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Abstract: Altitude offers a unique vantage point for studying how environmental changes affect the community structure and
nitrogen fixation rate of soil nitrogen-fixing bacteria. Biological nitrogen fixation is an important source of bioavailable
nitrogen in mountain ecosystems. However, the relationship between the community characteristics and nitrogen fixation rate

and the altitude gradient of autogenous nitrogen-fixing bacteria remains unclear. In order to make up for this lack of
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understanding, this study determined the diversity of nitrogen-fixing bacteria and the variation of nitrogen fixation rate along
the coastal uplift gradient of Sejila Mountain in southeast on the basis of sequential sampling (3700—4500 m) and analysis
of nitrogen fixation genes (nifH) by high-throughput sequencing technology. The results showed that the a-diversity of soil
nitrogen-fixing bacteria decreased with increasing altitude t along he 3700 m to 4500 m gradient of Sejila Mountain ( P<
0.05) .The community structure and soil properties of nitrogen-fixing bacteria changed significantly with the altitude gradient
(P=0.001). The nitrogen fixation rate was significantly affected by altitude (P<0.05). In addition, the a-diversity of
nitrogen-fixing microbiota was mainly affected by the total carbon and total nitrogen content in the soil. The results of
structural equation model analysis showed that the difference of altitude factor mainly affected the diversity of nitrogen-fixing
bacteria, and then affected the nitrogen fixation rate. The results are helpful to enrich and improve the understanding of the
diversity of soil nitrogen-fixing bacteria and the response of nitrogen-fixing flux to environmental changes in typical alpine

forests in XiZang.

Key Words: soil biological nitrogen fixation; azotobacter; elevation gradient; alpine forests; Xizang

TEAESTE T MR ZHORA AU AR S IR, BT R (N) BAARCE, BB AR P i o] R, =AY
ARAE—RREPER R AR RS P R g R I AR, EEA S A AR
AR N FADUA, ZEO0R5 P B 6 A A K e 2 R A AL

AW A ( Biological nitrogen-fixing , BNF ) J2& [l 2 N R A B ET(N,) Fe Ak M AEY T FIH B9 & (NH, )
YRR AR ES RGP A SR R E LRI, Fle YIS b H i = A 8RN, AP B AR TAS R
SR AERs AT Y AR T 4 AR R A T ORI A [, e [ U S A T A SR
I ARCR e . (HAE S ER R B A A B A AR A S RS A TR Al 35 0—15 kg/hm?,
A B 7 HBER LT i R A — 2 2e A ) A W AT AR g AR AR R R R VDA PR A S RS
XAMATE, NILE AR RE S RE T NAESE AR EE, RN E A5 h s 2 etk
RN, QAT FRAR LA KR A AU -5 LU R G h A W BT S5 H0 I o 22 RE 1 32 38 B 5 U BE AR B2 1 5
Wi, AER 76 LR AR A R e v 11 A (T S 2 0 ) X i VA A8 At A7 ) 17 1), AT e — S AR B

o LU BRI SR A 5 A S AR VR X M AT R AR 2 AR A g 7, DA R AR SR A8 25 A I o 2 A FR
HRREFES ) IR, A KREXTE IS RS R AR LT shia A4 Y 2 RErER m i s, 4niE
FESRGKRE BB PG TR TR E A BT R 80 pH A 3550 TR 2R K %t i
R R BEE LM = AR ) SR, 76 e Ll AR A 25 R e v AR 0 TR 1 Al 2 W R - A 55 g = 38 v 1) [ 480
BRI TETE ZEARATI SR R — P9 s . BRI, 487 v L A 285 2R 0 HP g opeh B G 55 i 176 20 TR ARV 5 4 B e AR 2
MU EA EEE L, 7Em I AERR G il RO 1 2252 i R b 5 51 2 0 52 e [, Ve 1 28 Ak 255 e 213
AR BOE BRI T R B b A R BT R L T Rk N R BT AR S 2R i ) R £
FEMARTY | TREHRR 00 Sl 40 23 [R) 25 48 AR BT 9E I ohy A 25 2 RN A 0 b B2 B0 5 b (R R0 R, VR IR AR A B, W] LA
FER I B PN 2 S TR R TR R 4 (R R W e s IRl i e 1 RV oG T - 0 T R - 39 EU T A e
W TEVE 2 IR AR AT Wi BRI 9 4 22 (0 A 0 1 R0 1 SR X 2 0o T 2 L g i g ML AT SR R v A )

