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1.93x10°—7.6x10° % D1 40) 5% 8 (45 58T +.(4.03x10°+ 1.2x 10° ) 5 WH0) A1 A BT BEAR , JEHAE (NH, ) ,S0, Ab /N X (4 5T
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(Type 1) PR 8 76 B AR RS AL 1 A 3ERE b J 3 25 5 JERK R i P 26 6 o ( NHL, ) ,80,(52.7%+6.5% ) 11 NH, CL
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Abstract; Several studies have shown that increasing nitrogen deposition affects methane uptake in the forest ecosystems;
however, the microbial mechanisms underlying this phenomenon remain unclear. In the present study, the seasonal variation

in methanotroph abundance and community structure in a temperate forest receiving long-term differential nitrogenous
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compound addition treatments (45 kg N hm™ a™" using (NH,),S0,, NH,Cl, and KNO,) in Changbai mountains, were
investigated by using real-time PCR, cloning, and sequencing. Methanotroph pmoA gene abundances were similar among all
fertilized and control plots in summer (1.54%10°—3.20%10° copies g”' dry soil) ; however, in fall, it was significantly
lower in the (NH,),SO, treatment (4.61x10°+2.61x10’copies g™ dry soil) than that in the control plots (4.03x10°+1.2x
10° copies g ™' dry soil). In both summer and fall, the methanotroph community was dominated by Type I methanotrophs,
consisting of Methylobacter-group (Type 1) and Methylococcus-group ( Type 1), with the relative abundance varying from
70.6%—85.4%. The dominant clade of Type I methanotroph, Methylobacter-group ( Type 1) showed no significant variance
among all treatments in summer, but were present in significantly lower proportions in the (NH,),S0,(52.7%+6.5% ) and
NH,Cl (56.1% +8.9% ) treatments than in the control in fall. In contrast, Methylococcus-group ( Type.l) showed an
increasing trend in the (NH,),SO, and NH,Cl treatments compared to that in the control plots in fall. Overall, these results
suggested that the addition of NH}-N fertilizers could inhibit the growth of methane oxidizing bacteria, and change their
community composition. The inhibition effect became more obvious in fall than in summer, owing to the interactive effects of
soil moisture and temperature in summer, whereas NO;-N addition showed no significant effect on the abundance and
community composition of methanotrophs. These results were consistent with the previous observation that ammonium-based
fertilizer addition reduced methane uptake from temperate forest soil in fall/rather than in summer, and provided insights

into the microbial mechanisms driving methane uptake in temperate forests under long-term nitrogen addition treatments.

Key Words: methanotrophs; pmoA gene; forest soil; nitrogen deposition
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K 20—60Tg [ CH, >, A/ NS AR 0T RESZ I 2R A CH, P81 Fobk 4 598 00 4 00k b 5 R A 230
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R A P AR A REAE DL SO CH AR AR 1 25 5, PTKs F e S8 AR T 230 type TR type 11 W APEHY H 4351 8 T
- I 40 (y-Proteobacteria ) Fll a5 14 44 ( a-Proteobacteria) 1™ o A5 ARy FRAR LA K 150 4l - 3245 o F e 48
RO RIS 8 C A R BB RGE , I A3 - 458 F Be S A TR R it | B 4 ol S HL T 1k 23 32 1- 48 pHL,
TR R KA CH M M2 LA R it AE 25 B85 DR 2R A s i o> (H 6 T 2R bR - 498 Y o S0 1k B 1 X 480
TICREEG i o oy AL RO S AR R /0 | R P B e 2 A OCHRGE . AP A B LR it 32 B R i = A
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RUEBAU SR 5 RS IOEE T PCR A5 BN 7 LA 3538 P I e AR 25 5 Tk P 17 AUt A
RITE S RUIE IR, ARbK S8 Y e S A TR 110 K00 MR i 2L P Bt 2 1 28 A I R R S G R R P R 56 2%, DA
B 7N R SR SR M T 4 AR 1 S PP e S AR R B LR B

