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Abstract: [ Objective]l Low phosphorus (P) availability limits the increase in the productive capacity of acidic soils. The
bacteria phoC and phoD genes encode acid and alkaline phosphatase (ACP and ALP), respectively, which mineralize organic
phosphorus (P) to inorganic P, are affected differently under different fertilization regimes. However, the combined responses
of phosphorus-solubilizing microorganisms (PSM) to fertilization strategies and the rhizosphere effect are still unclear.

[ Method] In this study, we evaluated the response of maize to the interaction of different nitrogen forms (ammonium

nitrogen and nitrate nitrogen) and phosphate fertilizer levels. The phoC and phoD genes, separately coding for acid and
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alkaline phosphatase productions, were used as molecular markers to investigate the effects of fertilization strategies and
rhizosphere effect on soil phosphatase activities and associated functional microbial communities in acidic soil. [Result] The
rhizosphere effect significantly increased soil phosphatase activities in the rhizosphere. ALP activities in the rhizosphere
under nitrate-nitrogen treatment were lower than in the corresponding ammonium nitrogen treatment. Also, the strength of
the rhizosphere effect was greater than that of nitrogen forms and phosphate fertilizer levels. Nitrogen forms, phosphate
fertilizer levels and rhizosphere effect all significantly affected the operational taxonomic units (OTU) number and
Shannon index of phoD-harboring bacteria, but only nitrogen forms and rhizosphere effect affected the OTU number of
phoC-harboring bacteria. Principal coordinate analysis (PCoA) and PERMANOVA analysis showed that the rhizosphere
effect exhibited more influence on the phoC- and phoD-harboring bacterial community composition than nitrogen forms and
phosphate fertilizer levels, with more effects on the phoD-harboring bacterial community. The stimulation of soil phosphatase
activities in the rhizosphere was closely related to the increase in soil organic matter. Additionally, changes in the
composition and structure of phoC-harboring bacterial community were mainly related to the changes in rhizosphere
nutrients, while the changes of phoD-harboring bacterial community structure may be attributed to combined effects of root
exudates and nutrient changes. [ Conclusion] The rhizosphere showed more influence on soil phosphatase activities and
associated functional bacterial communities than nitrogen forms and phosphate fertilizer levels in acidic soil. However, the
strength of the effect strongly relied on the fertilization strategies.

Key words: Acidic red soil; Fertilization strategies; Rhizosphere effect; Phosphorus-solubilizing bacteria; Phosphatase
activity
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PEF 9 pH 4.38, B LR 12.53 g-kg™, 4% 0.49 g-kg™, 4% 0.30 g-kg™, 4241 10.97 g-kg™, A &k#k 9.01
mg-kg™. JLUCE 4 NbEL: i A EIE CBRRRED AN (NH,-PO). it FH £ 5 Z AR R AE (NH,-P100)-
it VRS A IR CRYBREA) At (NO5-PO) . it FH it A5 I A AL (NO5-P100) . ZUAEAE F & 88.9 mg-kg™
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FERREE . M BRSBTS A HoSO4-H,0, TH A, SRAEILIRE Z A (Hanon K9860, LLIZR) JllE & & &,
Oy AE AR BR ST L Ik AT EOE T (FP640, Lilg) IEMA ok & &,
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1.4 11 DNA RREIRSBEENF

8 DNA k77 £ (FastDNA SPIN Kit for soil) #2H(-1-3%5 DNA. 45K A phoC [ 1) 5197 )
phoc-A-F1 (5-CGGCTCCTATCCGTCCGG-3')/phoc-A-R1(5-CAACATCGCTTTGCCAGTG-3") BIFI phoD
H i} &l LY lag 7l S-F730
(5-CAGTGGGACGACCAC-GAG-GT-3")/S-R1101(5-GAGGCCGATCGGCATGTCG-3) k47 PCR #1#,
FHAEREAFES I L5519 5 i In— B BN 7 bp M R tE 2 Ik LLIX A3 FEdL . PCR OBk R FIFEFF 2 18
Zheng 204, SR K PCR =43k B IRARE M AB AT R, 435132 1llumina HiSeq PE150 A7
Illumina Miseq PE250 % phoC #11 phoD & [l 33E47 X5l - .
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Table 1 Maize biomass and the content of N, P, K in maize shoots under nitrogen forms and phosphorus fertilizer levels

Ho b F A N A A BEE Ll
Ab P Shoot biomass Root biomass N content P content K content
Treatment /(g-pot™) /(g-pot™) /(mg-g™?) /(mg-g?) /(mg-g?)
NH,-PO 6.27 £0.57¢ 2.68 £ 0.16¢ 7.18 £0.92ab 1.70 £ 0.15b 17.17 + 3.01a
NH,-P100 7.37 £0.16¢ 3.87 £0.2ab 7.92+1.47a 2.87 £ 0.54a 16.43 + 0.82a
NO;-PO 10.45 +0.97b 3.61+0.37b 6.62 + 1.05ab 1.34 £ 0.09b 19.52 + 1.25a
NOs-P100 14.05 + 1.68a 4.34 +£0.63a 5.47 + 1.48b 1.55+0.44b 18.51 + 2.96a

