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Abstract: Phosphorus (P ) deficiency is a limiting factor for agricultural production in the region covered with lime
concretion black soil. Application of chemical P fertilizer is a common strategy to improve P availability. Numerous studies
have demonstrated the essential role of P fertilization on soil fertility and crop yield, whereas relatively little is known about
the effects of long-term P application on the belowground fungal community. The overall objective of this study was to

investigate the effects of long-term P fertilization on fungal community diversity, composition, and intraspecific interactions
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in a lime concretion black soil, and to assess how the effects varied with application rate. Soils from a 21-year field
experiment located in Mengcheng County, Anhui Province, were used, with treatments including three levels of P
application rates, i.e. (1) P0O: unamended control, (2) P1: chemical P fertilizer was applied at P,0, 45 kg/hm*, and
(3) P2: chemical P fertilizer was applied at P,0; 90 kg/hm’. ITS1 gene pyrosequencing was employed to characterize the
fungal community diversity and composition. The results showed that long-term P fertilization significantly improved soil
fertility. Compared with the PO treatment, the total P (TP) from the P2 and P1 treatments was 40.00% and 24.00%
higher, and the available P ( AP) was 384% and 144% higher, respectively. The Shannon index decreased with the P
application rates, and was significantly negatively correlated with TP (r=-0.678, p=0.045) and AP (r=-0.677, p=
0.045). Ascomycota was the dominant phylum in the studied soil, with its relative abundance being 65.71%—79.86%.
Principal coordinate analysis (PCoA) revealed that the fungal community structure differed significantly among the different
treatments. Redundancy analysis (RDA) further suggested that the fungal community structure was mainly determined by
TP and dissolved organic carbon (DOC). Compared with the PO treatment, the relative abundance of Ascomycota from P2
and P1 was 9.87% and 11.75% higher, and that of Sordariomycetes was 28.63% and 15.97% higher, respectively.
Conversely, the relative abundance of Mortierellomycota from P2 and P1 was 42.63% and 43.81% lower, and that of
Mortierellomycetes was 43. 82% and 42.63% lower, respectively. Long-term P fertilization resulted in a significant
enrichment of saprophytic fungi, namely, the genera of Plenodomus, Penicillium, and Arthroboirys were enriched in the P1
treatment, and the genera of Cyphellophora, Zopfiella, Guehomyces, Mortierella, and Mucor were enriched in the P2
treatment. However, pathogenic (i.e., Simplicillium and Magnaporthiopsis) and symbiotic (i.e., Sagenomella and
Nigrospora) fungi were depleted in the P1 and P2 treatments, relative to that of the PO treatment. Co-occurrence network
analysis revealed that long-term P fertilization increased network complexity, as reflected by the larger edge number and
higher average degree in the P1 and P2 treatments than in the PO treatment, which may enhance the network stability by
reducing the spread of indirect effects in the treatments with P application. Moreover, the P1 and P2 treatments had a
higher ratio of positive edges, indicating more cooperators in the P1 and P2 treatments, whereas more defectors occurred in
the PO treatment. Our results demonstrated that long-term P application can improve P availability, reduce fungal
community diversity, alter fungal community structure, increase saprophytic taxa, eliminate pathogenic and symbiotic taxa,

and enhance network complexity and stability in lime concretion black soil.

Key Words: lime concretion black soil; phosphorus fertilization; high-throughput sequencing; fungal community;

network analysis
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s R AR I B, BRI TR B A AT SR 52 A — LB R 5T (FLk SEAF 53 sl AR 7 HE R 11
J5 5 (A DGGE, PLFA %5 ) 110 6l 35 V5 A 1% B AS [R) 0 9l JE Ao 2 >F 17F 9 AS [) 9 M e D i 0 B 1 3
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1.1 KA MR

KIRIAL T AV RS DD 22 B 4 A= S FRBE U M (33°13'N, 116°35'E) , A6 vl kb g 6 5L, J& T 1%
TR 2 2 XA M, AR i 872.4 mm, AE YRR 14.8°C , s 58 b 22 B + X de B 36 0 3 )
ZR A WITT IR (1994 4F) 7 BRI BT AR AP 9.90 g¢/keg, 2R 0.79 g/kg, 285 0.28 g/ke, A
Rk 7.80 mg/kg , AN 111.00 mg/kg, RERFEHL 1994—1998 4F M /INAE K EEAE,1998—2015 4FE R/ K E.
e,
1.2 K isit

PRI E 9 M Ab B A SO 3 AN BE B (1) POCAIEBEAL ) 5 (2) P1(P,0; 45 kg/hm®) 5 (3)
P2(P,0, 90 kg/hm*) , BB E 3 ANEE , /NXIHF 19 m?, 582X AT, BREEI A H 22 5751, i
A b 3R AE AR A i — 3, Hid N 187.5 kg/hm? K, 0 135 kg/hm?®, BB K IR 2 BT 445 | 408 41
FRER, /NFE KRG SRR R Y R Rl B S—10 AR —IK
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1.4 3Rt o e

