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J& (Mitsuaria)#= Kribbella FAAEBE /KT 6938 m R E I+ 3. H ¥, Mitsuaria 5 135 b & B89 REZ
REWIEML, RSB ENRELEW AKX, Pseudomonas ¥9ARST F E 5 LI3E b B A Huk
HIREZRF N RADK, BATH B (Lysobacter) AT F E 5 L35 b XA MGG IRE 2 2 % 09 E48
XK. MM ¥ EARKEIEL O LB BB A TR S, PSO A AZ, P00 A ERIK, H+ A
PO. P12.5. P25. P50 &L 32 4, 45 2 49 XAE KB, 4o A ARJE B & (Bradyrhizobium). Stackebrandtia.
18 %, K& /& (Burkholderia). Lysobacter 5 AUBE( QL35 & A AUBE, BB 2 B Fn BB — B8 )0 R EE 2
FAK, 1 P100 F= P200 & F ey R EBHE AV SALEEMA. (4] SR EL R
¥ LEd pH. AN AR FFEMMT, #R¥hs phoD R B mB B K o- 5 AEdE,
BEGLEAN . BERIAAR. W GAFAER L A4 LB Tk,

KEEIR: HEER, AN, THE;, o-FH0H; BEAR;, XEEH; phoD AR
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Abstract: [Objective] This study was aimed to investigate the effects of long-term phosphorus (P)
supply on the diversity, structure, composition and network characteristics of bacterial community
encoding alkaline phosphatase gene and their relationship with the forms of soil organic P, so as to
provide scientific basis for exploring the community characteristics of organic P cycling functional
microorganisms and improving the mineralization and utilization of soil organic P. [Methods] Based on
the long-term P application experiment in calcareous soil of wheat-maize rotation system in North China
Plain (started in 2008), the experiment included six P levels: 0, 12.5, 25, 50, 100, 200 kg P/hm? (PO,
P12.5, P25, P50, P100 and P200 respectively) and the molecular forms of organic P in soil were
determined by nuclear magnetic resonance (NMR), high-throughput sequencing technology was used to
analyze the bacterial community of phoD gene (encoding alkaline phosphatase), and explore the
bacterial community characteristics of phoD gene and its relationship with the forms of organic P in
soil. [Results] With the increase of P supply level, the concentration of phosphate monoester did not
change significantly, but the concentration of phosphate diester increased significantly; the a—diversity
of the phoD harboring bacterial community was first unchanged (PO to P50) and then decreased (P50 to
P200), and the community structure of phoD harboring bacteria changed significantly. The dominant
taxa named Pseudomonas and Masslis at genus level decreased significantly, while Mitsuaria and
Kribbella increased significantly with the increase of P supply level. Mitsuaria was positively

correlated with the concentration of available P in soil, and negatively correlated with the activity of
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phosphatase. There was a significant negative correlation between the relative abundance of
Pseudomonas and the concentration of total organic P in soil, and a significant positive correlation
between the relative abundance of Lysobacter and the concentration of total organic P in soil. In the
network analysis, the proportion of positive edges was the highest in PO treatment, followed by P50
treatment, and the lowest in P100 treatment. In the treatments of PO, P12.5, P25 and P50, specific
keystone taxa such as Bradyrhizobium, Stackbrandtia, Burkholderia, Bradyrhizobium and Lysobacter
were significantly correlated with the concentration of organic P (including total organic P, phosphate
monoester and phosphate diester), however, the keystone taxa under P100 and P200 treatments has no
significant correlation with the forms of organic P. [Conclusion] The levels of P supply significantly
affected the physicochemical properties of soil, such as pH, the forms and quantities of organic P, and
then affected the changes of a-diversity, community structure, community composition, network

characteristics and keystone taxa of phoD harboring bacterial community.