TE: NHy-PO: BEASE AR NH,-P100: #AZUGHENL: NOs-PO: MAZAMIM: NOs-P100: RYAZMERE. FhEE T
B+ beEZE (n=4). FFIARFENE FBEFRR A LA B 8] 22 7k P<0.05 &3 7KF. A, Note: NH,-PO: ammonium nitrogen
without phosphorus fertilizer; NH4-P100: ammonium nitrogen with phosphorus fertilizer; NO;-P0O: nitrate nitrogen without phosphorus
fertilizer; NOs5-P100: nitrate nitrogen with phosphorus fertilizer. The values are the mean + SD(n = 4). Different letters followed by values

within each column indicate a significant difference among different treatments (P <0.05) . The same below.
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Table 2 Soil physicochemical characteristics in the bulk and rhizosphere soils of maize under different nitrogen forms and phosphorus

fertilizer levels

Qb HUREAL AT
pH TN/(g-kg™) TP/(g-kg™) TK/(g-kg™) SOM/(g-kg™)
Treatment ~ Sampling site
NH;-PO HEARFR 4.23+0.05b 0.77 £0.02a 0.38 £ 0.03c 10.79£0.17a 8.93+1.92b
HRBR 4.23+0.02b 0.72+0.01a 0.36 +0.02c 10.84 £ 0.19a 10.68 £ 0.41b
NH4-P100 JERBR 4.23 +0.05b 0.74 £0.02a 0.48 + 0.01b* 10.84 £ 0.19a 9.87 £ 0.66a
HRBR 4.22 +0.04b 0.76 £ 0.08a 0.42 +0.02b 10.64 £ 0.30a 11.33 £0.33a*
NO;-PO JERBR 4.46 + 0.05a 0.70 £ 0.04b 0.36 +0.02c 10.99 £ 0.23a* 9.52 +0.21ab
HRBR 4.64 +£0.23a 0.74 £0.02a 0.36 +0.02c 10.59 + 0.00a 10.86 + 0.39ab*
NO;-P100 JEMR B 4.39 +0.04a 0.70 £0.03b 0.53 +0.05a 10.84 +0.19a 10.98 + 0.38a
FRBR 4,52 +0.16a 0.73 £ 0.05a 0.51 +0.06a 10.64 +0.10a 11.71+1.82a
N: P=0.000, P: P=0.205,  N: P=0.034, P: P=0.925, N:P=0.010, P: P=0.000, N:P=0.853, P: P=0.359,  N: P=0.385, P: P=0.050,
B ) R: P=0.052, R: P=0.489, R: P=0.031, R: P=0.010, R: P=0.000,
=RESTES
N x P: P=0.255, N x P: P=0.690, Nx P: P=0.001, N x P: P=0.836, N x P: P=0.847,
Three-way analysis of
N x R: P=0.039, N x R: P=0.061, N x R: P=0.291, N x R: P=0.105, N x R: P=0.933,
variance statistic
P x R: P=0.726, P x R: P=0.340, P x R: P=0.180, P x R: P=0.839, P x R: P=0.951,

N x P x R: P=0.776

N x P x R: P=0.212

N x P x R: P=0.724

N x P x R: P=0.109

N x P x R: P=0.635

JOSE] HUREAL AR
NH,"-N/(mg-kg™) NO5-N/(mg-kg™) AP/(mg-kg™) AKI/(mg-kg™)
Treatment ~ Sampling site
NH,-PO AR BR 60.39 + 12.07a* 16.26 +5.37b 2.54 +0.26¢ 228.40 + 7.54a*
e 13.68 £ 5.41a 20.29 +9.29b 1.96 +0.19c 118.08 + 13.27a
NH,-P100 AR FR 23.47 £ 2.35bc* 13.95 + 2.38b 18.82 + 1.96b 226.80 * 7.65a*
PR 8.78 + 1.42hc 14.58 + 0.44b 16.26 £ 2.62b 109.69 + 8.36ab
NO;-PO AR BR 13.17 +5.53cd 28.44 +19.86b 3.13+0.57c 204.02 + 7.94b*
e 5.56 £ 1.51¢c 40.51 +19.80a 243 +£0.22c 109.29 + 12.82ab
NO3-P100 AEAR R 11.53 +5.51d 62.04 + 13.05a* 28.08 + 4.48a* 217.61 £ 6.19a*
PR 9.86 + 3.23hc 17.93 £ 12.96b 20.28 + 2.86a 95.30 + 10.36¢
N: P=0.000, P: P=0.000, N: P=0.000, P: P=0.867, N: P=0.000, P: P=0.000, N: P=0.000, P: P=0.451,
. . R: P=0.000, R: P=0.134, R: P=0.001, R: P=0.000,
=RETES T
N x P: P=0.000, N x P: P=0.291, NxP: P=0.001, N x P: P=0.486,
Three-way analysis of
NxR: P=0.000, N x R: P=0.048, N x R: P=0.100, N x R: P=0.451,
variance statistic
P x R: P=0.000, P x R: P=0.002, P x R: P=0.008, P x R: P=0.018,

