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Composition and diversity of phoD gene communities in farmland soils at
different altitudes in Huidong County, Liangshan Mountain, Sichuan Province,
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Abstract: By analyzing the response of phoD gene community composition and diversity of farmland soils to different
altitudes in Huidong County, Liangshan Mountain, Sichuan Province, we aim to gain an in-depth understanding of the
distribution characteristics of phosphorus and the microbial communities involved in phosphorus cycling in farmland soils at
different altitudes in the Liangshan Mountain Plateau region. This knowledge will provide a scientific basis for establishing a
rational fertilizer application system. Soils at different altitudes ( 1700 m, 1900 m, and 2100 m) in Huidong County,
Liangshan Mountain, were analyzed for their physicochemical properties, organic phosphorus fractions and contents, and
phoD gene communities by chemical analysis and high-throughput sequencing technology. The results showed that pH was

positively correlated with altitude. Soil total and effective phosphorus contents were the highest at 2100 m altitude, organic
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phosphorus ( OP) , reactive organic phosphorus (LOP) , moderately reactive organic phosphorus ( MLOP) , and moderately
stabilized organic phosphorus (MROP) at 1900 m, and inorganic phosphorus content was the highest at 1700 m altitude.
For variation of the phoD gene community at different altitudes, Shannon index was the highest at high altitude. Meanwhile,
the structure of phoD communities at the three altitudes differed significantly, with Proteobacteria, Actinobacteria and
Acidobacteria being the dominant phyla at the three altitudes, while Bradyrhizobium was the main dominant genus at the low
altitude 1700 m. Soil pH and total phosphorus (TP ) were the key factors driving the composition of soil phoD gene
communities at different altitudes. In conclusion, the phoD gene community in farmland soils at different altitudes in the
Huidong Plateau region of Liangshan Mountain varied significantly ( P<0.05) and was significantly affected by soil pH and
total phosphorus ( P < 0.05). Fertilization measures should be adopted in agricultural production according to local

conditions.

Key Words: Liangshan Mountain Plateau; altitudes gradient; phosphorus fractions; phoD gene community; diversity

TR (e B2 S0 A ) Z2 PR RN R S B A A P B L AR S R G rP R A RN I A W A R ) R R VA
R A RIBIARAR | FE— @ M P, W AR B AR A A AR T U ) R SRR A
JEASCHERTAE R R 3R B P AR AE 25 57 o LR, G B p At 5 5 e A 4 7 5 IR 0L S R T 0, HAAR =
ST IR VA B R T R R R A S AR W 2 A ] M DX Lt R 58 vh 2 10 IO [) ) 3 A b ik e
P S E—E R A T I R WA B D BRI, B ST OR R T SR M R )
REZ2 FEIE TS 25 A8 1k, XHE 7 L Hi A= 285 3R 0 1) i e A e M A MM

BE(P) SHEY A KITH N EEITTRZ —, LR R UAFIESATE, GG AL (oP) %A HLEk
(LOP) W4y tA HLIE (MLOP) A EaMA HLBE (MROP ) 252431 8 1A S5 A sh 250 B 36 T4 e i 22
SEASES W Zhou® SR FT K B, BT LR [ HRAE IS ) 22 57 B0 3 pH B9BIAE | MR ) - HE R
o AR AR, SR E W e A R R P ™ AR W R, K TP A AT BLBE AL 5 ) (LN BB g A%
MRAE) Jrfr iR A B R . BRI 4 R FR VB BRI (acid phosphatase, ACP ) Gt i 2 ff ( alkaline
phosohatase, ALP)"  ALP JGYEAEAR HIREE T B INEERE , phoD FER G i 4 1 ALP 4 3 4[R]3 K] ( phoA |
phoD phoX) Z—" FEREi A 45 R G h W A7 AE, phoD BEE T ALP 43 39 P (AT HILBAE , 45 47 Rl =
B0 De S AR RS IR - HERE A 3 25 S T B A7 W R TS R B A 0 TR R 14 B i, 5 A9 B AR 56
)l A T 1 AN i A v i R S, BB (e AT AL BB 80 ™ L DA T 5 0 - Sl ) Rk o AR, B3R AIE 5
FEE DT I AR RGE, KT X AR H A 25 R G 13 phoD FEPRITEVE S 22 FE XA [R] R A A6 5 1)
M) 17 A AIE 1) e A IS 4RI

B AL T o O R S, DR S e 2 | RO ST AL R ZR U, TR 4 B DR R IR A
R BRI X T I S AR 2R S R A S W K IR A R B G i 4R - T I R
v P Sl A AR, 7 B 1 24 2 b Al P TR & e BRI AR SR AU s L 25 AR B 3 A [l T4 s B 1Y
TIHERPFFEXS L, AR RIS B S 3R S i S 43 25 5, Ol S S P BOR 3T phoD BE IR 24
PESRERE 2, LUHTR AR S AN [R) TR B 3R & & B0 R phoD BEPRITF 74 4 LS Z2 FEPE I 742
SR, A TE T DX S Ny A B A it A ) R P LS S

