oxidizing bacteria, AOB)
JEILZ B N4%EE (ammonia mono oxygenase, AMO) FIMEH MR AN NZE, RGTERIK
AL R B (Hydroxylamine oxidoreductase, HAO) fI1EH &4 NO T, 1 &AM 1 T
(ammonia-oxidizing archea, AOA) W[ feif It R A A EM N NOy. 1S AOA (1)
AMO VHITE AL, ShZAEER C EEHYS AOB EARHIES Ere AUk I 2 72,
AR AR BIAN A LA S E AR SR T 25 PRI R () 52 e A5 49 AN [R) R B 1 S S A B A W T T2 A7 AE
TARM. B, AR, BOKIAEL LG KAL) BISE A s v o BRI DR 3 A4 SR AN = 4
WRE. pH. R JE . AUIRFERIK 7 IR GLI AT BEXT S A AP~ R R, 1T pHL A2 0 358
PR A R S SR A B T 25 I E 2L R R 2 — 151, GBI X amod FERIH RG K E 0 HTs
AOA il AOB fER B /KT FEEERES), AOA T SN IR P Z Sk S, i e
PGP L, 8 AOB A& 3 FAEH 10, RS LI b e DT AOA F 7,
XULH] AOA FIREIEN B2 1) pH M58, AR AEMI I, HIKFER Il &
FACTUAE YD AR 2SS9 SR, T ol 52 M R A B DAL P i 2 ST A o0 SR A
T2 BT TOR I, AOA SR 2058 AOB AR, 15 AOA X4
S =SR], VR R AOB A SR . T Skl rh, S8R 75%
FRARZ 5%, AOA ] aomA PR sif PR IR =, 11 AOB 1) amoA 5 PRI 55 v 14 ek />
TAEHD, ERBASRG T, HRERKIN AOA MHE S LI A IRE R,
Il AOB HIE S HIEASIREE IEA G, IR ELHF TR B AOA WIS PTG 138 97 14 B ot
FHET AOB, AOA X5 B ot (13 LM v BE/2 HH T AOA HA BE iy [P M 2 FE AR 2 4%
P
AN E EEAREFEZREE (Group 1.1a 1 Group 1.1a-associated)  L3ES B
(Groupl.1b) PARWEHIE TR (ThAOA) o HrAig ity b Al LI B R U S T
I, TR 64 00 R S R IR 13 SO T 78 2 S8 A B A B3 . pH AR
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AN EEE RS E . A R SR AR, AT REX ISR A (Group 1.1a
F1 Group 1.la-associated) F1T3ESHTE (Groupl.lb) AEZSAI =B . AHFFERN, HE
KT T FRRIEIA B R AL, 0 39S B 0 = o3 A AR R AR E 3 S], Zhang 418
F ST R I 32 T 5 i 2R R AR RR M I h R T BRI R A . X AR
B, AT TR A AR S )0 S BE LR, B R S S S R A e e B
I S B A R Z R R, R T IR A YR R G R, SRR
TR . I, AR AT RE S R TSR R A T S IR AR A ) — D
K% .
HAETx H3%2E AOA 5T AOA LM AHAZ, HAIEHK AOA T M
B g R, SR AOA TERRPEMSS e o TR SR LB 0 T 337 1 A1 2K ik
VE B AE BRI 3 A R A B A TS I o PR B RIS AEAE A I L T AR S ARSI
AT AR . pH AR SR SE IR UE Y 0 A B EEAE A 7. BT FEAN ] pH AR
RN R3S AOA 5l AOA ZIHIMFE 4+ R R AN 1328 AOA HilFT3E AOA X}
pH VARG REHLE], o WA & B AR S A B L

1 #RHS 57k

1.1 HmRESLIE

PR BRI AR LRI BR M KR o BRI AR MR AR SR B WA BN 1T (30°14'N,
120°09'E) o 1% X J& T AR PE T S, 35 17.0 °C, FIFF/KE 1533 mm,
21 74% IR R ATE3 AZ 9 H, T3 N 20 38 Bt /KA 12k H DY 1148 % FH T (30°05'N,
104°34'E) . iZIX @ T W RIS %, FHSIE 16.8 C; FEHFF/KE 965 mm, 131
RO L. RS CMEKREEL A, SFKREEKFENZE 250~350 kg-hm?.