N x P x R: P=0.003

N x P x R: P=0.006,

N x P x R: P=0.116

N x P x R: P=0.138

VE: TN: &% TP: 4#k: TK: 240 SOM: AHUFR: NH,-N: 4&5%0: NOs-N: W% AP: A% AK: s, [

BN /N - B 2R o AR AR B B B ot £ DY A JE A 2 ) 22 etk P<0.05 S22 /KT o 3 7m [A]— AN b B A AR B RIAR B i 1] 22 e 1

P<0.05 &2 K. N: ZUER; P: BEIEAKF; R: MRFRZM. T, Note: TN: total nitrogen; TP: total phosphorus; TK: total
potassium; SOM: soil organic matter; NH,*-N: ammonium nitrogen; NO3z;-N: nitrate nitrogen; AP: available phosphorus;
AK: available potassium. Different letters followed by values within each column indicate significant a difference among different

treatments for bulk or rhizosphere soil samples (P<0.05) . * indicates a significant difference between bulk and rhizosphere soil samples

under the same treatment. N:  nitrogen form; P: phosphorus fertilizer levels; R: rhizosphere effect. The same below.
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2.2 FRASFIREALIK T 2T IEMRBRANAR PR IR BAERER SE 14 AV F2 0D
ZIRE G ZE TR, BEIEACT AR BRE B2 (P<0.05) 520 - 32 4 Al R T0e A0 ol 1 ol e vt 1k
T BTG AR 2 5200 1 O B RIS 14 s I FLAR B 11 FH X 1ol 2 g ity A P S i 3 P82 262 B vy T UM R il S
AKF (B Do BT NO3-P100 AbBE, it AEAR o - 18wl 8 vl M 35 i 3 v TR B (P<0.05). NO,-PO Ab3
R B R i R T V7% 1 32 35 7 T NO3-P100 - NH ,-PO A FRAR Broil 11 ik R it 7% 14k 4 2% 755 T NO3-PO A1 NO3-P100.
NO5-PO bR A e M B R Bl 1% 11 2 5 = T NH4-PO, I H. NO3-PO Al NO4-P100 Ak F AR s i 2k ik i iy
WYY = T NH,-P100 (P<0.05).

a) 120 N:P=0.335 P:P=0.018 R:P=0.000 B 67 Bulk b) I8 ["N:P=0.003 P:P=0.003 R:P=0.000 [l 4-12F% Bulk
NxP:P=0.112  NxR:P=0450  [__]#kx Rhizosphere &~ [ NxP:P=0278 NxR:F=P=0.000 [ ]ifFx Rhizosphere

N PxR:P=0.026  NxP xR:P=0.957 < PxR:P=0038 N xPxR:P=0.700

Lwor = 60 a

% Zo0r

2 ab a 5

g % * g

8 ab g ab

= b < $k

£ * % I bc

o

@ ksk g *

2 60 S c

= 2 a

40 ab a ab b

#H 20 E

& =

=
1 1 1 | 1 1 1
NHPO  NH,-P100  NOyPO  NO;-P100 NH,-PO NH,P100  NO,PO  NO,-P100
AbFE Treatment Kb P Treatment

e BERNG AU A (PR E SR 72 1 N RO RS R (o) it BT EARNE F RN IERBRER B
B A TE DA AL AC B (A ) 22 7 S P (P<0.05)0 RS 3RR Al A B R ARAR BR AR PR i 6] 22 7t 1 8 3 7K (*P<0.05, **P<0.01). fEHI=
R T7 Z TR IR OB BRI ARBRAE XS BERRIE S RS2 . @, Note: The potential enzyme activities were defined as pg of
p-nitrophenol released by per g of soil (dry weight equivalent) within 1 h. Different lowercase letters above the bars indicate significant
difference among different treatments for bulk or rhizosphere soil samples (P < 0.05) . Asterisk indicates the significant influence (* P < 0.05
or ** P < 0.01) between bulk and rhizosphere soil samples under the same treatment. A three-way analysis was conducted to examine the
effects of nitrogen form, phosphorus fertilizer and rhizosphere effect on soil phosphatase activities. The same below.
K 1 AFEIES SBEIEAKT A H N SRR BR AR br LR I MBI (a) AIBPERERREE (b) W51k
Fig. 1 Activities of acid phosphatase (a) and alkaline phosphatase (b) of bulk and rhizosphere soils under different nitrogen forms and
phosphorus fertilizer levels
2.3 phoC #0l phoD ZHEEHE LB EM o ZHM
% 3 J&or 1 phoC M1 phoD ZHEEREE & LS RIS F . =TT Z 0 Hrios, MREREHABEILK
AR phoC A B 34 J& RIS F2 2, AR REA R (P<0.05) M 7w & K& (Klebsiella)
FRIRES = 82 o AR B T 525 520 1 v A phoD 2 B A0 35 Jm AR 252, JCH il X g £ (Collimonas),
H AR BRI 7.84%~10.92%38 hn = MR PRI 48.76%~86.78%. #RiM, HAth phoD 2 1L 25 & 78 ML B b (g AH G
F A FFRE AL T IR bR . ZUEE RS (P<0.01) #m 7 L XM E R (Collimonas) i 5l B4 =
(Pseudomonas) [P35, BEAE/K P I AR 3 520 phoD 4R R4 8 - AHAS AR AL ERAR B Ll ] 5 g
1#J& (Collimonas) X} == 8 2 2 i T4 A5 BUIL H AR BR A it o
SREEMTER, BESARREREE (P<0.01) 01 1 phoC 415 OTU $(H, HEZEIA.
B AL KT FIAR B A IR 28 phoC 20 B ) & A 45 %k (1] 2a MIEL 2005 BB BEIE/K-FAIARERE 4 225
(P<0.05) 5201 7 phoD 4l OTU #t H A& A% (B 2b AR 2d). BEAEANEE FARER phoC 4 OTU %
FRE R TAEMRPR, TRFR phoD 4HiE OTU % HAEPTA A B b 4 25w T AR Br . BR 17 NH,-PO Zb AR,
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Jiti IEFR B phoD 241 ] 7 A i 402 12 25 I T AR AR B
* 3 FRIAFRSS ALK TR TAERPRFARERH AL phoC F1 phoD HERE (HBXFE>1%) HIBENFE