1 ##FTEE

1.1 HERGE A T I

AHIFGE - HERE AR A A L LD A TR AR I R DR S50 - & 145 il S50 4R T 2006 4 47 T4
FI AL R ER (42°24'N, 127°06'E) |, 120 X & 380 11 27 25 JXUSE i (10 3085 DR Bty 1 Ly o A=A, /K ARV, 31 20
B, AT ERK A EIRE N 2.5—5.5C , 4F K 600—900mm 2% - HER AR H A
B £, DL R A i B R, 2 A LB R 55 R Pk b 0 s R A B0 3 B B LT AR ( Pinus
koraiensis) ARW S BRANK IHMIAE - 54T i SR A s 10 486 HEF A/ i) S 56 v < 30 i 7= 770 (45kg N hm ™
a ) 3 MOARETEAS A2 ((NH,),S0, NH,Cl Al KNO, ) K A it Fi 02K AL PR (X B8 ARG 0 42, A A B
WA 4 ANEE /N A FFRAAH] T 48 R A it 4 ) SE B2 0L AR RUIRR S A DL R
AR S 9 7E TR IRI (8 H ) Ak ZE 20 (10 A ) Wil i 3] R B + 3ERE & . A/ XF AR
5 BB 3 AR 0—10em WRIE M T4 50/ 515 B T UK E ML I S A B, K R AR 1 1R
Gy LRy, — 15 Bl R LAV R AR R AE T - 80°C VKA , FI o0 FAE WP 50 s 55—y P AT 4°C T pH A 8%
SR HEEE A A LRI E

1398 pH {E AT R £ B 7K DK B L 2.5:1 (w/w) 542, 3T Delta 320 pH AN & ; + 84 5 F RNl
BEKH 1mol/L KCl W, K £ 501 (w/w) 245 ) R % 22 3 8l 43 #74 ( SAN™, SKALAR, the
Netherlands ) 1l 5E ; + 38 A] A HLER R ] 0.5mol/L K, SO, AW, LK 1k 5:1 12425 | il ad A HLER 43 B
(Shimadzu TOC-Vesh/TN, Kyoto, Japan) Il
1.2 14 DNA FlzE & PCR 24T

+ 3 5 DNA $2HUCR FH MoBio Uluaclean™ Soil DNA 837 &5 (San Diego, CA) 4T, T A #RAEMK IR 7= 5L 15
Bt AT, LB TAAE FastPrep b AR AR EE N 5.0m/s, I H] Sl 455, FraR73K) DNA FESL 2 10 B n &
BT FIEsLs .

PIHGE B AL TR 1Y) pmo A JE DUASE LA, DL pmoA K RF 555 A189 (5'-GGNGACTGGGACTTCTGG Hl
mb661(5'-CCGGMGCAACGTCYTTACC) ) I AL I 9% 6 5 - PCR XA [i] Ak #4558 v P d 4210 BT 1) 2 B
fTERNr, E& PCR WP B KW # ] SYBR® Premix Ex Taq™ i 7] £ ( TaKaRa) ,25uL E & PCR KW {4
ZHAL4E 2xSYBR Premix Ex Taq™ 12.5pL, 1E S [8)5 19 (4 10pmol/L) £5 0.5uL, DNA B4 2uL, AR H]
ddH,0 #h 22 25uL, Real-time PCR X W 7E ICycler 1Q 5 thermocycler ( Bio-Rad Laboratories, Hercules, CA,
USA) P3af7, H AR P AT . 94°C HAEME Smin;94°C A8 PE 455 ,63°C B 'k 45s,72°C ZEH 1min, Z J5 &G ER
1B KIREEREAR 1°C, 2 5 MBI ; 94°C 281 455, 57°C B K 455, 72°CIEf 1min, 3t 30 DMEFR ; 78 83°C U 4E [ i
P B TR iCycler #4F
1.3 HGe S A TR i T Ao