R T 5 SR L DK AR SR AY S B Ll AR IR B B 58 B i e n T B I AR R R g, Hop
BE T HEENEAIE R, B TIRDZBN AT, 2 X P BRAMA R R G HACREE T 546 A ARRE
AR P AR FIATL R S R A5 2R L R O I 5 - 438 b [ A 1 280 T L 50 A A 7R R ek 1 1 s AR
R 0BARI T, A BT A R T PR MR Ry L ARObR - I 1 R TR 2 T AR I SR X A A5 AR Ak e 10 KR
AR, AR SCHE R RORE T (3700—4500 m ) SRAFEIF-45 G il I 3 40 AT [ 3 A, 404 [ R0 B 2 Rk
T4 2H B [ T S VR B 1 5 R 5 B €0 2R 1L 32 T R A R T ) SRR i AT T 1 R LOR B R T

http ; //www.ecologica.cn



2076 o SO

&t
H

#H 45 &

1 #REFE

1.1 AR5

W5 DX S8 A7 T 3% [ VY 80 AR pig A AR 22 T 2= 1L
(29°05'—29°62'N,94°25'—94°59'E) , %X W 4EF- 14
oK B (MAP) 2N 1134 mm, 4FF % <R ( MAT) K
—0.7 C' AHFFT X 30 v B B LA LR Y i
JE SN2 S AR 2 A0 A R AIE , 7E 3700—4300 m 2
[B] A IV g L VA T A, 4300 m D oA @ L FE AT 3700—

4300 m Z[A] 2 DL ARve 1245 0 T i 3 EAE T, 4300 1 EREEELEESHE
m UL ﬂ\j L‘/H:j: EJL% %ﬂﬁ*j‘d‘ﬂ ﬂ{] iﬂ"]{% }‘}\*E ﬁ% Fig.1 Geographical distribution map of the Sejila Mountains in

Xizang

1.2 it e R4

TIEFEAT 2019 4F 7 H Sk B AR YA X
S5, DU AN AH 408 Hb s 22 T80 3 1 3 22 A1 B 24 200 m, 43931
4 3700—3900 m( A1) 3900—4100 m( A2) .4100—4300 m( A3) Fl 4300—4500 m( A4) , FFHFIR AR S5
H 4 20 mx20 m (YREHL, BRERFEREE R 0—20 em , BAMFEARBENLR 8 > LRI TR A B M RE R 4 4
IRA TR MAERIET 16 MESFEA (4 DR 4 D) . B NRS LREPEL10 g HRERE A { H48
RN JEA T DKWL RAE P v i, FH 153 B e e 0 (o) ZRU TR T 7 4 B B o /U 32 AR SR it 2.0 mm 1+ 358
TRUEAT O 43, I 2B TE S AR W 5 AbERS A - SRR SR AEAE 4 CUKHE T 8 AT
1.3 3 M A e

- HERR AR TN R S B AR A L R B S 2R KA 125 (/R R IR A A R
¥, I pH i1 (FE20 FiveEasy'™ , Mettler Toledo, 2= ) #| +3% pH i, FREL 10 g B - AEFE 105°C LR it
FEE, REFITE RS KR, BT AR E 0.15 mm +3EG, A H CNS-2000 43 Hr1X
(LECO, St.Joseph, MI, 3% [ ) 5 3 19 Sufe (TC) VA (TN) it HF-HCIO, 7 i 1 3ERE & 5 $2 i 4
Herh i S (TP ) FILEVER (TK) |, -3 500 BR300 KA 4 01601 B 0 o 4 498 v () 0B (TP ) FILEVER (TK) .
2M KCI AR 3 (3 W = 1:5) Rl B JCHLAL(NHG 1 NO3S) |, H H 80 Fr X TTL( SEAL Analytical
75 ] ) 30 Ao 3 sl S b ) A S R TE LA, R R AT S0% s s EAEIH AL S , I ICP-AES (Agilent
700, Agilent, Santa Clara, CA, 3¢ [H ) Ml 45 (Ca) \k(Fe) i (Mn) FIBF(Zn) o0 R HIEP A & &,
1.4 [BEECRNE