1 #RE57FE

1.1 WS XA

PN w55 IR IX 2 A B (102°57'E,26 © 63'N) Ja A1l #4325 KU X (B 1) 4ERRK
HZ00 1096 mm,, RN 3331 m, KUK 640 m, PR N 16.2 °C, BiH4EFH H 18 2306 h, H 1R
W 2R HE R, AR, TR B, BEIX b3 R Ry, PO R 2, LR 4R 4L , 7R R FRBEUY , & VDV
HAK RS, Mg B DA b 85 o 32, Lk O L S 5 s R/ i e
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1.2 FERCREE

2020 4E 7 A 28 H , IS KB MEMEEME 2 (1K 1700 m,)) &35 S P FILA (1900 m, G) AR AT
R (2100 m, Q)3 AL AT (& 1) , FEIOR BE I 1] b b A 4R AR AR — 3500 FOKR - MRS VE L, BIFSEIX
Yok 5t E TR 5 X RAR TR K NS5 an R B L T G IE 45 kg, JEAE 25 kg, 3B 20 kg (= MHEEAE
11:20:20 3B 9:0:35) MG AHLIL 20 kg FHRRHF 15 kg, RN 500 kg( B 0.067 hm? & 1 kg B7) . T
HIRPEZR A, B IXATE 8 M RAFE (5050 m) , SRAEsLZ ARG 200 m DAL b #5“ Hgfe” RUHEAT 5 SR,
W+ RAEWG , HEAR S em 19 T EBRE SR TRE SRS RFERE 5—20 om , FEATAMTRA] A 1 ke,
Z I NG RAE HRE S B 003, — 13 FH JC TR SRS Al ] S50 2% T - 80°C fR-AF, FH T IS 22 565 DNA #2155 — 1y
W [l S 86 2 XU B AN, T B R AL 4> 400, SREES R AME B LR 1,

A B H 6 B

B1 RUSKEMEREKE

Fig.1 Location and elevation map of Huidong County, Liangshan Mountain

F1 RULSFEFEBRARERER

Table 1 Information of sampling sites at different altitudes in Huidong County, Liangshan Mountain

FrE 5 o . e . % il
TR b Tt s b g thy  JCPRECER

pine Sampling sites Latitude Longitude Altitude/m Soil category pping
numbers years/a

J SR B L MBEIEHER 26°56'N 102°45'E 1700 b1 54 E

G SIR B H W F LA 26°28'N 102°38'E 1900 3t 10 4EL) |

Q SR BB AR 26°70'N 102°69'E 2100 rfilgE 10 4EL) E

J.G.Q FRAEHBZ M W FIRYRFEUPT (U RS o bk

1.3 F5rE
31 pH (EINE AL K £ R 2.5:1) , BHEA LR (SOC) FILEA (TN ) R A F: S sk bevkm sz
IO AL AN 38 5 B BRI A | IR (AK) 3 ) R R B A | TR (TP) & R T HCIO, -
H, SO, TH 2, SAERHT TR E s +HEA 20 (AP) &R 0.5 M NaHCO, 25, SRR BT L ikl o'
TeALBHE AR A Chang 2L H Buehler 251838 H B CHLME 43 2% )75, 1.0 mol/L NH,Cl(pH {E N 8.0) 2
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BACH AW (Ex-P) ;0.5 mol/L NH,F(pH i 8.2) #2HUR S5 & A8 (Al-P) ;0.1 mol/L NaOH #EHUELZE &
(Fe-P) ;0.3 mol/L A7 RREN A% — WAL RR EATE G i W 2 HUA] & 2595 ( Oc-P) ;0.5 mol/L H,SO, 42 HUi5 45
W (Ca-P) .

OP JEZ K F Tvanoff 45" 32 H (A HL#E 43 2% J7 %, 0.5 mol/L NaHCO, (pH {84 8.5) #E B M A7 WLk
(LOP) ,1 mol/L HCl B Z5% M A AL (MLOP) ,0.5 mol/L NaOH BT R4 M4 WL ( MROP)
1.4 135 DNA SO s PEBEIRIESEE R (phoD ) oyt =10 7

FREL 0.5 g T3EREN , S 18 FastDNA® SPIN kit i & (MP Biomedicals, Santa Ana, CA, J2[E) #AE 1A
PR 4 4 S DNA, 1% 55 W8 58 I f kA I, — 20 °C 377, 1 JH 5149 ALPS-F730 (5'-CAGTGGGACGA-
CCACGAGGT-3") 5 ALPS-R1101(5’-GAGGCCGATCGGCATGTCG-3") X} phoD FE[H A Be kA4 151200

AT 20 WL, /A £~ PCR Mix 10 wL, 514 0.5 pL,DNA #i#z 1 pL (10 ng/pL) ,ddH,0 8 wL, JZ i #
oM .94 CTZAEYE 3 min, 94 CZEVE 1 min, 57 CiE K 1 min,72 °CZEfH 2 min,35 MEH,

DL 1%3E R WEEE RS i VKR PCR 724, ik 2 I IRAR A W RHE B A BRA 7l |, 32 A Tllumina-MiSeq
-6 #E 1T I
1.5 HdEabr