FH ot S A0 BT 0 R 5 2 S e X6 pmo A JE R HEA T 5 B P 4347 , pmo A FE P53 PCR 73651 4 Fny #7217
[d] 1.2 H1f) real-time PCR, PCR F=#£tid Wizard SV Gel & PCR Clean-Up System( Promega, USA )7 & VI
alifl)m , % F) pGEM-T Easy Vector I (Promega, Madison, WI, USA) , i i A i i5 4 AR B AL A K I T 580
IM109 A7 A2 Ml ( TaKaRa, Japan) , BURBALIRER AT 2] & A 20 5 % 2 (Ampicillin) /IPTG/X-Gal #J LB ( Luria-
Bertani ) 8577 5L I ,37°C F 555 16—18h, BEMLEEBE T 1 € s B, SR WA 34 75 58, H pGEM-T Easy
Vector il 5 9 T7/SP6 " WA HNEIH A R B, 3 1% 4% B 1Y B Ns 58 e v Tk vk 4G 56 5 A 47 A F B B v
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BT

T v B SCPEREHLPKE 30 A PR s pe AT . Fraias i H A BE PR P 91l 3 Clustal X2, mouthur #E47
JF 5053 AT, H2 B 9396 [ 530 43 7T #4443 25 87T ( Operational Taxonomic Units, OTUs) ™ JFEIE# K B (19751
$232 NCBI Hdi 0T Blast FPAIXT LG, N B AE T FIE N RGE K FM RIS EFS, dlid Clustal W Al
Mega 5.0 £37. Neighbor-Joining REGEE B, REGLL T W4 70 3CEAR L o1 A28 53 M1 75 ¥ (Bootstrap ) £ 56, 52
1000 ¥,
1.4 Hdaiban

ARWFFEPGETTH oM AE SPSS 19.0 HfF b kAT, Horh Z2 24 18] 4 22 52 0 B R BRI R 5 22 e 2 8
Fe38E 43T ( Duncan , P<0.05) 3 A543 2R F Spearman #8507 5 7 B SCE K5 19 437 >K F Redundancy analysis
(RDA) Z3HrAE i[RI R E 7 A 5 AN AR S E TR I T R E e C & 78 CANOCO 4.5 B aT

2 HR

2.1 LHEERRPE

25 bR - HERE S A RGP AN SR 1 TR . OIS E ZERIRKER i NH, CUSE58/INX 560 9 pH (A
(4.54—5.84) B FH LT HAl AL B R pH (B (5.08—6.51) , {H it il AS 6] I 25 i AL Xk 5 /9 DOC | NH-N FI
NO;-N Fi LA B Eh iR $2 A HLIR /A B ( NH, -N+NO;-N ) HfE TG i &5 I ( P<0.05) ,

®1 TEEXBUBMECFEIREDRE)
Table 1 Soil physiochemical properties ( mean+SE)

_— AP i SEAHL g
%ié#ﬂjj‘lﬂ ' Ab B WHOK) pocd NH; -N/ NO3-N/ ﬁij”e/wﬁ%\ il
Sampling time Treatment (me/ke) (mg/kg) (mg/kg) DOC/mineral moisture/ %
N/ (mg/kg)
8 A CK 5.85+0.06a < 292.4+18.8a 54.0+2.5a 27.7+11.4a 3.7£0.4a 81.1x11.8a
August (NH,),S0,  5.80+0.07a 258.6:22.3a 51.8+6.6a 21.245.9a 3.6+0.3a 70.9+11.2a
NH, Cl 5.4840.04a  266.3+15.2a 45.5+2.9a 22.1x1.4a 3.4£0.2a 68.2+5.0a
KNO, 5.9240.04a  278.1x18.0a 50.3+2.0a 24.7+5.6a 4.1%0.2a 74.1£10.0a
10 A CK 5.6240.06a  282.4x10.8a 55.6%5.1a 31.8+0.1a 3.5%0.1a 64.4+6.0a
October (NH,),80,"  5.59+0.07a  266.4%15.3a 51.8+6.4a 16.12.0a 4.3%0.8a 61.3£10.0a
NH, Cl 5.59+0.14a  255.2%13.7a 45.7+4.5a 21.2+2.8a 3.7£0.2a 55.5+4.0a
KNO; 5.75£0.06a  322.5%9.7a 33.4+0.4a 26.8+7.8a 4.2+0.2a 72.4%9.5a
AP A 2 CK A A A A A A
Significant difference (NH,),S0, B A A A A A
among different treatments NH,Cl A A A A A A
KNO, A A A A A A
SRR R 22 5 SR BN AH ) NG SR a 43500 3 B SR RIBK 5 S RN [ AL R 2 [ G 9 3 P2 5 MBI R B 20k A, B RIWIR R b3