Table 3 The relative abundances of dominant phoC- and phoD-genera (> 1%) in bulk and rhizosphere soils under different nitrogen forms

and phosphorus fertilizer levels/%

WAL AR
LbFE Samoii gk ilec) HIRB R A IR & T R
ampling
Treatment Cupriavidus Stenotrophomonas Klebsiella Xanthomonas
site
phoC 4 NH.-PO JEARFR 54.73 + 38.18a 8.47 £ 13.14a 2.09 + 4.06a 0.73+1.4la
-
phoC-harboring % 35.83+21.23a 15.32 + 19.84a 0.04 +0.01a 2.34+4.16a
bacteria MR R 70.70 + 32.83a 7.28 +11.16a 0.03 +0.01a 0.01+0.01a
NH4-P100
% 54.18 + 36.38a 1.89 +2.02a 0.69 £ 1.28a 0.08 £ 0.02a
NO=-PO RN 45.78 + 39.04a 417 +7.63a 1.88 +3.69a 3.30 £ 6.45a
-
bR 48.90 + 4.49a 3.00+2.73a 10.17 +11.41a 2.07 +3.58a
NO:-P100 RN 21.12 + 25.81a 5.78 +11.0la 1.08 +2.10a 0.06 £ 0.03a
ida 42.60 +29.92a 1.33+1.75a 10.54 +9.60a 7.36 + 14.28a
N: P=0.198, P: P=0.939,
N: P=0.259, P: P=0.912, N: P=0.221, P: P=0.334, N: P=0.016, P: P=0.821,
. B R: P=0.804, Nx P:
ZREFEST R: P=0.361, N x P: P=0.552, R: P=0.782, N x P: P=0.337, R: P=0.053, N x P: P=0.904,
P=0.143,
Three-way analysis of N x R: P=0.604, N x R: P=0.638, NxR: P=0.026,
N x R: P=0.176,
variance statistic P x R: P=0.410, P x R: P=0.307, P x R: P=0.635,
P x R: P=0.634,
N x P x R: P=0.238 N x P x R: P=0.552 N x P x R: P=0.851
N x P x R: P=0.714
BUREAL A . o
Qb B Samoii L 1] B2 A R W 18 A AR B R (EE k)
ampling
Treatment ) Collimonas Streptomyces Bradyrhizobium Pseudomonas
site
phoD 4 NH,4-PO JERBR 8.30 + 4.60a 29.07 + 4.18a* 11.99 +1.88b 16.72 + 6.45a
phoD-harboring R PR 48.76 £ 10.16b* 1441+ 4.19 10.56 + 4.58a 11.46 £5.32a
bacteria NH,-P100 AR FR 10.92 £5.91a 20.82 + 6.35a 24.30 + 2.30a* 16.65 + 5.14a*
[ 55.02 + 7.45 b* 11.28 +1.92ab 10.72 +3.57a 8.06+1.11a
NOs-PO RN 7.84 +3.02a 28.89 + 17.78a 19.35+ 12.51ab 7.09 + 5.55ab
HEBR 86.78 + 6.19a* 5.06 + 2.84c 2.72 £0.97b 0.92 £ 0.35b
NO3z-P100 AEAR PR 9.27 + 3.49a 31.25 + 8.38a* 15.92 + 7.37ab* 5.77 £6.92b
el 78.39 + 4.92a* 8.67 + 2.84bhc 4.62 +£2.26b 1.62 +£0.52b
N: P=0.000, P: P=0.544,
N: P=0.000, P: P=0.826, N: P=0.877, P: P=0.627, N: P=0.076, P: P=0.187,
R: P=0.001, N x P:
=RETES R: P=0.000, N x P: P=0.079, R: P=0.000, N x P: P=0.127, R: P=0.000, N x P: P=0.095,
P=0.673,
Three-way analysis of N x R: P=0.000, N x R: P=0.054, N x R: P=0.122,
N x R: P=0.599,
variance statistic P x R: P=0.483, P x R: P=0.568, P x R: P=0.405,
P x R: P=0.846,
N x P x R: P=0.133 N x P x R: P=0.728 N x P x R: P=0.040
N x P x R: P=0.429
BUREAL 15 _ » B
s ] 2 L 1R ARG LLEZ (N
Sampling Pleomorphomonas
Treatment Gemmatimonas Rubrobacter Saccharopolyspora
site
phoD 415 NH.-PO AR bR 7.58 + 3.64a 12.14+8.32a 4.45 + 3.00ab 447 +6.42a
-
phoD-harboring HR B3 2.64 +1.35b 2.57 +1.61ab 410+2.71a 1.24 +0.79a
NH,-P100 JEMRBR 9.41 +6.02a 5.46 +5.33a 0.30 £ 0.38b 3.85+2.67a
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il