2010 4F 8 F KA LIRS . S A BEHLER 3 AKAE A, SRE LR E 0~15 em Hrfif
T, KR, MURARSE, ARG, EWNEAKT, FFEL 2 mm & H. BRIE
ML pH5.40, HHLF 252 gkg!, 2% 1.13 gokg!, HIOETER AL E B NS
Group 1.1a-associated, & 17%~18%. B4 /KFE - T /KFESCE] 5 KAE, 123 pH8.02,
AHLUR 23.2 gkg!, A% 1.93 g'kg!, HIEEMR A F OV LI E Group 1.1b, HA
EE17%~18%.
1.2 H&SH

¥ 2 At 2 mm GG IR RS T ER S, oK 1:2.5 WEiRA 3% pH, F
FABERR G2 v BRI 6.0+ 7.6 I FHBERRZEMRAN 50% 2 Fe i 1 1-4% pH % 3.8,
FE— G, IEi pH. Bl BIER, BEERSENBAXT . KA ERER A
S A HLT(SOM) & . F s ATl e THLA & & . SR)5 K FastDNA® Spin Kit for
Soil (MP Biomedicals A F]) i@ I T 5K 2H L DNA, H -3EHRA44) DNA W&
% il NanoDrop®ND-1000 UV-Vis 43 Y6 it o
1.3 DNA-SIP &%

HEAT L3 DNA-SIP ff3= 5y 85 75 DA 5015 BA 11 38 A A0 A PRV BT Je il i 7R 5256 .
BE T8 3540 28 °CTIE F- 91 i AR AR 3 CO, HE R, PR B 2iHi O, H
S LA B COL I B B3 I (7 d RARE)IRT 0.5 %o 3CO+CoH X REAL A 1.2 mLCoH,
BT 5 d TG TR, RIE LIEEAL AOA F AOB.

DNA-SIP iR #7003 BCOs Arids 2COs hRit Al BCO+CoHy X HEANHE = FhAb 3
BCO, ARt~ 2CO, Aric At HE AR B 2 1] (i e et b2 FH T3Pl R AL AR 2 75 [F)Ak 13CO, H
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T HFFAEKBCO, oK H Dropwise 77 XNAEREMEFRIMA K 178 ul /9 0.1 mol-L! 1) 13C-
Urea {5, 73 H3EF IR R N RIEIAF] 100 pg, =580, FEREN 6.0 mL ] 3CO»;
12CO, 4bH [F)F£ K H Dropwise 77 AEREANEEFE A 178 pL 1 0.1 mol- L' 1) 12C-Urea ¥
W, A5 I R R NIKEEIAE] 100 ng, ZEFEFRM, MEEAN 6.0mL ) 12COs; BC+CoHs
Xof AR R U TE 13COo AL BREEA A1 1.2 mLCaoHao 0.6%-Oav 21%-0, A FE 2458 F e 45 73 /<
PRI 78 BCO2 ARt PCO2 ARt Al 1BCO+CoHao A FR FH AT B (1) PR 2RV, % 557700,
BTG TN B2, TN N2, N AR S, AKX RE CO, S A CoHa
AR, AREIEEANEE TN 0.72 mLO,, SEMAIENEFMA A 25.2 mLO,. Xt
TR, 5.0 g AT LAERIFERAON 120 mL %36 T R EMMERS, #ED
£ 28 °CAERRMEH L 60 % I L3 i KFE/KERE 7. fE A 56 d G FRIAN &8 AN E & ik
TS (80% AT~ 20%5A ) MR TR 1 min L4ERFA A, B2 A
AR -
1.4 BERBEEHEE LI DNA S

FNanoDropill & #f 5 FIDNA S &, FI10 mLy: 5 28445, 1 mL 8 ok B O VR SR e 7%
26 mLIE LT, JH4E20 °C T FBeckmani B 5 0 1-Vti65.2 (Beckman Coulter, Inc.,
Palo Alto, CA,USA) #.0244 h, ¥ 45000 r-mint . #EFE#EELEHRE, A DNARE
1T 2R, ERS O BEEDME E FEFE N BRI CKEAD R K O e
ISR B L5 EREfh, S0 E . NE-1000[# 2 #ii# % (New Era Pump System,
Inc., Farmingdale, NY, USA) ¥i#0.38 mL-min?t ; i#id{# FJAR200F 4% X1 (Reichert
Inc., Buffalo, NY, USA) ll5E 152 A5 2 TG 3 R S & B RAR T S8 B . MR Z 1
B E T IIAS50 pLIPEGE000VE M, kR B A T UIRSIER, =iREHE2 hsli&37 °Cn
1 hPLiEDNA, $RJ57E15~20 °C 130 00> id £5.0:30 min, &2 Bisil: #HIRDNATTE
HICARAEAE )G, B T30 ul TEZEMR, -20 °CLRAF