- HERAL R R R R A s 3 pH Fe oK EE 1S (BRI ) AR A A pH
TR AE 5 £ HEA HLAK (SOC ) SR FH 2 4% R 41 ST A Al 2 5 = 38 4 50 (TN SR 2 JF ER T a5 4=
(TP) FIE 340 (AP ) SR AR b (B3 nT A ALK (DOC) SR A K HE 1.5 (FEARFL L ) 7270 4R % 30 min
Jo, B 0.45 pm B8R R FHA HLER 0 BT 3O A2 5 HIERS S A (NOS-N) A A A (NH;-N) R H 2 mol/
L % KCI AR B, 525 EUR IR0 B He ey | B2 BRI 5 e ik
1.5 13 DNA $EHCETR TS [ e il w7

+- 4% DNA 2K JH Fast DNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) iR &40, & HFEN
PRI 0.50 g 5 1, Fe I UL B HAEHEE DNA

YE L H OB OITS1 X g fr o= @ & W K. PCR PO R O M R M Sl W ITSSF (5-
GGAAGTAAAAGTCGTAACAAGG-3") /ITSIR(5'-GCTGCGTTCTTCATCGATGC-3") o B MFE S R 5 | 938 & A
AR 7 bp Barcode T XA ANFEFES: . PCR 473 544246 94°C 5 min;90°C 60 5,55°C 60 5,72°C 75 5,30 4~
PEH, ZJ5 72°C 10 min, S P29 QIA quick PCR Purification kit ( Qiagen) HEAT44k, W5 A [EIRE o )
PCR #8479 % BE IR A5 , >R FH Tllumina /A 7] MiSeq M FE AL 5¢ BT 81 43 BT ( Z 46 L UR A i A5 Bk H 07y
A BRAFIE) .
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o e P A S B L AP R AT 4B (1) WU P 81 SR FLASH #E479F 825 (2) 8] Cutadapt
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3 BAAY vegan fUEFT . i FH vegan £UHTAY“mrpp” | “ anosim” 1 adonis” BREIEF T L TR B T 45 M AR RIPE ARG G,
i FH“ bioenv” PR (75 2] 5 L 1) RDA #E# Linear Discriminant analysis ( LEfSe ) ¥£ Galaxy P 3 (http://
huttenhower.sph.harvard.edu/galaxy/ ) 147, Hrft LDA {5 KT 3 B9 Fh R 8254 22 R Y F . R SparCC A4
HEFF LS 3T, Ry T 0k 46 52 4=, e SparCC {E 1 71>0.80, P<0.001 ¢ R T MM, M4 S 00
TR 2% B I FEFE Gephi 0.9.2 BKPFHPEAT ) SPSS 22.0 HPRIEAT 81K 36 5 2 43 B RAR SC 5347 , R
B 2 K569 (Duncan’s New Multiple Range Test) AT (E B F M L2 & L (P<0.05) . K H Microsoft Excel
2007 F1 Origin 8.0 3 {4744 Ab FRANZ: 4]

2 #R

2.1 LigERib R

T HEEAR M BN 1 R, KR RIS AE it X £ 3 pH A2 /A B (P>0.05, FE) 0
THAHLERAE P2 AP B 2E TR (P<0.05, FR) 435 L PO A1 P1ARBRER &5 7.65%F11 10.33% , A=W FIAT i
PEA UK 75 12 35 Bt Wl I it A 2 %) 15 225 ks, b P2 A P AR IR 50 i L PO AR BRI i 40.009% F1
24.00% , "SR BLIR S BIHEIN 31.36% F1 15.60% , #3485 A A A A AEAS [R] it IE Ak P v 52 4 Iz 1) 22 Al e 32
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Table 1  Physico-chemical properties of the lime concretion black soil relative to long-term P fertilization

o + A LR £y S AT PEA BLo
Qb3 Treatment pH
SOC/ (g/kg) TN/ (g/kg) TP/ (g/kg) DOC/ (mg/kg)

PO 5.22+0.28a 8.42+0.31b 1.07+0.05a 0.25+0.01¢ 18.78+0.14c¢

P1 5.43+0.06a 8.63+0.15b 1.01+£0.03a 0.31+£0.02b 21.71£1.63b

P2 5.53+0.13a 9.29+0.23a 1.05+0.09a 0.35+£0.01a 24.67+0.20a

Jas: | HER SR AR BRALL B L A

Treatment NH;-N/(mg/kg) NO3-N/(mg/kg) AP/ (mg/kg) C:N C.P NP

PO 1.56+0.32b 43.08+5.07a 2.34+0.08b 7.85+£0.12b 34.05+1.22a 4.34+0.16a
P1 1.69+0.15b 10.44+1.02b 5.71+£0.72b 8.52+0.27ab 28.30+2.12b 3.32+0.21b
P2 2.80+0.01a 8.06+0.20b 11.33+£2.92a 8.85+0.50a 26.46+0.54b 3.00+0.23b