3 o %o T PR P 5 7 S A G N, P 6 LS o B fsE AN AF 100 mL Pyrex 357D, FH
0,:N, 0 1:4 N THRA SR AN T, KBk 10 H ARG MG S H S 25 105N, (99 atom% " N;
CAMPRO Scientific ) A, RN TEAAL , [FIBF BB AT AR B 6 O i AR R AR IE AR, FE
a AR T AT M 2 B A G AR AR R R IR o MO rh s SRR A 7E 60 °C R IETR TR SRS LA
Bi#R (Heraeus CHN A1) H 3 S % R LI B BORL A FH T 28 40 WA (3% 22300 30 [R) 40 3% BE i ) Il
TR AR IS AR ON A [ A R AR NN, IR PN e 5 R ] Y 22 A TR
Y T AR SE 6 R AE B PREE ( Pyrex IX0GTDR) AT, AR FUATC LS MR8 IHFE ¢ 5 Toik dk S 4h
Fo 35 e A Rk T PR S A5 v ) - A IR A2 AR AR A i AR Ak A PR 2R S B B A VR [ AR A i
SR [ R 2 AR — a2 125 5 o (BRSO A5 380 1 0 08 A 18 R AT AR A B T 1F A - 48 o [ R0
FET& I B RS TE
1.5 138 DNA $EHCHI nifH FEPR0 )7

I FH i ) [ 2R3 D I S 1) mafH ([ R PR SR PPN A A R I B U RE ), AR £33 DNA $2 G 7]

Al: 3700—3900 m; A2: 3900—4100 mLA3: 4100—4300 m; A4.
4300—4500 m

http ; //www.ecologica.cn



54 BN A JRUAR B R T R AR - SR I SR TR A 2R 5 [ R AR B S 1) A A L 2077

& FastDNA™ SPIN Kit for Soil (MP Bio-medicals, Solon) 77 i, fff FH I &M 0.5 ¢ & £ o HUE &
DNA, Hi#H PCR 519 PolF (5'-TGCGYCCSAARGCBACTC-3") Fll PolR (5'-ATSGCCATY TCRCCGCGA-3") "
B nifH JER 12 bp “ #5287 (barcode ) #Ric, H 1 H BE K 200 360 bp''®', 25 PCR WK & i 12.5
Premix Ex Taq'"2.0 Jii ( Takara Biotechnology) .1 1E[ 5[ (10 wmol/L) 1 1 S 10154 ( 10 pumol/L) . DNA A
(10 ng) F1 8.5 p JCI& H,0 4, fifiFH Wizard SV BB BN PCR 771, 2lifki) PCR 7 ##£ Hlumina MiSeq
PE250 -5 _EAEATINY
1.6 HEYE AR RAE BT

P58 QIME (1.9.1 f) A BRI G328, 1l 5 =2, (] — MR i “ 5487 (barcode ) FRic 51 40 B4
FEARSTBCT S K P9 B f | 2 BRI BT i 7 91 (B B <20 | & A RIS 55 | ) sl A5 A & BC Y 7 51 ) A
AT . BT dada2 FMRRECXS AR R O X YR i 1E [/ 2 ) A B 22 B DA B AP 3R . S EUEAE (a)
A6 5 T [ RS2 [ SRR, L AE 25 NS B 48 LR AL 2R T T AR S SO BREE Nso ey i o I 5000 e s e
a AP e I NIRRT R bR o A 7R RN T ] RDP D RESE A 2k h Y FrameBot T H SR A 1E
e ( B T = 0.4 K BEERNT = 50) o X T 4028500, 7 AN [6] (4 D i X 8 5 09 5 JF SR BGHE A7 X 5%, Jf-fift
JHAT44T blastn Hl MEGAN 20 HX) nt B4l B A7 X5 55 . )7 90 408 © A7 i 78 28 B E R A W BOR AR B bl
(NCBI) %54l 2 B9 NCBI P91 BEHURY 58 (SRA) ', %5 5 PRINA687384,
1.7 Hdnib