1.5 FE= PCR

AOB Hl AOA ™ amod H:[H ) SE %6 & PCR-KH 51 % amod-1F (5'-
GGGGTTTCTACTGGTGGT-3"\Al amoAd-2R (5'-CCCCTCGGGAAAGCCTTCTTC-3' ) EL %"
W DNA 2 4 4k 4 B (AOB)amod W F B . KHSIY  Arch-amoAF (5'-
STAATGGTCTGGCTTAGACG-3") Al Arch-amoAR (5-GCGGCCATCCATCTGTATGT-3') H
Py 15 DNA RS E R AOA) amod FEK Fr Bt PCR §H RNAK RN 20 ul, 15
10 uL /) SYBR Premix EX Tag TM (FAW TR (KiE) ARAFD , E. FiFEs1¥ (10
pmol uL™) % 0.5 ub, 1.0 pb B, 8 ul KEAZEK. SERS PCR 2 WIR: 95 °C At
3min; 95°CAEYE 30s; 55°CiB-k 30s; 72 °CLEf 455 , 32 MEH.
1.6 =FENRF

FEE 7 BC FRC B EZH N R amod FERIM e S,  DAHEWT A 78 rhiEE AOA 51k
171E GenBank 116 1 AOA B R 40K B 5% & - Crenamod 23f(5'-ATGGTCTGGCTWAGACG-
3") I CrenamoAd 616r (5'-GCCATCCATCTGTATGTCCA-3") 5I#%} M 13C Fric i) DNA A3k
1311) thaumarchaeal amoA FEPRHEATY 38 . 1L 519 MI3F/R #k 51 4T PCR % FH, I
Y P2 FEL K ) 7 ¥k A TR o Bk A B P B a6 HEAT T — 2P B3I (Invitrogen,  FIRF)
TFSRAZH T 8 2 750 0 B4 DNAStar 3547 751 B0, 28k 551, k15 H
FRIER P H . A AR FHTE NCBI ) BLAST Mi68, 3R43 5 BTt L A2 % & 7KFARIE 1)
FA, 5 O3S A ik A E M 23T DNA X, {# ] MEGA 4.0 % 4-% i} Neighbour-
joining algorithm ()77 ARG K B -
1.7 BUEALIE

BEATERME R H 00T, BIR T 7 2= M 2 B . B B0 A Microsoft Office
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2007, Origin 8.1. Mothure. Mega4.0. Biotechnology Information(NCBI)-Blast 25317, H P
<0.05 £G4t LR

2 45 B

2.1 pH FESKRE XA /ER RS20

Wi 1 Cace) Fimm, ERIMRRIERYIZMEETE 56 d T, =AM T, pH3.8 FEamH,
BCOy+CoHay BCO2 12COs 3 MUEHHA R & &5 74 17.60. 15.55. 14.28 mg-kg' 1,
52 ZI1# 22.00 mg-kg! T A LGB Bk, SR L&A RS PE & AR pH6.0 B 5
3N SRS BN 2025, 469.69. 404. 53 mg-kg! T+, S5ENZ] 22.29 mg-kg! T
TAHEE, BCO, MEMAREGEK T 23 £, RIMHEIRZIMEAEN:. pH7.6 A3, 3 /4M4b
HASSE T E AN 16.80. 452.50. 356.63 mg-kg! T+, H5ZR %) 23.57 mg-kg!' T LML,
BCO AR T EK T 19 1%, RILHSRZ IR TEE AREIEE T, pH3.8 A3 i,
BCO,. 2C0 2 MEFMAR GBS HIN 12.41. 12.69 mg-kg! T+, 5 ZIH LB B4
1, REJLFEAMWER KL . pH6.0 FEfH, 2 MEERRES RS & 57008 402.51. 319.47
mg-kg! T4, HSERZITLAELL, ¥R BIMEAENE, He g e e s T
AMH, HIFAR R pHT.6 PR AREEH, 2 ANMEBERE SR S & 5N 204.54.363.04 mg-kg
', 5FBZ23.57 mgkg! FHAHM, SR RAAHA S, His s B
BAREA B, L3 2 5. FIRAbEEH, BCO+CoHy A HR 5 T ZIAH L, #TCH ARk,
W BB B