V7] - S o 1) . 25 22 S ( P<0.05)

2.2 HBEA AL B Bl N S R B 22 ] 1 DG 2R

FIF S22t i PCR HARXT £3EH Y pmoA JEPR AT T /007, 25 R K 1 s, BZ(8 ) A
JERAL L Z ] () pmoA &R B35 0 b 3 PE 22 5 AN [l LA 22 (6] 1) pmo A FE K - BEAE 1.54x10°—3.20%
10°¥ DUE /o T HFu RN k2 (10 7)) AR Z AL BEZ (] 1) pmoA LR F2 3 22 5 W35 pmo A JEP 3 B AE it Jin
(NH,),SO b FH/NX (4.61x10°£2.61x107) 8 W /¢ T 4 W I F X R AL 2 (4.03x10°+1.2x10°) #5 D1 %k / ¢
T4 pmoA BRI HHEEA B AR OCHE AT 25 R R W], 2R (8 A ) AR EER pmoA FENFJEH +
5 pH (A2 W3 IEAECR (r=0.74,P<0.05) , 1 5+ DOC & &t ARG Pt/ P& (A \NH;-N \NO;-
N 5 St B R 2 T 10 A OGO R KR (10 ) #5403 L3 AE L I pmoA JENFEFE 5 pH {6 . DOC \NH -
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N .NO;-N -4 5 B DL K 3R 32 488 HLak/ w7 s & LU (E 6.00% 105 ——
970 i A e ol . K (ﬁggfm
23 UL OB 4L e B KNO,
i ST A WAL £ se0x100
TOrHT. AR ORE MBS St T 24 BE
pmoA FEI SEME SCPE A Sl SCERERLIR I Z 30 15 §T
B TP SEAS 742 ATAUFA . 15 03%MIFS]  120x106
RS 1 e 8L 1 pmoA B 91— i il 43 S

124 OTU, TR G R B R EIE A2 A>T 5332, 73 %)
XL Type T Y (B A% BB A A& 1R ) AT Type 117 (22
RRAE) Whe e L, i 3 Fros, b & T
Type 1 BURJFH) 0] i — LT K 4 14032, 2% Kolb 4§
NUOUHy gy 2 g 8, BESE X 4 A 4y S Ak
Methylobacter-group (Type 1) . Methylococcus-group ( Type
) . Methylohalobius-group ( Type 1) Fll upland soil cluster
v(Type 1) . H:H upland soil cluster y( Type 1) JF31 3
TR [ T ORI AR AR A (R AR5 1 L i
FE i HORE I B Methylobacter-group ( Type 1) #l
Methylococcus-group ( Type 1), & K il #| upland soil
cluster y( Type 1) Fll Methylohalobius-group (Type 1) fJ#
), fTBEHT S 1 f 22 B B0 3) o J& T Type I 9
SIHIE A~ /NG 37, B Methylosinus-group ( Type 1) Fl1
Methylocapsa spp. (Type 11) (€l 3) , TR 54E &
S gl E S