ARG R AT multcomp PREGIEFT 224007, DIITAS T HEBAL PR | 308 [ 2030 B AU o Z28F
‘@?Eﬁw\&ﬁ%ﬁ%ﬁ7ﬁ$i%*ﬁﬁ'$gﬂgﬁﬁo %U%%ﬁ&%%ﬁ*ﬁjﬁ*ﬁ%( Spearman's test)ﬂzﬁl\ff\_'lil_
o ZFEHS HHME SR MR, BHE T TRE A SFBIE 1 R 55 B)P 4 Vegan £ (vegan
package) R 3.5.3 X EHa 47 E B & 22 4EARE (NMDS)  Mantel ;%% \PERMANOVA £ 45 (adonis ) 7387, >R H
Ppe /N — I BEARAAY (plspm) , A R A2 plspm” H R« I R, 8 2 W4k . HIEI R X TR AR 1 H
FERNE R Horh I 2l B A o ZREERIREIE TR ARAE LS R, R A

2 HREHSH

2.1 IR ORI [E A AR

A SR T R BT U TR AR BE (AR A AN T 2 s, NIRRT DU H A [T 45 R A A B 1 SRR A Y TN
AN FI TP 225 3% , 11 TK Ca Fe Mn Zn il Mn & 225 A 2.3 (P<0.05; 8 2) , 3700 m 13900 m + 4
FEMAY TC TN AN Al TP &5 2 5 T 4100 m A1 4300 m( P<0.05) . {EASH 2 A, AN AR = 3R i
(9 pH (B 225, AL, SR R B 52 0 (P<0.055 181 3) o 14K 3700 m AR A [ 03 4 1835 i T
TR 4300 m Ab , FLGE K 3900 m AT 4100 m b, 7E 3700 m A1 3900 m 2 [a], B EGERBEA Gl #25
2.2 VIEHRORS R Y [ AR R T 2

B 5E B BTG B RE i, 280 i #5957 1E ( Quality control correction) | &% & & 2Bk ( Chimerism removal ) F17
B4 M AL #H ( Dilution analytical processing) , B\ 2012930 /™ JE 45 751 th B 342 B T 1010871 i i i 751,
SR IE R 1678 1~ ASV (Amplicon Sequence Variant) , FEZNZKF-_1-,93.7% 1 8750959325 4246 B ZTE 1 .8
G o IE R y BIEE (8] 4) o 5 2250 Hr kB IR BEA R, B2 AT B o T T B AR O BEAS
[7] (P<0.05) . 4K 3700 m AbAY - TE B B Sk i3 THiEH9K 4300 m AL, THT¥EE4K 3700 m Ak B-AE T B U B S (1K T
4k 4300 m b,

TEJE K b, s o M ELE (H AT 82.7%), MiExZHE RN L E/RKERE
( Burkholderia) 1% 4= ¥39% 1 J& ( Bradyrhizobium ) it & ( Desulfovibrio) %8RB J& ( Herbaspirillum )  HuFT B
J& ( Geobacter) BIZW & (Azospirillum) 3t % v [N TH J& ( Frankia ) |75 £ ZLM2 T J& ( Halorodospira ) F1 H 3 4 i 7
J& (Methylocella) (FEl 4) . A V94N 1Y 4= BE XA & V22 S0 Burkholderia 1) 3 B2 B8 1 44 1 T 125 11 1

http ; //www.ecologica.cn



&t
H

2078 H Eire 45 4

4.6 —

4.5

pH
[ X ]

441

[ N J
(_J
ANE, Ammonium nitrogen
=S
| T
[ __J
000 ©
[
[ )
448, Total Nitrogen/(g/kg)
ISTENN
b T
[ ] [ ]
[ _J
[ B )