I A Excel 2019 F1 SPSS 22 #4784 1Y T AL FEANSE 114087, 5 26 7 22531 (one-way ANOVA) [
TG 56 AN ] ¥ A A SR M B | - SRR 2H A3 AR W R TR 2 Y 25 5 B M (P<0.05) , di i Tlumina-
MiSeq “F- 5117 Paired—end ¥, ¥ J5L 46 )37 51 £ 1 4% 25 NCBI 1) SRA %4#8 /% (PRINA1098434) . T AL
28 QUME (v1.8.0) Bl vk P4l  ZBRim A A, ZERITME T 20  BRAEEORT 5 1 Y0 H5 e sl P4 B2/ T 150 bp
HIFS, phoD FE K B ¥% Z2 #6438 15 A QIIME 1.9.0 #4115 Chaol , Good _coverage , Shannon | Simpson .
Pielou Ll & Observed_species ¥84%, FIFH CANOCO 5. 0 K447 TCAY 0T (RDA) LU 2 T3 AE Ui vs 4H
B M T ] AR OGPk

N2
o

A
any

2 HBR55R
2.1 SRR B E 4
B2 AR B R S P T AT 4 SR L3R 2
®2 FEGKHROBLLER

Table 2 Soil physical and chemical properties of soil under different altitude

RFEG > A LA 2R Bl fff 54 Ex: AR A

Sampling codes pH SOC/(g/kg)  TN/(g/kg)  AN/(mgkg)  TP/(g/kg)  AP/(mg/kg)  AK/(mg/kg)
] 6.27+0.32¢  18.3x1.21b  2.35:0.004a  75.3x9.47b  0.425+0.043b  9.66:0.39h 93.3+2.78¢
G 8.13£0.96b  21.1x7.47a  1.80+0.031b  103.4x10.4a  0.647+0.094ab  5.54+0.08c 243.6+10.4h
0 8.43+0.77a  15.240.95¢  1.24x0.00lc  75.8+4.55h  0.661+0.049a 10.70+0.83a  258.0+5.84a

LB A EE AR (n=8) ; BUF R A FR/NE F R RE 5% 5T 25 8% ;SOC. A HLEK Soil organic carbon; TN ; 4= & Total
nitrogen; AN B8 & Alkali-hydrolyzable nitrogen ; TP : 48 Total phosphorous; AP ;. 7 %M Available phosphorous; AK; HA{ 4 Available potassium;] .
LM TS SRS Wande village, Jiangzhou town ; G ;&5 WFF 1A Shizishan village, Gaji town;Q: #YEET 4k Zhuse village, Qianxin town

MR 2 WA, SR BOR RIS X 5 60+ BRA M T () A7 7E B 35 25 5% 5 0 AN 4 b XA HE T
RHBIX T(1700 m) +3% pH {HHRME, 2R &R E (P<0.05) . #IRK G(1900 m) HIEA WU FIA A & i
(P<0.05) , 43510 21.1 g/kg A1 103.4 mg/kg, WEHEHBIX Q(2100 m) +HE pH {H R & , W A 00 AE e &
B R (P<0.05) %S E bk LT R (P<0.05)

22 HIEBOEAS

ARG 8 SR BN REAR R . BRATE S Ir 3G S HLBE (T0P) A HLBE (OP) & A HL

B (LOP) M AETEMEA HLEE (MLOP ) Fl P A A HLEE (MROP) |, HARIIAZE R L3 3,
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x3 TRIBHTEBRTESF

Table 3 Phosphorus fractions of soil samples at different altitudes

ETE R TeHLuk AHLBE A PLBE &G A L TR A LB
Sampling codes 10P/ (g/kg) OP/(g/kg) LOP/(mg/kg) MLOP/ ( mg/kg) MROP/ ( mg/kg)
J 0.165+0.044¢ 0.194+0.045¢ 2.69+0.297¢ 42.0+3.66b 42.4£8.17b
G 0.439+0.014b 0.271+0.022a 4.15+0.323a 51.7+4.18a 50.7+2.48a
Q 0.487+0.085a 0.210+0.037b 3.23+0.391b 37.3+4.26¢ 31.5+5.11¢

%Wé&ﬁjﬂ%i@ﬁiﬁ?/ﬁlﬁ:( n=8), AR NARR/NG P FRRIE ST 2R BE ;10P TEHLE inorganic phosphorus ; LOP . TETEA L
T labile organic ; MLOP . R MEA HLE medium labile organic phosphorus; MROP , Ra A B moderately resistant organic phosphorus

136 3 TN, R R4 )+ S 785 22 5 W 25, JOHILME o5 At B 4 0o B 1 TH i 3 34 ( P<0.05) L1 G
V(1900 m) HuIX A4 HLBE TG PEA HLBE | b S50 v A HUBS AR AR M A ML & 28 B 3 T T IR (1700 m)
PR Q MR (2100 m) Hi[X
2.3 phoD JERIMF25 R T o ZREVESIHF

WA 2 T UL, A REAR ) Goods coverage $8 4015 T 0.99, S AU e T A5 45 S LA — s (AR 3k, g
FLAL W38 phoD FERBEVE 0 ZREVERFIE . 45K 3 M4k 48 phoD R ZHEMES FEEA -, £
1A alpha ZFEPEFEE(£2F5 Shannon  Simpson & Chaol F8%%) ¥4 Q Mk 2100 m %, Hok 2 J ¥4k 1700 m
HiIX , BRI, 4558 W Q MK 2100 m #9138 phoD FE R BEIE ZREMER .