ol 2Rk 3 | AN [) ik B SFE ) P e 41k
WL Type 1 28H85 32 HAHXT 42 FETE 70.6%—85.4%
Z 8], Hitp Methylobacter-group (Type 1) J& Type 1 %I H
Be AL P IE 3 2RE 5 Type 119 55.1%—91.7%, &
Z(8 H) 5 4b#R L Methylobacter-group ( Type 1) /i
BB EAL I Y 45.39%—67.5% , 45 b B+ 30 f) 35 2%
S5t Bk (10 ) INONH, C1 1 (NH, ) ,SO, Ab 1 1r) + 42
HH Methylobacter-group (Type 1) FHXF = 4351 K (52.7%
+6.5%) F1(56.1%£8.9% ) , .3 I T X fE 11 (77.0% =
2:9%) (P<0.05) (Kl 2) . 5 Methylobacter-group ( Type
D) A2, Methylococcus-group ( Type 1) B AR X 3= B W 7
Bk (10 H) (NH,),SO,Fl NH, CI Ab 5 -+ 52 th 5 1 ot
AEH(F 2) , X SEERR BTG NH]-N 75— & #2 5
LA T Methylobacter-group ( Type 1) % H 52 S8 AL B4 1)
R B RTBERN I T Methylococcus-group ( Type 1) B4
K, M NOS-N AE X Y e 4801 T B9 1 v 2H 0l Y 3%

W

o

0

H 4 Month

E1 EFEMREREELLLEELERREUE pmoA EE
FE

Fig.1 The abundance of soil methanotrophic pmoA gene under
different nitrogenous compound amendments in Summer
(August) and Fall ( October)

INE T a:pmoA FEH F:BEYE K 22 (81 ) W HA IR i 40 25 Ak 3 2
E2 55 LR EM R TFEEEA, B.pmoA HHEREFERKZE(10 H)
TEIPIA AP (B 22 5 R (P < 0.05)

F L 2 (R IT)
Methylocapsa spp. 4l (JH11)
O ORI R (A 1)

W Methylobacter#fl (%1 1)

100
80 -
o\\‘=
‘mg 60 |
# g
7
&
20
CK HS HCI HK CK HS HCI HK
8H 104
A FH Treatments
B2 EFMRFHEaLEFihRRSCHEEARNTL

Fig.2 The community composition of methanotroph under
different nitrogenous compound amendments in Summer
(August) and Fall ( October)

CK . X IR, At 204 B0 HS - i i B 2 4% , (NHL, ) , SO, Ab ¥ ; HC
A% , NH, C1 AL 8 ; HK . b il R0 , KNO, kb B
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16 —Cluster1(HCI8:1-2; CK8:3-5;HK8:6;CK10:7; HK10:8-9;HS10:10) 7

|: Methylobacter psychrophilus (AY945762)
19— Cluster2(CK8:11; HS8:12-13; HCI8:14;HS10:15;HCI110:16)

Cluster3 (CK8:17; CK10:18; HS8:19-20;HCI8:21)

Cluster4(HC18:22;HC110:23;HK8:24)
Cluster5(CK8:25; HC110:26;HK8:27;HK 10:28-29;HS8:30-31)

Cluster6(CK8:32-33; HS8:34; HK10:35)
Cluster7(CK8:36-37)
Cluster8(CK8:38; CK10:39; HS8:40)
Cluster9(CK8:41; CK10:42; HS8:43-44;HCI8:45;HC110:46)
Methylosoma difficile (DQ119047)
29 L—HS8-47(4) Methylobacter-group (Type-l)
35— Cluster1 0(CK8:48-50; HS8:51;HK10:52)
Cluster11(CK8:53; CK10:54)
18 Methylomonas methanica(U31653)

Cluster12 (HK10:55;HC110:56)

32

31 9 Cluster13(CK10:57;HCI18:58;HC110:59)

73 HCI8-60 (3)
37 Cluster14 (HCI110: 61-62)
55 luster15(HS8:63; HS10:64;HK8:65; CK8:66)
Cluster16(HS8:68-69)

3 Methylomicrobium japanense (AB253367)

,—HK8:70 (1)
3 |: Uncultured Methylosarcina sp. (AB500795)
100 L—Cluster17(HKS8:71; HK10:72; HS10:73)