Noppo T
il

NO3-P100 AR
ik
SHE AT

Three-way analysis of

variance statistic

3.90 £4.83a
4.23+23la*
0.34 +0.12ab
9.83+ 1.37a*
0.82 £ 0.26a

N: P=0.079, P: P=0.054,
R: P=0.000, N x P: P=0.514,
N x R: P=0.592,

P x R: P=0.221,

N x P x R: P=0.326

2.81+1.15a
9.11£9.70a
0.50 + 0.55c
4.81 +3.93a
1.11 £ 0.53bc

N: P=0.316, P: P=0.176,
R: P=0.003, N x P: P=0.709,

1.67 £ 1.04b
8.45 + 5.34a*
0.18 £0.10b
9.08 + 6.83a
0.28 +0.12b

N: P=0.134, P: P=0.235,
R: P=0.003, N x P: P=0.142,

1.31+£0.87a
4.66 = 7.46a
0.17 £ 0.08b
3.34 £3.84a
0.29 £0.12b
N: P=0.663, P: P=0.753,
R: P=0.023, N x P:

N x R: P=0.988,
P x R: P=0.118,
N x P x R: P=0.784

P=0.908,
N x R: P=0.001,
N x R: P=0.752,
P x R: P=0.808,
P x R: P=0.701,

N x P x R: P=0.645

N x P x R: P=0.893

a) 180y . . . b) s00
N:P=0000 P:P=0131  R:P=0.000 I 7 Bulk N:P=0003 P:P=0.024  R:P=0.000 [ I} Bulk
LO) N xP:P=0.706 N x R: P=0.397 [ ##Bx Rhizosphere % N xP:P=0.978 N xR:P=0.519 [_] #Fx Rhizosphere
< 150 P x R: P=0.320 N x P x R: P=0.722 a £ P x R: P=0.432 N x P x R: P=0.067
— « 400 a a
o a a o
5 * 5 e @
g 120 a £ b
2 b ab 2 300
=) ab - D
2
5 90 5 a a
m b m 200 a 2
? 60 §
= =
o 30 2 100
[=} o
s s
0 . . .
NH,-PO NH,-P100 NO4-PO NO;-P100 NH,-PO NH,-P100 NO;-PO NO,-P100
C) AbHE Treatment 4bFE Treatment
N:P=0.107 P:P=0.053 ~ R:P=0.083 1 N:P=0.000 P:P=0.024  R:P=0.000 ~
g 3O/Nxppe0g2s  NxRP=0134 - :Lr‘i’iw;h?zu'k her d NxP:P=0.012 N xR:P=0.000 I i Bulk
£ PxRP=0584 NxPxR:P=08l47 a i Rhizosphere S 41pxR:P=0.440 NxPxR:P=0.026 1 #2k% Rhizosphere
- L =3 ab a a
g 25 ab 5 .a ) ab .
x
< 3 "
= 23l
=
= <
7} a =
c & 2
& = [
X &®
W w1t
9 o
2 2
NH,-PO NH,-P100  NO;-PO NO;-P100 NH,-PO NH,P100  NO;-PO NO,-P100
AbFH Treatment KLFE Treatment
e) f) o2
oal .. v ., phoC oo oo phoD
a
% &
a4 00l 4 <. ° v
0.2+ o oa - . 2
v v
g < v
E> R4 v a =
@ 00 7 . 2 4
o Sl = B-NH,PO © -0.2F = B-NH,PO
< o BNH-Pl00 *  B-NH,P100
S 02t ° °° « BNOPO  § 4 B-NOPO
o v B-NO,P100 & v B-NO,-P100
N o . g 04t
. v o R-NH,-PO o R-NH,-PO .
-0.4F o R-NH,-P100 ©  R-NH,-P100
& R-NO,P0 4 R-NO;-PO
o6 v R-NO,-P100 06F v R-NO;-P100 v
- -0.2 0.0 0.2 0.4 0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