Keywords: nuclear magnetic resonance; molecular speciation of organic P; a-diversity; community

composition; keystone taxa; phoD gene
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25, 50, 75, 100 kg P/hm?, B F K i #5451
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05 P 42 0 DNA A Sl B e JB8 R i B I K A
i RAFAE-20 °C M T IRginbr. 5149 A
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1 ALPs-1101 (5'-GAGGCCGATCGGCATGTC

G-3)"32y 1 phoD FEH, ¥ BER/NN
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1.5 HiEHH
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Z ] AL T T BRI RS TR A Vs
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F Bray-Curtis 7£ OTU K} A9 F AL bR s H1
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P100. P200 Z [H] {778 . 2 22 5+ (18] 2C).

A [F] HE R 7K - 2 255 i 0 A2 R K
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155 38 1 8 (Massilia) ¥ X = B b 25 3Ll 7K F- 1
T REAR, 7ERPERE ™ A 0 & (Mitsuaria) F1iH [
A TR & (Kribbella) R =F B2 BEE BEBE K- T
G0, AT & (Lysobacter)1E P12.5 fL# K F-
HORE = B ey, AEREREKOF R B P25 S AR 3=
JE Bt (i KT R 15 G 8 25 A2 (8 3),
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Table 1 The concentrations of soil properties under long-term gradient P fertilization rates

Treatments ~ pH SOC/ghkg) ~ TNAgkg)  Olsen P/(mg/kg)  Po/(mg/kg) ﬁlljof/?gi.vﬁ)t]y/
PO 8.07+£0.05ab 10.35+0.50a 1.13+0.05¢ 4.2+0.8f 125.0+28.6bc 944.1+9.1a
P12.5 8.20+0.10a 9.91+0.45a 1.14+0.03c 12.0£1.0e 147.7+£27.4ab 927.1+15.1ab
P25 8.07+0.15ab 10.09+0.27a 1.32+0.06a 20.0+0.8d 183.9+20.9a 890.1+3.1bc
P50 8.00+0.10bc 10.45+0.22a 1.26+0.07ab 34.9+3.4¢ 152.6+35.0ab 910.1+3.1ab
P100 8.00+0.10bc 10.60+0.08a 1.23+0.05bc 78.94+4.6b 113.6+23.2bc 860.1+9.1¢
P200 7.87+£0.05¢ 11.304£3.30a 1.19+£0.05bc 106.2+1.6a 88.0+41.4c 894.1+£20.1bc

Data in the table are means+standard deviations of three replicates. Different lower case letters in the same column indicate

significant differences between samples (P<0.05).
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Figure 1 Spectra (P-NMR) for each phosphorus fertilization rates (A) and the concentration of the P
speciation under different phosphorus fertilization rates (B). PO, P12.5, P25, P50, P100 and P200 represent 0,
12.5, 25, 50, 100, 200 kg P/hm?, respectively.
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F 2 WIMEBERES S MRS AT Pearson tHKE DT
Table 2 Pearson correlation analysis of ALP and phosphorus speciation
Enzymes activity Olsen P Po Orthophosphate_monoester Orthophosphate diester

ALP -0.201 0.157 0.133 —-0.077
ALP: alkaline phosphatase.
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2 FEMHAET OTU HEBWMERIEHBFNRERBKETE phoD MEEELEMMERS
5 H7(C)
Figure 2 Bar chart of OTU number (A) and Shannon index (B) with different phosphorus fertilization rates
and principal coordinate analysis (PCoA) plots of phoD-harboring bacteria community with different

phosphorus fertilization rates (C). Different lower case letters denote significantly different on P<0.05. PO,
P12.5, P25, P50, P100 and P200 represent 0, 12.5, 25, 50, 100, 200 kg P/hmz, respectively.