mE 1 (b,d,0 P, &BARM 100pg-g! T4, JRERIE S6dJF, mEIE T, pH3.8
AEERRES R, WIRESE S BN 45.76 mg-kg! T4, 1BCO, il 2CO, AbFR A, #AHIKIE 5>
Wl 553.58. 537.68 mg-kg! T+, 5 BCO+CoHy &b FEfY 528.45 mg-kg! FHAHH, THIE
TR, v R IR AR R, N RS B BRI RS TR, A R AE AR TE T -
pH6.0 ALFREE S rh, WIHA S BIRIE N 19.01 mgkg! T+, 2 AMbFd, HARIRE DTN
0.44. 2.35mg-kg! T4, 5 BCO+CoHy AbEE 1) 405.98 mg kg T LAHLL, 8 & FRE&H,
YLHATE 56 d $5 3Rk fE v, RAR T SR ZUAHAAE FH I B S U R G A o R S U i/ - pH7.6
AEFRRE S, WA EIRE N 9.57 mg-kg! T3 8 )G, 2 MbHh, ASEIRESY
58 7.40. 55.50mg-kg! T+, 5 BCO+CH, AbHEf) 456.29 mg-kg! T HAHEL, BHEFRAK,
TS AEAE P 5 2 AR EIABE R, pH3.8 FEfh, 13C0.. 1200, 2 MBI AR SR & B0 7 N 482.31.
464.92 mg-kg! 1, 5 BCOy+CoHa [ 528.45 mg-kg! T AL LW A4k, £ L&A
HAAER R pHO.0 FEM T, 2 MNMEEREER S E 7708 7.08. 135.89 mg'kg! T+, 5
BCOy+CoHa 1) 405.98 mg kg A7 B2 R R, YMITE 56d HEaRid i, KA T REH
TRAER, N IR A5 S R e A A RS AS ST kb o v S AR S BEAH ZE AN B B2 pH 7.6 FF
2 ML SR A B BN 158.19. 36.08 mg-kg! T-1, 5 3CO»+C,H, ] 456.20 mg-kg! T
LAHECE RS, UEUILE 56 d $EFRid e, RAEMEIERRERZL . Had b S5 S
=2 I A TR .
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2518) pH38  Hhutecn 600 ) pH 3.8
20 F ] ] =g:y—se—“g 500 |
400 |
150
300
101
200 |
3 100 f
0 o L] [ ]
21%-0, 0.6%-0, 21%-0, 0.6%-0,
~ 500 = 5001
2 ) pH 6.0 3 d) pH 6.0
it e 400 X > 400
2E €5
& oo 3001 B oo 300t
T E 200 & E 200t
; z
T100 b <100t
=} e L
“ Ay
21%-0, 0.6%-0, 21%-0, 0.6%-0,
500r¢) pH 7.6 S0rhy  pH76
400 400 |
300 | 300 |
200 - 200 -
100 - 100 -
0 0= —
21%-0, 0.6%-0, 21%-0, 0.6%-0,

Jet

S E Oxygen content/%

TE: Day-0 R F 1 %] 15 Day-56 A Urea Sl T #3577 56 ds BC+CaHa RARFEIEFRHIIA 1BCO2 bivit
JEA RIS AL 307 CHas R A IR ZERR=A HHE L MTHHE . Note: Day-0 means zero time
soil. Day-56 means adding Urea Microcosm to culture for 56 days; '*C+CaH> means adding '3COz labeled substrate
while adding nitrification inhibitor C2Hz. The error bar in the chart means three True repeated calculations.
Bl 1 AFEAEHE T L5 NOs-N (a,c,e) « NH4-N (b, d, ) &AM
Fig. 1 Soil NO3™-N (a,c,e), NH 4°-N (b,d,f) concentration changes under different treatments

2.2 pH MESKEXN EEUMENFEREIFM

pH AVERSIR X A R IR i 2 (ac,e) Fim, IR RIRDEEFE 56 d )5,
AR R, pH3.8 ALFRRE S, 1PCO2. 12C 022 MEHREEM LT amod B [RI$% DIHSr 5
N 1.06x10°, 1.30x105copies-g! T4, 5ENZ] 1.85%10°copies-g! TLAHLL, AR, H
AT TR ARESE IR 1COy. 12CO22 MEEE amod FEBRIFE VIHIY ) 1.64x10°, 1.66x10°
copies g’ T+, HEMZ| 1.81x10° copies-g”! T HAHL LRk . T S8 A5, pH6.0 F
7.6 ALFERE 1, 13CO2. 12CO0 2 N AEBEZ A T T amod 3 PR UUHI 59074 2.37%107.7.23x106
copies'g! A1 5.86x10°, 3.74x10° copies-g! T4, H5ZER %I 2.40x10° copies-g™! L H
9.34x10° copies g TLAHEL, 234K T 10 f5H0 6 fiF . (RAEALIER) BCOL. 12CO, 2 AMibHE
amoA FERFE TUEU 37 3.39x107, 2.16x107 copies-g T F1 1.26x107. 1.80x107 copies g™
T4, 5ERZIM 2.40x100copies-g! T LA T 14 550 5 65, FAAREACESE UGS T
FALEE . DAEALRER) BCO»+CoHy T AEH 50 BT 5 13 amod R NI ZENIA K, HiH
LA RN T A A B A