PCoA1 (14.24%)

PCoA1 (39.24%)

ﬂf IJD%Hﬁ*lbﬁj‘f”ﬂﬁt%%ﬂﬁﬁﬁm%ﬂ*ﬁﬁmj_l‘% B: jH‘EKﬂT. R: *EB/T. NH,: %ﬁ%}ﬁmﬁ. NOs: EH%‘S'EHE. PO: Kﬁ@ﬁ?&ﬂﬂ. P100: ﬁ@ﬁ?&

£, FIA. Note: The solid and hollow dots represent the bulk and rhizosphere soil samples, respectively. B:

SO“: NH4:

input. The same below.

ammonium fertilizers;

NOs: nitrate fertilizer;

PO: without phosphorus fertilizer input;

bulk soil; R: rhizosphere

P100: with phosphorus fertilizer

Bl 2 ANEEIES SBEIEAKE AL R JEAR bR AT BRAE iy phoC (a, ¢) #1 phoD (b, d) Z4HE o ZFE1EFI%EE T Bray-Curtis
FEES ) phoC (e) F1 phoD (f) HEEREE I FEALFRHT (PCoA)
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Fig. 2 phoC-(a, c) and phoD-(b, d) bacterial a-diversity of bulk and rhizosphere soils under different nitrogen forms and P fertilization
treatments; Principal coordinate analysis (PCoA) of phoC-(e) and phoD-(f) bacterial communities under different nitrogen forms and P
fertilizer levels

2.4 phoC 70 phoD £ &% 4H FR 4544

K PCoA FJALAL T phoC Al phoD 4 #EVS 4 ki 54 (18] 2e A1 2F), phoC Al phoD 4 i V% 7E 3k
HRER AR B it o B 3 20 T - PERMANOVA 3t 2 B, AR B i S 35 520 1 phoC AT phoD 4 i FEV& 41 Ak
Horpxt phoD 4B #EV% (F=17.358, P=0.001) [{FEH A =T phoC 4B 7% (F=1.906, P=0.003; % 4).
RILA R (P<0.05) 0 | phoD A EREE AN, (HRARFEN phoC 40 BEAL/K-F R phoC
Al phoD YU REVEAH . ASHEREAEALFE (NH,-PO F1 NOs-P0) HRBx phoC 4 REE 2% (P<0.05) A
A T AR ER; phoD 4 B v 2 AL T A AL B ARAR B S AR B AE it () 2 22 7 3% (P<0.05). RS 3

(P<0.05) 52 7 HFr phoD 2 b # 7% 2H Fi o

4 TEIARSSHAEKELIE TIEMRPRFIMRPR phoC 1 phoD HEEHSEMRMERZ T HESH (PERMANOVA)
Table 4 PERMANOVA (global test and pairwise comparison) analysis of phoC- and phoD-bacterial community compositions under different

nitrogen forms and phosphorus fertilizer levels

AR A SEN F&R 7 Hr Global test 3553 Hr Pairwise comparison
Microbial Influencing
F R? P 415 Group F R? P
arann factar

phoC ZHTH bR 1.906 0.060  0.003 NH4-PO (B vs R) 1.476 0.197 0.045
phoC-harboring  Rhizosphere NH4-P100 (B vs R) 1.260 0.174 0.155
bacteria NO;-PO (B vs R) 1.698 0.221 0.029
NOs-P100 (B vs R) 1.577 0.208 0.095
£ 1.238 0.039  0.153 B-PO (NH, vs NO3) 1.226 0.170 0.224
Nitrogen B-P100 (NH,4 vs NO3) 1.247 0.172 0.156
form R-P0O (NH,4 vs NOs) 1.133 0.159 0.244
R-P100 (NH, vs NOs) 1382 0.187  0.135
B K S 0.607 0.019 0985 B-NH, (PO vs P100) 0.940 0.135 0.580
Phosphorus B-NOj3 (PO vs P100) 1.024 0.146 0.396
fertilizer R-NH,4 (PO vs P100) 0.918 0.133 0.608
levels R-NOj3 (PO vs P100) 0.499 0.077 0.912
phoD 4 14 L3 17.358 0.349 0.001 NH4-PO (B vs R) 3.965 0.398 0.034
phoD-harboring ~ Rhizosphere NH;-P100 (B vs R) 4.949 0.452 0.022
bacteria NOs-PO (B vs R) 9.016 0.600 0.034
NOs-P100 (B vs R) 6.616 0.524 0.030
NI 2.873 0.058  0.020 B-PO (NH, vs NO3) 0.965 0.139 0.549
Nitrogen B-P100 (NH, vs NO3) 1.446 0.194 0.062
form R-PO (NH4 vs NOs) 7.323 0.550 0.022
R-P100 (NH, vs NO3) 3.047 0.337 0.030
T RE K S 1.534 0.031 0.118 B-NH, (PO vs P100) 1.169 0.163 0.229
Phosphorus B-NO; (PO vs P100) 1.153 0.161 0.365
fertilizer R-NH, (PO vs P100) 1.153 0.161 0.352
levels R-NO; (PO vs P100) 5.011 0.455 0.028
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2.5 BAEREREME . phoC #0 phoD HE &% A M FNLE A S I IR AL M RRAAE 1