LR A AR E R (n=3) , W —F1 855 AR 73R 1.3 22 5% ( Duncan 3, P <0.05) ;PO it IEXT 1%, unamended control ; P1; Jiti
H P,05 45 kg/hm? , chemical P fertilizer was applied at P,04545 kg/hm?*; P2 Jifi F P, 05 90 kg/hm? , chemical P fertilizer was applied at P,0590 kg/hm? ;
SOC: soil organic carbon; TN: total nitrogen; TP total phosphorus; DOC: dissolved organic carbon; NH}-N: ammonium; NO3-N: nitrate; AP

available phosphorus

22 HREHKZEE

S B AEHG , S5 423 426 S5 BT (BN 27,137—64,626 55074 AR —1k
R 27,000 57515 , LA 97% AL 5 UNITE icdis B B 47 bexd, S 3645 8] 321 4~ OTU (&:MHE i 237—263 4~
OTU) , 3% OTU VAJ& T 10 17,29 4,66 A H, 107 DRI 147 NE . DRI ECRIE B H o-ZRE1E
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Fig.1 Fungal alpha-diversity of the lime concretion black soil relative to long-term P fertilization

PO AHE AL IR , unamended control ; P1;jifi [ P, 05 45 kg/hm? , chemical P fertilizer was applied at P, 0545 kg/hm?; P2.jifi FH P, 05 90 kg/hm?,

chemical P fertilizer was applied at P,0590 kg/hm?; AP ; available phosphorus; TP ;total phosphorus

L OTU 2, 36T Bray-Curtis BB UEAT 3 A8 6740 BT (P 2) % B, 2 A b 9 1 1 4l 2 3 8 T
63.63% 1 5.7 2% , R — A A SRR 46.17% Rl 17.46% 1) s )7 2% . it FHRS AR A4 PO Ab 3 S 42 7
A, it B IS AT P1 AT P2 AR AEAEAT M, J3 %1% ] MRPP ANOSIM 1 ADONIS 1 5 45 Xof A Jita s T /)
PO A3 55t FBEAL A P1 AT P2 A3 BB F 7 R T AR BLPEAG 56r , 205 SR % B0 B D i 465 # 76 hte FH B IE )5 % A B
FAME, DIRFAREE T OTU 2 B2 1 i A8 5, DA SR A S 1 A A R A8 b A7 T A A0 , 45 5 % 1L DOC
TP & 3B 5 B AR SSAR0 Y EEIAEE I 1 DL S5 R K B N0 e B VR 4 i kA
W EMUCE XA S HESR 53 (TP FI DOC) 2 UIAH G,

2.3 ERBEEALR

TREWR ] (Ascomycota) WP ZZ M P AYOEEET (18] 3) , HARXS FFEAE 9 MAE S AE 65.719%—79.86% 2
B), AT R TF 1% 017 FEZ 8k A8 8 ] ( Mortierellomycota ) A4 -1 [ ] ( Basidiomycota ) , H:7E 3 4>
Ab B SRR AR 9.54% F1 2.12% , BRI R T 25 49 Hr 2 BN [) L R 400 A kel ES it T i 2 AN ] (€L
3) . FEITKF (B 3) , TR BT TR X 3= 1 i ol Al A 177 S8 38 38 m, P2 AT P &b 4353 B PO &5 i 9.879% il
11.75% 5 117 45 £ 1 1 D00 Bl AL i A 77 S8 5 6 AEG, P2 AT P L 43331 e PO BRI 42.63% A1 43.81% 5 HAR 176 =
A ) 25 S AR TR B B K

TEKFE (] 3) , F2ERE 4 (Sordariomycetes ) AHXT 3 e 5 | 78 3 AL B2 A R B o B 91 5y
45.31% , HAHIXEEE KT 1% 194353 R 52 1 40 ( Eurotiomycetes ) {085 1 49 ( Mortierellomycetes ) | 7 B
2 ( Leotiomycetes ) F1J8 4E 5 24 ( Dothideomycetes ) , FALPRI 2y 22 4347 & B0 2% B G0 AH X = 2 Bl gl A it A TG . 2%
FEET, P1AT P2 ARFRAT 5 EL PO $2E555 15.97% 1 28.63% ; A5 LS TR 4AH T 2 7E P1 A P2 Ab3 B V0 B3
225 AHEANTEL PO ALIE 53 BIBEAR T 42.63% 1 43.82% ; %l % 0 49 146, HAT P2 Ab 3 &) 35 B AIK HL 5= 5k
48.41% 11 P1 5 PO Kb B AT b 5 22 55 5 S [R) il A e D - Ko 20 0 4 A 208 B W AR X = B 0 A Bl 35 R