5000 — 1.00 — 10
P=0.026 P=0.015
&

4000

= _x
099 |-
3000 —El El
2000 |-
5 098 |- El
1000 |-

1.00 — 0.85 — 4000 —

2e

SRS
Goods_covera
Shannon#§%{ Shannon index

Chaol#5%f Chaol index

w
(=3
(=3
S

(=]
O
[=)}
I
Pielou 5] BEFR 5L
Pielou index
(=]
v
T
Observed species$i %
Observed species index
13
(=]
(=4
(=]
I

Simpson#g % Simpson index
=
(=4
(=]
I

G J Q G J Q G J Q
FetfH Sampling sites
B2 A[EiEHET1E phoD EFEEEZH alpha SHE1E
Fig.2 Alpha diversity of phoD gene community of soils at different altitude
1. ZMEVEFERT Wande village, Jiangzhou town ; G : I35 WiF LA Shizishan village, Gaji town; Q :H#yEHAT €] Zhuse village, Qianxin town

2.4 1Y phoD FEHREIE AL S 4544

SR BRI 3819 phoD FERBETE AL ILIE 3, 3 AN 3 phoD e R FEVE AL AN R, 7E 11K 1
(B 3),3 MR IR & phoD FEH T8 TS L 1H 1] ( Proteobacteria , A5 £ FEA T 10.3%—80.5% ) it £k
J# 1] ( Actinobacteria , # X} 3= BE A F 3.58%—20.1% ) FFR KT 14T ( Acidobacteria, 0.01%—1.09%) ., ZEJE ']
( Proteobacteria) -3 A X} =F B 59.8% e AIKAE B3 1900 m 19, Fe /5 61.4% 7€ = 144 2100 m, ]
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( Actinobacteria ) SF-AIAHRT F2 BE 5.249% FeIRAE F AR 2100 m #1IX, e 9.53% (EARIEFAK 1700 m #1IX . FRAT
I'1( Acidobacteria ) 7F =144 2100 m HbIX f sy, HAHXT R 0.6% , FEE/KF L (K 3) ,3 MR I &
phoD H:[F 322 )& T8 4= #9918 )& ( Bradyrhizobium ) \ 1 HEMRIE 6 & ( Sinorhizobium ) %3 14 J& ( Streptomyces ) |
SZIEAR IS (Amycolatiopsis ) . AR ¥ Bl 16 J& ( Pseudomonas) . % 1 % My 18 J& ( Pleomorphomonas ) . 1 % I 16 J&
(Stella) ZESATH JE ( Variibacter) Wi Z I & ( Saccharopolyspora ) FIKGEAZ AT 7 J& ( Phaeobacter ) 55, 12 4R
Je B ( Bradyrhizobium ) FXT - FE AT 0.07%—1.14% Z [8] , M EBEFE G IR HBIX 1900 m f5 /5 , I 7E Q WK
HIX 2100 m AR s AR S (Sinorhizobium ) A% E T 0.06%—0.47% Z 8], L Q #544 2100 m + A
X EBE R ] R 1700 m RAR ; R TR ( Streptomyces) ARX AT 0.12%—0.41% 2 [, LA J 4K 1700 m
IR R f Ry, Q HEEHA 2100 m RA

] J&
M Proteobacteria [l Bacteroidetes W Bradyrhizobium W Stella
M Actinobacteria M Firmicutes W Sinorhizobium W Variibacter
W Acidobacteria W Verrucomicrobia Il Streptomy ces W Saccharopolyspora
W Amycolatopsis W Phaeobacter
M Planctomycetes M Euryarchaeota B Pseudomonas S ET
M Cyanobacteria Ml Hfth W Pleomorphomonas
100 100 -
X 80 80
E
B3 60 60
# 5
fodc
F2 40 40 |
=
ko)
& o201t 20 L
0 0

G J Q
KA Sampling sites

B3 AREiEHKLTIE phoD BEEIKFEMBAKT LHIBEARM

Fig.3 Community composition of phoD gene in soil at different altitudes at phylum level and genus level

2.5 13 phoD FEBEIE S5H S S4BT
XU LM 2 AR BLOAS [A) ¥ 3 4 FH 38 19 phoD 5t [R T 7% 45 46 738 S5 45 O 47 3 A8 4% 43 B (principal co-
ordinates analysis, PCoA) , 455 W& 4

PCo2 (11.4%)

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
PCol (16.9%)

E 4 A[EEHE1TE phoD EFE% PCoA RERE
Fig.4 PCoA analysis of phoD gene community in soils at different altitudes