FHORYE M o, BERR BETE PEAAR OC T BB 4N R VR OTU B H 5 L3R ML 2% (P<0.05) 1EAHK,
5+ SR A R (P<0.05) fiffioc (£ 5). Bt4h, phoC 4iE OTU ¥ H 5+3E pH B3 EH
Ko phoD B RIRHS L3R HASE MR L F IEA DG, 543 pH AL R UG 24
1M, phoC 4 B F A< 48 55 T AL PR 7 I8 i M AH S . phoC Al phoD 41 B i 7 2H 1 25 44) 5 o 008 I 3% A
9%, M H. phoD 4H B B & 25 46 5 A HLJ5T AN A8 R0 Sk 35 A 5K

7 5 TR R S HEREGIEME . phoC #1 phoD HE ZH I R B R LM X
Table 5 Correlation analysis between soil physicochemical properties and phosphate activities, phoC- and phoD-gene diversity and bacterial

community structure

phoC 47 phoD 4
THEM MR s phoC-harboring bacteria phoD-harboring bacteria
Soil Acid Alkaline HRIEH TR S5 B [ drEat|
) OTU #H OTU #H
properties phosphatase phosphatase Shannon Community Shannon Community
OTU number OTU number
index structure index structure
pH 0.279 -0.060 0.622** 0.321 -0.142 -0.002 -0.712** 0.059
TN 0.134 -0.088 -0.038 -0.032 0.078 0.197 -0.003 -0.056
TP -0.291 -0.343 -0.070 -0.158 -0.047 -0.109 0.115 0.045
TK -0.435* -0.088 -0.074 0.094 0.045 -0.346 0.390* 0.102
SOM 0.590** 0.451** 0.375* 0.170 -0.014 0.568** -0.429* 0.244**
NH;*-N —0.551** -0.435* -0.394* -0.065 0.099 -0.418* 0.438* 0.199**
NOs-N -0.092 -0.180 0.095 -0.117 0.011 -0.326 -0.139 0.089
AP -0.234 -0.283 -0.132 -0.307 -0.043 -0.035 0.153 0.038
AK -0.927** -0.720** -0.580** -0.302 0.106* -0.881** 0.607** 0.688**

e *RREFEHE (P<0.05); * Ry EFEMSE (P<0.01). Note: *indicates significant correlation at 0.05 level; ** indicates

significant correlation at 0.01 level.
3 W

AHE A RGN, BRIELLHE b TR s - R IR % 11 b AH 5% Ty B 4 BT 7 9 1) S g 52 22 1)
BRETHEER (FOESMBHIEAKT) (B 1. B2 M3 4). RERZEDFR0WIH EE X, HEIR AR
X RTR I IR, S BOE BRI ERPRIE R T 6h X, KA R LA B 5 R PR AR A A
A RAR T AR Er (R 2) MR IR PR A AR R B X 38077 73 22 5 1 UM SR MU v A2 57 1
HEREK. WHh, RERENRER A B TG ER X8, REER IR R B 7 W BB R 7 A F TE
ARBR I D BEEAFERY, JRMOR T ThRE . 25, Lagos “5MCTIE 5 2R AR Bk 8005 A B s A 400
FEVR BVRC I SR T REAE . ABEFUr, KR bR FH T B8 P a0 1 0 2 1 B2 1% 1 2 A R TR R A WL )
N, HRBERCEYI DR M R SR L BRI . RIS S B S BRI eV B IEAR G (3R 5D,
FAOUEW T LR . ZRER RG LRI T AR PR LRSS R S 2. gkhh, AT
AU AE AR AR P B TR I, AR SR AL T 0 M PR VE IR I, 2 AR PRI ML B R M e VE PR i i) 53 — N
BTTRE . SRR, WER B E T R R, o phoD ZH BT F B A 2
(B 2a f1 2b) . RA WL AMAED E KSR MR, H 20 H R A 0 RIF T AR
A, R B A o P P Pl B 1 0 T 2 et T AR B PR S T — 24 FE () phoC Fi phoD 4 B 7)o
WIS, ERTHERI N, BRI BE YR BLZK R AR PR B (G B R . M, MR A
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FH P RESOE — SR F FE AR, (R AR, AT DTk T i R 1 1 B2