08 — 8~ 1.40

" _.\l\

Ng/kg)
(o)}
T
[ ]
..7/ «®
[ ]
5 Cal(g/kg)
3

[ J
44 Total Potassium

4> Total Phosphorus/(g/kg)
[ [

0.2 | I I 4 | | | 1.20 I I |

8 — 0.06 — 0.06 —

0.04 0.04 |- °

£ Fel(g/kg)
N

OOI

o /@

®/e

% Mn/(g/kg)
™

1

B Zn/(g/kg)
[ ]

j

0.02 @ PS 0.02 |-® °

3800 4000 4200 3800 4000 4200 3800 4000 4200
Wik Altitude/m

B2 inmnsErNTEEREN
Fig.2 Changes in soil properties along the coastal uplift gradient
IR R 95% Y 17 X 1]

i, Bradyrhizobium 7E 3700 m Ab 3% B H & F B, 1M

_.
~
T

Geobacter Fl Azospirillum 7F 3900 m ¥ 4100 m 4bil H 3 : * .
B ;o
2.3 [EREEZFENE TR 2 LA S S PR AR I AR Lzp e
WAL R OTU Hh [ AW Y o ZHE1E (P<0.05) Al |'
1.0

Shannon 84 ( P<0.05 ) i $066 B 8 25 FRAR, I 4
Y o ZFEE AT Shannon $5 %503 B H AR L B =X, 7
4300 m A iR M DR R R (8 5) o Ak, ARE
ZHE R (NMDS) HE 7 & 7 1 0B 75 TEAS [F] 4K
EEZ B AATE2E S (K 6), £ o Jr 2 40 M
Multivariate Analysis of Variance, PERMANOVA ) & H |
R BT I R ORS B R AR T 2 (P =0.001)
FUH o ZREVE R HC W R0 T R BN 22 SR G (P<
0.05), Ak, WEH [ A W YA 5 TC TN, TP AN,
Fe Fl Mn & & 52 1EAH X (P<0.05) . Shannon 4§ £( 5
TP AN Fe Fll Mn % &2 IEAHX(P<0.05;3% 1),
2.4 UVIEHREREEXNT N, I8 2 (Y B RN ] e ]

A OB LSS BRI Shannon 455045 [8 508 R 22 IEAH G (P<0.001; 8 7) . il id & 45 /R,
[Fi] ZUAF 7% 1Y) Bray —Curtis AH 5P 5 438 [ F0H0R 2 (B UAFTE & IR IEAR COC R (P=0.003; 81 7) . B 1 i —

o

3700 3900 4100 4300
Wk Altitude /m

IFi S %
Biological nitrogen-fixing rate/(ug N/g™' 4 d™)

<
=N

E3 BERBENNEAEXER
Fig.3 Difference in N, fixation of coastal uplift gradient
# FrRIET wilcox. test B IANIREIR = 22 6] 1) 38 1 22 5 ( P<0.05)

http ; //www.ecologica.cn



54 BN A JRUAR B R T R AR - SR I SR TR A 2R 5 [ R AR B S 1) A A L 2079

Burkholderia

100 | .- 100 -
. E

i B Bradyrhizobium
. Alphaproteobacter . Zeszlfov?b;;o
Betaproteobacteria erbaspirillum

. Geobacter
. Azospirillum

. Frankia

. Deltaproteobactera
. Gammaproteobact

X3 B Relative abundance/%
FEXT 2 ¥ Relative abundance/%

H
. At . Halorhodospira
- Methylocella
7 3
0
3700 3900 4100 4300 3700 3900 4100 4300
WK Altitude/m WK Altitude/m
4 TEEREEMNKFEMBAEEMOBEINFEE(%)EEEHBETL
Fig.4 The relative abundance (%) of soil nitrogen-fixing bacteria at the class level and
* *
r « 1 7‘00 L r . 1
1700 — |
ns ns
1 1
% 9 6.75 F [
=2 =5 ‘ .
gz 2 1600 e
g £E 650}
] S § .
] = g g
Z: : 28 6.25 .
=2 1500 | S .
@) L) .
: $ == . 6.00 E’
. E
1400 | , ; ° . . . i
3700 3900 4100 4300 3700 3900 4100 4300
W4k Altitude/m