PCoA: FAEFRAHT Principal co-ordinates analysis
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M 4 TTLAE T 4R 1700 m F1 G 4R 1900 m 4 H 4358 phoD D4 FEVE 45 40 48 AL, T Q 3K
2100 mAR H 321 phoD BEAHEA SR, 2 B = 4k S AR il 10 22 0K, s 2R B[R] 4K+
phoD RS 7 2
2.6 13 phoD LK SCHEY R BT

TIEGEM SR N T RRTIERRR JEX 23 2R 15 phoD JE DRI V& SCHEMI R B S 0, X5 AN [ 4K phoD
FERIFEIE AT T 220 543 HT (linear discriminant analysis effect size , LEfSe) 23T, 255 LI 5,

. a: p__ Acidobacteria

. b: p_ Actinobacteria

. c: ¢__Alphaproteobacteria
. d: ¢ Gammaproteobacteria
. e: o__Rhizobiales

. f: o__Sphingomonadales
. g: 0o Neisseriales

. h: o__Pseudomonadales
. i: [ Comamonadaceae
. j: f_Oxalobacteraceae
. k: f_Chromobacteriaceae
. I: f_Polyangiaceae

. m: f_ Bradyrhizobiaceae
. n: f_ Sphingomonadaceae
. o: [ Pseudomonadaceae
. p: g Bradyrhizobium

. q: g__Sinorhizobium

. r: g Blastomonas

. s: g Corallococcus

xtti G M) BMQ

B 5 AEiEgE 15 phoD EEYF LEfSe 57547
Fig.5 LEfSe analysis of phoD gene containing species at different altitudes

M EERTRL RN TR BT K 1700 m - 3ERPL3 TR T4 # 171 ( Actinobacteria ) , Q #E4K 2100 m (1)
HPRFFET] (Acidobacteria) . 7EJ@ /K b, J ¥4k 1700 m 1) phoD K& PR BE V& 5 5 W) Fh A A 18 20 4R 9% 1 R
( Bradyrhizobium ) , 7E Q ¥k 2100 m WFFE X, phoD T 15 4 b J& AL 45 H A AR R ( Sinorhizobium) | 2F LY
& ( Blastomonas ) FIIEIER B J& ( Corallococcus)

2.7 phoD SEHBEE 5 IREE R THH M b

H T RS R T 3 phoD 3 R TEVE AR AL I SC B ER BT 1 K 1= 48 phoD SN BETE 4545 pH {H
SOC TN AN AK TP AP S35 [N 717704 70T (redundancy analysis,RDA) (&1 6) ,

53R W, 1 1700 m 5 pH TP AN TN SOC 2 AHXE, 1M G 14K 1900 m 5 pH FIEAHDE, f TP 21
5, Q M 2100 m 5 pH RIEMKR . MWETLAEL K BT LIE B 15 115 phoD FE P REE ]
AHSCRERE , HoM S th R Z/NVE IR pH>TP>TN>AK> AN>SOC>AP,

3 e

3.1 R AR R A T - SRR AL 5 A R
TEAN TR B T4 g BE, UM B UK )y SR A o A 2R A8 Ak, DTS S5 Bl A W R 4 2 AR D R B R
BAERY S AEARRFSE AR T R 1700 m A Q K 2100 m Yt SERRAL AR R RIA7AE 22 T BRI T
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pH {E FE KRR P it b 253G 0, e V4 b X 1 AR
Bt AT DX R 2 A8 DA L T - A LA 5 2 0] okt
FE PR X e, X 5 A Y AR g — s, HE - !
Pl 3= 2 1 B BV ARRR B2 b IR A, 3 st A= A | ®Q £=0.008
TN 2N I, ST BUME YT L g i < AR ME :
" S AR R Difg sz IR, il Q TE3R 2100 m Hb X
T A LR S AR, TR AR X (G AR
1900 m 1 1X) A, BE i | BB 55 A 1A L35 b A AL
WS I X F R ek S, 2R A
B B TE R VR X e e, X SRR Y S ST A SR AL ;
AR A P L TR BT, /2 e
TR RIS R L R e, oL 0
FHLBRIA HLBA T LA e
3.2 IR AR AT R 2 53 1 R )

TSR AT HLRS (OP) ¥ HEAT LB (LOP) o 1%16 Txﬁ];”&?‘iiﬁ.phon BEEEES5HERETH RDA .Mﬁ

Fig.6 RDA analysis between phoD geme community and

S TEATHLEE (MLOP) Al T A2 PEAT LB (MROP) 7 it environmental factors at different altitude
PR X R R, SRR 1900 m>2100m> 1700 m o0, 4 gLk, TN: 45 AN: AR TP 458% ; AP A RLRE; AK:
MREAE X AR BT AERFTAR L, 7 Q Wi (2100 s,
m) HL X, i AR, A WL A i ok R it 2 /NS T
BF, AR 2 i i AR M DX, - 438 b gl i T B R Al A P 85 i 25 08055 A DL (OP ) | Hh A5 TR 1 A LI AN R AR vk A
PUBE S5 BB AR 2077 S8R IR ST B 4L 7 AT S B IRV 9 X sk T A R S it s e )|
TR BEZE AR IR LA s, I 1900 m HifEdR G i IX -8 5 A s i R IR g )
3.3 IR EE AR 3 phoD FERITETE Z2RE 1 S AL N 45 #4) 1 52 T