Cluster18(CK8:74;CK10:75;CK8:76-77) g
70 99— Methylohalobius crimeensis (AJ581836) ]
44 |:Methylothermus thermalis (AY829010)
99 —Cluster19(HC110:78; CK8:79; HS8:80) 7
CK8-81(1)

72 Methylococcus capsulatus (U94337)
3 Methylocaldum gracile (U89301) Methylococcus-group (Type 1)

| 89 Methylosoma sp. TFB(GQ130273)

63 —HCI8-82(1)

100 ——Uncultured bacterium (AJ786708) 1
L Uncultured bacterium(AJ868253)
100 Uncultured bacterium (AJ579670)
100 Uncultured bacterium clone (EF165628)
%) Unculturedbacterium - DGGE band (AJ579669)
43 Uncultured bacterium(AJ786710)
94 Cluster20(HCI8:83; HK8:84; CK8:85-86) 7
99 Cluster21(CK8:87-88)
HS8-89 (1)
Cluster22(HK 10:90; HK8:91)
Cluster23(HCI18:92; CK10:93; CK8:94; HK10:95)
Methanocapsa acidophila (AJ278727)
HCI18:96 (2) 7
HK10:97 (7)
88 100—Methylosinus trichosporium (U31650)
32 HKS8:98(1)
HK10:99(1)
HCI8:100(44)
Cluster24(HS10:101;HK 10:102; HCI8:103) Methlosinus-group (Type 11)
Methylocystis hirsuta (DQ364434)
HCI18:104 (1)
Methylocystissp. LW5 (AF150791)
CK8:105'(2)
Cluster25(HS10:106-108)

31 Cluster26(HS8:109-110; HC110:111;HS10:112) -

Methylohalobius-group (Type [ )

Upland soil cluster y (Type I )

77
100
99

Methanocapsa spp. (Type 1I)

100

0.05

3 HERSHE pomA ERRSEAEH
Fig.3 Phylogenetic tree of methanotroph pomA gene sequences
CK8(10) :8(10) AHrxf I, CK +He#: 5 ; HS8(10) - 8(10) A M iR g , (NH, ) , SO, A3 4 54 5 ; HCI8 (10) 8 ( 10) I it fin & fb £
NH, Cl 4b B 4 5ERE & s K8 (10) . 8(10) A M ASERER , KNO, b B + ERE S s 435 5 BT . OTU B 755 36 5 BLAO BT i b B4R 3 OTU
P51 A5

XF pmoA FE PR A AR Y H e U TR T AR W0V 4 R+ SR BE A S MR 4T TC A3 40 M7 ( Redundancy analysis,
RDA) , 52 7 F b S L B RV LA S R R AR A WL 7 B AU LL (B2 0 3 IE A OE R (r=0.49, P<0.05) , 5

http ; //www.ecologica.cn



8260 JAE = 37 &

R pH (HICA M (K 4) , AN, RDA 23 Hrgs R R B2 (8 A ) FEM ARk Z (10 A ) FE 5 ¥ RDA
Axis 1 Hl130FF | 32 B RASE B a0 B2 45 28 A X6 F o S AR TR AR A V% A A S 52 W ( PerMANOVA, P< 0.1, &l 4)

NH,CI
08 A NH.CI
L A
CK KNO;
I NHCL e v
NHC, A S NH.CI
KNO; IN
& L NO;™- DOC
g KNO; (NHy),SO4 ‘
= (NH4),80, B C NH,):SO0.YH DOC/mineral N
9 CK® m — >
< A (NH4)2SO4
< NH,CI 0 g O
= (NH)S0) & ‘
NH4*-N 4R
- v
O KNO;
(NH4):S04
i v O O
KNO; CK v (NHy):SOs
KNO; ¢
KNO; °
r 0O CK
K
-0.8
pHIE
1 1
-1.0 1.0

RDAAXis1 (13:2%)

4 RS EE%EKSHERETFH RDA 247
Fig.4 Redundancy analysis (RDA) between methanotroph community and environmental variables
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