B 5 BERE#HHN o S Shannon 153
Fig.5 o diversity of nitrogen-fixing flora (Ah) and mountain farmer index (cloth)

o ZREHFRECR A wilcox.test #6556

A B VA e X - 498 [ R R ) BB AN AL 3 g ), AT T e /N — 3 B A2 A% (plspm, Partial least squares
path modeling) 34T, TEAEEE T ARG, plspm 43 M1 58 MRS T 76% 1) - 48 [ 0 5 1 I 45006 B 1 A8 1k
(1 8) . plspm 43T 3 WA, ¥4 vop B =2 03 3k 1 22 52 i [ 20 B 22 A e 1 42 2 i) 9 ) R0 R (Gl 72 R 4L
~0.90) , AN, HEESR i N M T (A4 HE AN TP TK Fll Mn &5 1 BRAZ 280, —0.87 ) 01 [ 0 BE V% (1%
FRE:0.69) A T EFEMR SR, W4 25 B I T AS BEA A 1814 98 P J R 1 SR T g oA s il - g o SR %

3 e

3.1 gk RE IR Sl [ R 2 R R S AL AR AL

£ 3700 m F13900 m AR M DX, [51 28008 1) 2 A6 5 s A b DX 1) 2P KO AR TR] 76 4100 m DL 1)
TR I AR SR R B, A SO 3 0 [ R AR MR S i 4 400 A v VA DX Il 1) 240 7 22 R PR A
AL, 408 22 RR M TR 2600 m LA 1 FFAR TR S 53R [ 280 0 2 R RS2 1y — T R R 2
VAR AS AL R K R e e A AR AR IR = A T R KR - B PR | 4> AR AR
FHE RN, R pH (E B 0 T MG, 40 C b R RN TR 0 B W Vi R B S fhos A2

http ; //www.ecologica.cn



2080 JAE = 45 4

HE - HE L M RE R TR A B T A A R

[ U S R, LR O S AR T 010 - 5 008
498 B LR P | AT A o R K e )

PRI, 53¢ 246 ) 2 0 30 ) 1 L P e vt T REAR T 32 115
BEIRTETE ( Burkholderia) J& T B-2 TR W 4N, Ho=F i Bl i
PR RER RN (1 3) L BT 5 2 BRI A —
M SRR R E 2 MR T R R RE ) BAy i
S R S A PO REAE T AT R A A T AR AR
e HATLENGIEL T A 2R R S 220 LR {:>p

ifE/m

@ 3700
| 3900
@ 4100
A 4300

0.08

NMDS2

REHE T SRR R E |

Frig i A Y 2 B Y, g A R M 8 s : . ny

( Bradyrhizobium ) Il Herbaspirillum ( W2 J& | PN A [E & NMDS|

) — R B AR BRI, RSCFTEER g pray.corts iamitmmmpmesmiss AEERS

W, XY M EEER L IED YN FEEEMR  srmoms) g5E

(K 3), Fig.6 Non-metric Multidimensional Scaling ( NMDS) sequencing
B AT R VTAL L HEFE 4R B I i Gt fy plot between samples plotted by Bray-Curtis heterogeneity coastal

FEAR, AN €N P A K MRS i, P e

BA @ MAERER X AR AR, X a-ZFE

M KA 2 3 TC FI TN (K 1) . 3 TC 85 TN S T 33543 7K BRI, aT LAVE S ek 9 5 43

FIRRCRIF AR A T EAR S SR fham 1 o ok AR B 4 DR 348 i ol e 3 A Rk, b i s e T+

SN TR 2R SRR AR SRR T A AR R W58 & B, it A HLAESS I T £18 ¢ N &, R ini 2

THE R AP ZREE T ARG R IR A3 B2t 5 B 4 e [ AU 2 BEbE 5 4% TC F TN

TR E IR,

®1 EREHESENRZERE o SHEEHRSEEMTEMNHEXE

Table 1 The Correlation between diazotrophic community classification and phylogenetic a-diversity index and abiotic variables

Shannon 5% NTI $5%k
R P R P
R Altitude -0.674 0.006 -0.247 0.375
pH 0.904 0.000 0.729 0.002
HAH AN -0.518 0.048 -0.318 0.248
Kk TC -0.704 0.003 -0.718 0.003
SA TN -0.718 0.003 -0.657 0.008
B Fe 0.700 0.004 0.696 0.004
%% Mn 0.614 0.015 0.457 0.087
B Zn 0.557 0.031 0.596 0.019
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