I AR Y32 B Z R R, IRV A AR — i R et S S AR ST R A R R
Y, B 25 VAR LT phoD JEDRREVE T I - Z2AEPE T iy, L DR AT B8 AN () g 1 DX 1) A5 5 B K S S5 PR A7 A
25t FEURHERY phoD AN YA KN EFH . 2L 1] ( Proteobacteria) I 1] ( Actinobacteria) FIFRAT 1]
( Acidobacteria ) 7 = AR AFFT IX PIAR XS 32 B 4 , SR 0 72 0 AR, R TRV 3R A Bl A W BE 95 1 R
A, BF7E R, AT e S SHEIA N 2 A0R 1], 0 L SR AR SIS ) mife)E K L 18 AR
J8i 1 J& ( Bradyrhizobium ) JEAN[RIIFFE X 3 1) 32 2L phoD T & . WF9T 3R B, 18 4E MR B4 J& ( Bradyrhizobium )
L gt 08 o e R R 5 3 ek R o g 3 LA R A b R ORI B 26 T RE & R R
PEHITY

AR MK phoD BEVERILE IR 2257 . PeoA AT /R MK Q HLIX (2100 m) phoD B V5 5 ik
G VIR ARIER ) M IXAFAE T R IX 53 . WA [RIVEER 3 (Y phoD SCHEMFh B 43 i e W, AIRE4A T H1IX 1700 m
BB T TR R T ( Actinobacteria) | 1 &5 iR Q H1IX 2100 m WZFRFF ] ( Acidobacteria) , BEAMNE &1 i
W Q HIX, FPAEMIR B & ( Sinorhizobium) 25 PRI I J& ( Blastomonas ) R ER 1 & ( Corallococcus )3 MMEHE
5HA4 2 /I\fﬁﬁﬁﬁ%ﬁﬁﬁ,ﬁgfﬁ%’%m” SERFSE AR . BRAT 1] (Acidobacteria) | ¥Z 204 T4 Fh + 3R 5%
o, HERE R A2 pH (BRI EE R 00 280, Shen Z57E 6 NGRS FE & IRAT T T AR S pH
(B TUROET . Liu 260 S B2 o0 M T i 2 1500 1 00 5 DR 100 5 AN e S, LA B AR 3R vh R B
FEAE 0 Aszalos' ™ SF7E = AR VKGRI BT P e 4 B9 A o 2 SPUM B, LR 0T = 8 5 96 4k Bt f 2 1A
X, ARWFFREERFI, LET 153 2K LU E 2K L, 3 FORTRG R AFSE X 38 1) phoD FERIBEVE 4544 5
HMAAEE N 2R,

RDA2 (5.09%)

(=}

http ; //www.ecologica.cn



8496 JAE = 44 %

3.4 IRBEA TR 195 phoD FE R BETE 52 0 BRE

PG RV B 22 S A5/ IN ) DX 3 FERUBE b, - S9 B P O A 0 22k B R 23548 4 A A9 Wi G 2k W
i, ARBFFEEBL, pH (E LA TP & RS [ 38 phoD JERBEIS AU EE AN T, RZH5EIE
W3 pH 2R IR YIRS A BRI R M Wang' ® SEIACH pH 5 IR T R R R R i
% MR 0 B IR BT IR - L R i TR TR = B 3G, 1R A A e Sk th A, RIS
AR 5200, DT 5 | R BRI E5 A pH {ELIZ TGN, ABRGEHE— 25 UEB T pH X phoD 20 TRV 4H A 1) H 2252
Wi, ATRIERFSEIX N phoD AN RETEFIREZ 2] TP &80 B 3 . 28 S 4L 3, 8= 1 R AR TR
VAR PR ) PR E ) AR VAR AL ) SR B R B N T A, X S AR T A R —3, ZRUEY, Samaddar %5
RIS T AN R Y R SR B A ST e . AR AR WoR T pH FI TP
TEVFE ARG HL X, phoD AT P HEE 4 AR 7 T B4 FE B Y, 103X A > T B 058 R 7 22 J5 WP 9 IX A 204
J -t ] 2 R A RN K

4 it

ARSCRT B 23 2R =N AN TR TR e B2 AR R BE r BRA PR BT B 2H 50 B phoD BRI RETR S5 RN ZFEVE AT T
M. WEFEES R AN 4> & B LR 1900 m Abf i, 4 3% phoD LR BEIS ZREMEAEHETR 2100
m A, HIEE WA E . = AR 5T, & phoD R BYIE 134 M AR 1 1] ( Proteobacteria) | itk
1] ( Actinobacteria ) FIRRFF I [ ] ( Acidobacteria ) , L 3 14 J& W) £ 45 1 A= #L98 IR & ( Bradyrhizobium ) | A2 MR IR
W & ( Sinorhizobium ) FVEEFE 14 J& ( Streptomyces) . 133 pH F TP &2 W% X I A [R] 345 A H 435 phoD FEH
T2 L OGS 1

22 3L Hf ( References)

[ 1] BBy, JHzE, sROFR, SRBOF, &=, W, 55, WEE, WRER, I8 WEH0Rs B AR (L M3l 3 LA 3R E W R i
TR R SR . AEAS24, 2019, 39(6) : 2215-2225.