pH ARSI B AL AH B e R ] 2 (b,d,D) R, ININR R IR ER % S6d Ja, &
AIAEET, pH3.8. pH6.0 ALBFEFH, 1BCOs. 12C0O, 2 MEFRE FAL YN amod TR P2 L%
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AN 1.46x10%, 5.22x10% copies-g™! F-A1 7.55x10%. 1.12x10% copies-g”! T4, 5EI %
2.86x103 copies g™ T+ H 3.75x10% copies g T HAHEL, FRTHIN, HIKLXEA S . pHT.6
AEERFE S BCO2 2CO, 2 AN EAAH B amod F2PK ¥ DLEL 1) 8.89%10%, 1.25%10°
copies-g! T+, H5EMZI 3.25%10%copies g T LAHE, AR, RAFF T, pH3.8 b
FEalh, 1BCOy. 12CO2 2 MLFE amod FEPRFE VL5718 1.69x10%, 1.23x10%*copies-g! 12,
HREZI1) 2.86%103 copies g™ T LAHLLA BT i, (HiEREA K. pH6.0. pH7.6 ALEEFE &,
13C0O2. 12CO2 24 L B amoA FE [R5 DLEL 73 701l 79 1.88% 10, 2.85%10% copies g™ 1 H113.84x103,
1.84x10% copies-g! T4, H5ERZ1 3.75x103 copies-g! T LAl 3.25x10° copies-g! AL
ARG, HEE e DU TR A

Archaea Bacteria
S H3.8 4 H3.8 Day-0
30x10° P 6.0x10°y 1 P e
2.5x10° Bl Day-56-°C 5.0x10° =[r;1.: .
2.0x10° 4.0x10*
1.5x10° 3.0x10%
«  1.0x10° w 2.0x10°F
5 E; ’
< 5.0x10° < 1.0x10° b
on o0
5 0.0 5 0.0 .
E 21%-0 0.6%-0 E 21%-0, 0.6%-0,
2 42x10y Z 8.0x10°r d)
> ©) pH6.0 5 pH6.0
& 3.6x10’ = al
3 S 6.4x10
2 3.0x107 °
S 2410} g 4.8x10'r
é 1.8x10 é 3.2x10%
S 1.2x10"f < .
] R 1.6x10'f
?; 6.0x:)00 E - |
21%-0 0.6%-0, X 21%-0, 0.6%-0,
b b 4
< 2.1x107 ') < 30x10'r o
g 18x107f pH7.6 S pH7.6
g b g 24x10'f
1.5x107
1.2x10' 1.8x10"
9.0x10° - 1.2x10°
6.0x10° | 5
6.0x10°
3.0x10° ’_'_. &
0.0 0.0
21%-0 0.6%-0, 21%-0, 0.6%-0,

HAEE Oxygen content/%

E: BC+CHa, BC, C =A4bE, ®AMRE=AEE; HEFMRELLR=AHEZNIHE
i . Note: There are three treatments of'>C + C2H>,"3C and '?C, each with three repetitions; the error bars in the
chart represent the calculated values of three true repetitions.
Bl 2 AT 13 AOA (a,c,e) Fl AOB (b,d, ) amod FEH 5 L%
Fig. 2 Copy numbers of AOA (a, c, €) and AOB (b, d, f) amoA genes in soil under different treatments

23 EMERELHMED

XA AL 34T DNA-SIP $53% J5, WA A i 2 B2 A e A B R )
pH6.0 F1 7.6 i A AR IR BE 4 AFE S AT S 25 BEBR P R e 20y, R PERE RIS FE
BCO, PRt IS PERAE Y DNA 5 RARIC A4 12C-DNA 738577 K . X 3R13 1 W )2 2
)7 DNA 3T amod KR 5E & HEE& 2 S8 A= 0 1 43 A7 SR i vk S B A A E
FRic . ikl 3 fzs, pH6.0 Al 7.6 (1 AR AEIA L 4 ANFE ALK BCO2 AL B 1R amod
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FAEEEREEE, 1 PCO XA P H T amod LT ERZ, YHILE 4 M
i AOA 25 TR E IS FE . X AOB ¥ amod ZERMGRIFEI B0 2, ERIERRIA
BC-DNA fEEEEE, WHHHEAS H5RENL, X4 el Emhm 5.
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Fig. 3 The relative abundance of the AOA amoA gene in each layer after different treatment samples are stratified
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