B S A 0 e B A A B R TR T R S M SO, RO RV 5 ) 2 AR L AE W R i S R A
XFFFE . AT, AR A Bk A B R 45 A R 0 AR TR BRI SR 4k, R = A HUR A
IR S EIFRAG. SRULR Tl 2 REP . TATE TR, phoC 4 ik vk 45 H4 A% () 1 B IR 5 (]
FAIET phoD 4HiEd (% 3). phoC 4H B FEARHIAR Fras 7 GRAAH), il phoD 4H & #E 74 £ 2R AR R MW
CHEHLFRD MR RIES SRR 2 EMMLE R, Zheng LB LB, HIEHS R, BS
BAHAZ & &2 phoD 41 1 2H il A I B ZLOR B K7 AN 7045 R 7 phoC 1 phoD 4H & 7%
YRR PR FH 25 S 8. KB phoC 4, phoD 40 V4 5 5 2 R Br/E I AR &S RO (P 2 fi
x4, RIUCNFTA A BB AS R FERE o S FARBRIEFH . 1X BB phoD 41 {34 & vl 5 47 Hh F)
FHARBRINES, e 5l SE % 4 WA 20 43 7] Be A7 AE AN TR AR i S AS 2. 1T phoC 4 B A1 34 a8 X i 2 43 Wb 0 R AR KA
TR ] e S LAY PR A G . phoC 4HTE L% J8 (Cupriavidus 1 Stenotrophomonas) #iA e 578 7
AN, X BT IS T I R I R AR KO BRI 3R TR, S EC B E R BIRARA
HURER®, peah, WPIIR R PR MR M R R R AT — SRR b U RIS MR PR phoC AR BETET, AT A%
FORHAR R A 53 1 o 2 FE

U AR B RSN Ao i 26 W B TR AN Th RE AT S s i T AR 5 (E2 O P 9 P O S R0 e A e
THAS AR FE R, B AR o P B o B M 2 B T AN T AL, T A 285 U ME AN B L P 45 e FH O o
PR PRI B AG TS (B 1) s SR 7 AR B IR 4 ot 1 it AR A ol I R S [ ot A 4 it Py 22 S5
WA o i A5 ST e A TR 2 e P 2 v T AR Bk pH R i & . 338 pH T s AN 8 2 B R s ek 1)
O, RN, ERREE RS SR, IR RS A SRR A P, TR, WA P
PR T AR BR i A 4 o WA B R B AR A o e A TR 408 T AR B 380 B X6 phoC il phoD 41 B v 2 R
MR FFREE . AR PR phoC 4l OTU % H B & T-ARARPR (& 2a), XATREE H T REIEfE i K
(£ D, NSWEZHEIEY, BRELZEREEYMOAEKE, GEEARE, RSN, i
SENEALPR phoD 40 B A B2 T . 29U, Liu S22 91 F KA bR B B4 phoD 41 i £ ¢
o EEHEMMARAI T, —SR RS IPIFIEBENE T S0 JEBEEAR e 5,  [RIRH) T 5 — L
FEEEK, T FFICHRER phoD 4 1 & AR Fa k. ATF7Cat BRI, WPrrPEr 70X Esh, Hib
JEE RIAFLGT = B 2 H B P A, X R A8 E T AR 2R 20 WA TR R s 5 BRI B R 3556 AN 7] phoD 41 A 1% 4%
WFEFERAR. Glin, RARS WP ERAERE I REY . KPSV N TR AEKE
P, BARMLE M e PR AL, Bhah, ABFH, ARBR phoD 4T BETE 2 AR 1 B i 3 T U
DB, AHSZARER phoC 20 B AR B S R, o 7t AT Xof AR s 195 SIS A e 240 1 0 2L A [ 1) 52
HLiill. phoC 4 B L34 Ja 1 5278 77 B4 B R I H SRR 1 9% 43 75 5K, 7T B85 B50RF  4H Boxst IR AR U

PR & (Cupriavidus) FIZE% B & (Stenotrophomonas) 1E4 phoC 4 B FE V& HIA 3 i Je 78
A 72 F A A A phoC 4 B LA 2% (K S s R, I L BB (IR ME e i A = 0, ek, AT v
i LR B P 2R B R R & B T R, A B TS R AR T AR . SR, ASHIT AR R X
PIAN T TR AR X 3 P AEAR B A AR AR Bt b () IR 2 22 S BT, AR 9 30 T R A e Sl T R At T
AATTRR S 2 BE OB 0, DA B B 9 T 0 e L T 9 AR B R B3 A HE A 2 i B2 T MR Bk phoD 40 B 18 3
PR Jo LX) S R e A R o P R e T AR RS, i L A ROR L], 3R LX) R R i R B e b AR B
P8, SERTHE R, X R 1 R S S B phoD AH 2R RE, WAy B (B e BB M A P . 1l
IX] B P T L A R 3 R AR B I LA S L AR K e P9, o B e v R e ML i /00, Rk,
X1 5 R i R TR A A 8 WL AN s AR T L SR B8 o el 3 skt

4 ZE B

TR B A FH X R P8 1 98 5 TR s 128 A A 5 T RE A 2 MDA T S R R P K T RUE S AR L AT
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B2, MRESEI SRR —E R BB T RIESMBEIL /K. phoC Al phoD 2 2 A LAV 25 XTHAR
o 50 E P A 87 3 B S 22 73], phoD 4 B SE N REURR o SR B T 0 34 TR AR B o 4 PT Re X AR Bl 205 1k
BREE. A, MHESFIEATEER T pH, Rt BESRILEINE TR %,
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