[ 2] ShenCC, Liang W J, Shi Y, Lin X G, Zhang H Y, Wu X, Xie G, Chain P, Grogan P, Chu H Y. Contrasting elevational diversity patterns
between eukaryotic soil microbes and plants. Ecology, 2014, 95(11) : 3190-3202.

[ 3] Sasse ], Martinoia E, Northen T. Feed your friends: do plant exudates shape the root microbiome? Trends in Plant Science, 2018, 23( 1) ; 25-41.

[ 4] HoukE Q, Chen C R, Kuang Y W, Zhang Y G, Heenan M, Wen D Z. A structural equation model analysis of phosphorus transformations in global
unfertilized and uncultivated soils. Global Biogeochemical Cycles, 2016, 30(9) . 1300-1309.

[ 5] AREREE, JohfR, I, WORE, MR, BEAE, MOTR, R, BAREE, WRIE R, W08 BEAE AL X 2T 1L B LA PR - S B2 43 R 24
YRR, SR, 2021, 41(14) ; 5611-5621.

[6] ZhouJ, WuY H, Bing HJ, YangZ J, Wang J P, Sun HY, Sun S Q, Luo J. Variations in soil phosphorus hiogeochemistry across six vegetation
types along an altitudinal gradient in SW China. CATENA, 2016, 142. 102-111.

[ 7] BMER, B —. AREFEARBERA: P A BERCR BB A MY 2 fb. L3273, 2005, 42(2) : 286-294.

[8] WeiXM, GeTD, ZhuZK, Hu Y J, Liu SL, Li Y, Wu J S, Razavi B S. Expansion of rice enzymatic rhizosphere; temporal dynamics in
response to phosphorus and cellulose application. Plant and Soil, 2019, 445(1) . 169-181.

[ 9] TanH, Barret M, Mooij M J, Rice O, Morrissey J P, Dobson A, Griffiths J B, O’Gara F. Long-term phosphorus fertilisation increased the diversity
of the total bacterial community and the phoD phosphorus mineraliser group in pasture soils. Biology and Fertility of Soils, 2013, 49(6) . 661-672.

[10] Vershinina O A, Znamenskaya L. V. The pho regulons of bacteria. Microbiology, 2002, 71(5) : 497-511.

[11] De Feudis M, Cardelli V, Massaccesi L., Bol R, Willbold S, Cocco S, Corti G, Agnelli A. Effect of beech ( Fagus sylvatica L.) rhizosphere on
phosphorous availability in soils at different altitudes ( Central Italy). Geoderma, 2016, 276 53-63.

[12]  #¥, B30 Bl S RHRIE AR R ISR LM 4047, Ak BR 5464, 2018, (6) : 78-80.

[13] RE, RT, FMEREE, 4L, 20, 5%, BRUEH DR N TARBERS e, LR IR S5 PR35, 2008, 17(S1) ; 54-59.

[14]  XUPE, Wesun, AR/, W1, M, FACKE. W PE 0 R T8 G L SRR A5 A SV L. A28l 2023, 43(6) « 2378-2387.

(15] mWH, 200, 3L, ARy, WIEMG. IR AR L w0 i fo) 1 3R & 1 S L BERR B PEOF . RS BOEY | 2022, 42(5) :
81-87.

(16] #f-LH. L3RI 3 B JEat. dhERlE Rk, 2000.

[17] Chang A C, Page A L, Sutherland F H, Grgurevic E. Fractionation of phosphorus in sludge-affected soils. Journal of Environmental Quality, 1983,

http ; //www.ecologica.cn



19 14 PREW 55 DU 2R B[R A T 3 phoD BEIRRE 7 240 L S Z2 REPERHIE 8497

[18]

[19]
[20]

[21]
[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

12(2) : 286-290.

Buehler S, Oberson A, Rao I M, Friesen D K, Frossard E. Sequential phosphorus extraction of a P-labeled oxisol under contrasting agricultural
systems. Soil Science Society of America Journal, 2002, 66(3) . 868.

Ivanoff D B, Reddy K R, Robinson S. Chemical fractionation of organic phosphorus in selected histosolsl. Soil Science, 1998, 163(1) . 36-45.
Sakurai M, Wasaki J, Tomizawa Y, Shinano T, Osaki M. Analysis of bacterial communities on alkaline phosphatase genes in soil supplied with
organic matter. Soil Science and Plant Nutrition, 2008, 54(1): 62-71.

RBGE, TRE R, 5k%:, L. 34 b a8 ON FRE X R R ST B AE. 4854, 2013, 33(15) : 4674-4682.

FESE, BRIT, BUCRBH, i, BRARZL. i b 2 i X A A i ) S RV b 2 RE . ARSI, 2004, 24(8) ¢ 1611-1621.
Xiao K Q, Zhao Y, Liang C, Zhao M Y, Moore O W, Otero-Farifia A, Zhu Y G, Johnson K, Peacock C L. Introducing the soil mineral carbon
pump. Nature Reviews Earth & Environment, 2023, 4. 135-136.