FUIEARDG s Mitsuaria SHVEBERRBEG VESE % B2 IR JC 1 35 AH OCHE (SR 3). RDA 44L&
UM s Bradyrhizobium, Mitsuaria F1%)| 1 & B, pH. 1A HLEK. Olsen P, HHLEE. B
(Ensifer)5H MUk 2 B 1EH 55 Lysobacter 5 PR —Tis & B3 52 W % phoD FE R 41 T BE 75 1)
pH 2 EAC; (HILH )R Sk pms e =& 4),
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Figure 3 The relative abundance of phoD-harboring bacterial with different phosphorus fertilization rates.
Different lower case letters denote significantly different on P<0.05. PO, P12.5, P25, P50, P100 and P200
represent 0, 12.5, 25, 50, 100, 200 kg P/hmz, respectively.
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R3 EphoD EEMBLES TIEBUW 4 REY Pearson XD 4T
Table 3 Pearson correlation analysis of phoD-harboring bacterial dominant taxa and soil properties

. Orthophosphate Orthophosphate .
Dominant taxa Olsen P Po . SOC pH ALP activity

monoester diester

Bradyrhizobium 0.154 0.330 0.128 -0.246 0.624** -0.067 -0.209
Pseudomonas -0.039 -0.580*  -0.031 0.261 -0.479* 0.003 0.076
Sinorhizobium -0.200 -0.061 0.123 -0.076 -0.504* 0.028 0.167
Mitsuaria 0.575%* —0.143 -0.075 0.383 0.489* -0.478* —0.632%*
Burkholderia -0.079 0.447 0.077 -0.173 0.439 0.255 -0.092
Ensifer 0.274 0.111 -0.251 0.022 0.730%* —0.255 -0.352
Kribbella 0.367 -0.318 -0.334 0.355 -0.365 -0.307 0.403
Lysobacter -0.225 0.487* -0.013 -0.114 -0.150 0.503* 0.276
Mesorhizobium -0.421 0.124 -0.388 -0.036 -0.410 -0.149 -0.036
Massilia —0.652** 0.300 -0.075 -0.402 -0.178 0.256 0.254

*: a significant correlation P<0.05; **: a significant correlation P<0.01.

L . Orth/gphosphate ditster™
= O . / soc
& 10t v .
< -
on [ [ ]
i (] S ..fi \$ ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
é i * . / EX\\QHhophosphate monoester
= ~107epg Alp T8
ol epa3? N e
*P30 . pH
°*P100 :
=30 [ eP200

30 20 -10 0 10 20 30
RDAI1 (31.04%)

4 & phoD ZERMEESTREEF LR
Figure 4 Redundancy analysis of phoD-harboring
bacterial community and soil factors. Po: organic
phosphorus; TN: total nitrogen; SOC: soil organic
carbon. Dotted circles with different color represent
the distance between the microbial communities
obtained from different P fertilization rates. PO,
P12.5, P25, P50, P100 and P200 represent 0, 12.5,
25, 50, 100, 200 kg P/hmz, respectively. * a
significant correlation P<0.05; **: a significant
correlation P<0.01.
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Figure 5 Network of bacteria depending on P fertilization based on RMT (random matrix theory) analysis
from OTU profiles. The size of each node is proportional to the number of connections. The color of nodes
represents the taxa on the genus classification. Red lines represent a positive correlation, and green lines
indicate a negative correlation. PO, P12.5, P25, P50, P100 and P200 represent 0, 12.5, 25, 50, 100,

200 kg P/hm?, respectively.
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Figure 6 Heatmap of correlation coefficients between the soil properties and the keystone taxa (top 5 based
on the degree at each taxonomic level). Po: organic phosphorus; Pi: inorganic phosphorus; Pt: total
phosphorus; SOC: soil organic carbon. PO, P12.5, P25, P50, P100 and P200 represent 0, 12.5, 25, 50, 100,
200 kg P/hm?, respectively. *: a significant correlation P<0.05; **: a significant correlation P<0.01.
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Figure 7 Structural equation model (SEM) of the influences for long-term phosphorus fertilization rates on
the correlation ship among soil properties (including pH, Po, orthophosphate monoester, orthophosphate
diester), alpha diversity and community composition. The width of the arrow indicates the strength of the
causal effect. The red and blue arrows indicate the positive and negative relationships between the indicators.
The number above the arrow indicates the path coefficient. “***” and “**” represent significant path. The
percentage above each indicator represents the R® value, which is the variance explained ratio of each
variable. The final model fits the data well. The model is: (x2=10.046, df=10, GFI=0.867, 1FI=0.999,
RMSEA=0.016).
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