K LEfSe Jr 2, TR K EXF EEBEE AT 2R W R0, 25 R WK 3 TR, Sagenomella
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Fig.2 Fungal community structure and its relationship with soil properties of the lime concretion black soil relative to long-term
P fertilization
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Fig.3 Relative abundance of the most abundant phyla, class and the influential species at genus level relative to long-term P fertilization
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Mortierella F1 Mucor 25 5 AN JEAXT FEALE P2 A & E .
2.4 EERFERE DGR

K FH SparCC B AF 43 AT = Fh B AL F & T B OTU Z R AYe R, 25 R i 4 s, Hdp P a—4
AR A OTU, 17 S R/ MR M B 2 /0 AR S AR AR BRI 128 A5 s 1]
ML AR IEA R  BAGEIEMER M R, X4 W28 iy i B AT 400, R FRE T T/
AR TE =AW AR, b F2EE 155178 PO P1 AT P2 ZhFH i 7 Bir A7 45 s 80 19 61.54% |
72.12%H1 74.79% , MiAH T 15350 8.97% .6.73% 1 6.72%
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Fig.4 Co-occurrence network analysis of fungal communities relative to long-term P fertilization

ANFIBEAEHE R 4 SR 2 Fion . Horf P AR K B 2R I 286 v A 5 A TR] A ~F- 2509 5 T 2% B
BARFRAT A o5 00 28 P A L 5 P34 SR 28 R BRI B 5 10 0 265 =45 ok SR AR 7 — R O R B 5 S 38 AR
RAF NI DR, PrI ZAE R R = T 0.4, UERH 3 IS S HAT R AL S5/ 2%
HP A 1R B8 T 359 8 T PR RAE X4 0 A J3E | 3K T i s 2 e il S i A 2 %) 385 Jon o 3, 106, B vt PR AEE T
P FUR 45 B 2% B, T AT RESR s HoARs e M, it AT A% P2 A0 P L A B IE AR G LU B3 T, 43 %% PO Ab B
1= 11 10.43% F1 25.46% , 111 5AH G LU 1 43 31 L PO ARFRFEAIR 9.27% F1 22.63% , th4h PO AbFR i HAT 855 114734
RAE B, UL B 45T s SRR R T

®2 KETRABEERETEREMEERNTL

Table 2 Key topological features of fungal community networks relative to long-term P fertilization

[EEEE A A3 Treatment

Network metric PO Pl P2

I L Nodes 78 104 119
A Edges 51 83 127
IEFEE LA Ratio of positive edges 47.06 59.04 51.97
134352 Ho ) Ratio of negative edges 52.94 40.96 48.03
F-H AR K E Average path length 1.853 2.235 4.020
2% 4% Network diameter 5 6 10
F-HRE R Average clustering coefficient 0.286 0.110 0.117
B Modularity 0.919 0.920 0.749
S Average degree 0.654 0.798 1.067
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FROMFEPR RN (R 1), TRES AR TR TA S T RG] A T 40 X = B A it i3t A 2
TR ERRAR (K 3) o IF5E 3 B BE T B AN 0] DL S A AR AR G, O X S AP i R 3 A
ST 202 TR AT AWV 2 B A v 1) -3 b S R TR A9 R RS | S B Y R AE el P X
PR E R, WA AR ] R pir s T AR S B AL i e AR (181 3) o WFSE SR W Al g i 1)
i — 4 BT A VA BRI, P AR g -3 v (R A3 DR T LA T LA AR b s B AR K
PF

R LEfSe 75 ¥, 76 Jg 7K - b X FC5 1 v 4L A7 22 S 0 Bl e # (181 3) o &5 2R R B PO Ak B b
Simplicillium ., Magnaporthiopsis . Sagenomella F1 Nigrospora %5 M X} F & & &, H 9 Simplicillium F1
Magnaporthiopsis NI EH 2> | Sagenomella F1 Nigrospora NAEYI N A TE > . i Penicillium Mortierella .
Mucor 1 Zopfiella %5 W) £ jifi i 4b B vp 2 28 T+ 55, Ho Penicillium  Mortierella 1 Mucor ) 7 J& A= 5 32 A &
PRI ARG AR AR I it WA R4 e 3 o R A B SR R L, R AR A R IR BB AR L 5
FATI LA L, Song 55 B R IZ 1T 21 474 St W AT 5 1398 vh i 26 78 35 B0 BC I G 22 | 2B 1
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