XUH, B, A, EAREE. A S R BAR L E T R O, A A AR, 2012, 36(11) : 1205-1216.

LW FE, TOtiE, B, 48, 228y, RFEMAE I (Hevea brasiliensis ) Pkt JEAE B RETE M 4170 9284k, LEZS 23R, 2017, 37
(23): 7983-7993.

Hedley M J, Stewart ] W B, Chauhan B S. Changes in inorganic and organic soil phosphorus fractions induced by cultivation practices and by
laboratory incubations. Soil Science Society of America Journal, 1982, 46(5) : 970-976.

X AR BE Xof o L AR AR LSRR A3 AU S P I AREIARR =, 2024(1) : 21-23.

PEBL, PRERK, BB, AR, KM, B, FHETW. D& X RS T4, T ERERL:, 2013, 34(1) : 40-44.

Chu HY, Gao G F, Ma Y Y, Fan K K, Delgado-Baquerizo M. Soil microbial biogeography in a changing world: recent advances and future
perspectives. mSystems, 2020, 5(2) : e00803-19.

Bayranvand M, Akbarinia M, Salehi Jouzani G, Gharechahi J, Kooch Y, Baldrian P. Composition of soil bacterial and fungal communities in
relation to vegetation composition and soil characteristics along an altitudinal gradient. FEMS Microbiology Ecology, 2021, 97(1) . fiaa201.
Rfaki A, Zennouhi O, Aliyat F Z, Nassiri L, Ibijbijen J. Isolation, selection and characterization of root-associated rock phosphate solubilizing
bacteria in Moroccan wheat ( Triticum aestivum L.). Geomicrobiology Journal, 2020, 37(3) . 230-241.

Sakurai M, Wasaki J, Tomizawa Y, Shinano T, Osaki M. Analysis of bacterial communities on alkaline phosphatase genes in soil supplied with
organic matter. Soil Science and Plant Nutrition, 2008, 54(1): 62-71.

Zhang T, Li Y F, Chang S X, Jiang P K, Zhou G M, Liu J, Lin L. Converting paddy fields to Lei bamboo ( Phyllostachys praecox) stands affected
soil nutrient concentrations, labile organic carbon pools, and organic carbon chemical compositions. Plant and Soil, 2013, 367(1) ; 249-261.
TR, WRE. O PR YRR A S I RERHIEXT T3 pH 1922 SRR ;. FRERLE | 2022, 43(7) : 3876-3883.

Janssen P H. Identifying the dominant soil bacterial taxa in libraries of 16S rRNA and 16S rRNA genes. Applied and Environmental Microbiology ,
2006, 72(3): 1719-1728.

Jones R T, Robeson M S, Lauber C L, Hamady M, Knight R, Fierer N. A comprehensive survey of soil acidobacterial diversity using
pyrosequencing and clone library analyses. The ISME Journal, 2009, 3(4) . 442-453.

Shen C C, Xiong J, Zhang HY, Feng Y Z, Lin X G, Li X Y, Liang W, Chu H. Soil pH drives the spatial distribution of bacterial communities
along elevation on Changbai Mountain. Soil Biology and Biochemistry, 2013, 57 204-211.

Liu SW, Zeng ] X, Yu H, Wang C, Yang Y F, Wang J J, He Z L, Yan Q Y. Antimony efflux underpins phosphorus cycling and resistance of
phosphate-solubilizing bacteria in mining soils. The ISME Journal, 2023, 17(8) . 1278-1289.

Aszalos ] M, Szabo A, Megyes M, Anda D, Nagy B, Borsodi A K. Bacterial diversity of a high-altitude permafrost thaw pond located on Ojos del
Salado (dry Andes, altiplano-Atacama region). Astrobiology, 2020, 20(6) : 754-765.

Zabel F, Delzeit R, Schneider J] M, Seppelt R, Mauser W, Vaclavik T. Global impacts of future cropland expansion and intensification on
agricultural markets and biodiversity. Nature Communications, 2019, 10, 2844.

Xiao L, Huang Y M, Zhao J F, Zhou J Y, Abbas F. Effects of planting structure on soil water-stable aggregates, microbial biomass and enzyme
activity in a catchment of Loess Plateau Terraces, China. Applied Soil Ecology, 2021, 159. 103819.

Wang J T, Zheng Y M, Hu H W, Zhang L M, Li J, He J Z. Soil pH determines the alpha diversity but not beta diversity of soil fungal community
along altitude in a typical Tibetan forest ecosystem. Journal of Soils and Sediments, 2015, 15(5) : 1224-1232.

A, R, TR, AR, EER, R, XIS Ba IR SR S R SR E SRR SO B A SR B KB A T A e
7, 2021, 41(3): 1148-1157.

Samaddar S, Chatterjee P, Truu J, Anandham R, Kim S, Sa T M. Long-term phosphorus limitation changes the bacterial community structure and

functioning in paddy soils. Applied Soil Ecology, 2019, 134; 111-115.

http ; //www.ecologica.cn



