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Effects of’ Long term Straw Returnmg on Fungal Com'r;numty, Enzyme Act1v1ty and

Wh,eat Yield int Fluvo-aquic Soil / ' e

MA Lel L Yan J*WEL Jian= lin' , 11 Zi-shuang® , ZHOU Xiao-liri* ZHENG Fu-li', WU Xiao-bin' , WANG Li' LIU Zhao-hui' * | TAN De-shui' *
(L. Key Laboralory of Wastes Matrix Utilization, Ministry of Agriculture and Rural Affairs, Institute of Agricultural Resources and Environment, Shandong Academy of
Agricultural Sciences, Jiman 250100, China; 2. Dezhou Academy of Agricultural Sciences, Dezhou 253015, China)

Abstract; To illustrate the effects of long-term straw returning on the fungal community, soil enzyme activity, and crop yield in a fluvo-aquic soil area typical of the Huang-
Huai-Hai Plain, a 10-year field experiment ( established in 2010) located in Dezhou City, Shandong province, was performed, including three fertilization regimes (NF, no
fertilization control; NPK, fertilization with chemical N, P, and K fertilizers; NPKS, straw returning combined with chemical N, P, and K fertilizers). This study aimed to
explore the regulation mechanisms of fungal communities on soil fertility, enzyme activities, and crop yield by employing co-occurrence network and structural equation model
analyses. Our results showed that long-term straw returning significantly improved soil nutrients, enzyme activity, and wheat yield. Compared with the NPK and NF treatments,
soil organic matter (SOM) increased by 9.20% and 34.75%, alkali-hydrolyzed nitrogen (AN) increased by 12.03% and 39.17%, dehydrogenase (DHA) increased by
37.21% and 50.91%, B-glucosidase (B-GC) increased by 17.29% and 73.48%, and wheat production increased by 16.22% and 125. 53%, respectively. Different long-
term fertilization regimes did not significantly change soil fungal a-diversity but resulted in significant differences in B-diversity. Available phosphorus (AP), SOM, and AN
were the main driving factors of fungal community differentiation based on redundancy analysis and hierarchical partitioning analysis. Different abundance analyses revealed
significantly different fungal community compositions among fertilization regimes. The long-term NF treatment resulted in a significant enrichment of phosphate/potassium-
solubilizing species (i. e., Mortierella, Aspergillus, Ceriporia, and Acremonium) and symbiotic species (1. e., Leohumicola and Hyalodendriella). The relative abundance of
pathogenic fungi, namely Sarocladium, Fusarium, and Fusicolla, increased significantly in the NPK treatment. Long-term straw returning in the NPKS treatment significantly
stimulated the growth of plant growth-promoting species (i. e., Pseudogymnoascus and Schizothecium) and straw-degrading species (i. e., Trichocladium and Lobulomyces).
Co-occurrence network analysis showed that the fungal network was composed of four main modules; the cumulative relative abundance of module 2 was significantly increased
under the NPKS treatment and showed a positive linear correlation with DHA and B-GC. The structural equation model further indicated that the wheat yield was mainly
regulated by SOM, whereas species of module 2 could indirectly affect SOM and wheat yield by positively regulating DHA and B-GC. Taken together, long-term straw returning
to the fluvo-aquic soil area of the Huang-Huai-Hai Plain could regulate fungal interspecific interactions, stimulate the growth of specific species groups, inhibit the activity of
pathogens, increase the activity of soil enzymes, promote the accumulation of SOM, and achieve high crop yield.

Key words: long-term fertilization; straw returning; soil enzyme activity; fungal community; co-occurrence network analysis
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Table 1  Effects of long-term straw returning on soil bio-chemical properties and wheat yield

Qb pH ®(SOM) /% o(TN)/g-kg ™! w(TP)/g kg ™! ®(AN)/mg-kg ! o(AP)/mg-kg™!
NF 8.51 £0.03a 1.41 £0. 05¢ 0.97 0. 04b 0.85 +0. 02b 70.26 +6. 76¢ 12.46 £2.76b
NPK 8.45 +0.03b 1.74 +0.03b 1.23+0.07a 1.08 +0. 04a 87.28 6. 45h 49.64 +1.72a
NPKS 8.45 +0.03b 1.90 0. 03a 1.27 £0. 11a 1.00 0. 05a 97.78 +4.51a 51.14 +3. 17a
Qb3 ©(AK)/mg-kg ! DHA/pg-d ™! B-GC/pg-h~! UE/pg-d ™! ALP/pg-h~! /N PR/ kg hm ~?
NF 218.50 £16.58b 29.15 +0.70b 40.91 £5.54c  2488.37 +438.89a  429.53 +40. 68b 3939.86 £506.42¢
NPK 276.00 8. 04a 32.06 3. 18b 60.51 £5.80b  2786.05 +293.58a  645.81 £56.20a 7 645. 14 +808. 42b
NPKS 274.75 £14.45a 43.99 +10.52a 70.97 £2.02a  2832.56 +503.93a  629.37 +27.88a 8 885.38 £209.55a

1)SOM R HHEAT B, TN RR 2R, TP Fon 20, AN R A, AP R/R HABE, AK /8 AU, DHA Rm A E, B-GC £ -l H
B, UE FRon IR , ALP SR B VERE AR ; B0di I « il 22 | [l — S h ARG FREOR AR A B 2 [0 22 57+ B3 (P <0.05, n=4)



i

4758 H

B 43 %

2.2 TEAREBE SIS AN

DL AR5 80 ( Shannon ) R AE A1 -2 FEPE] K
1(a)], K W H & Z M 7E NF A B b i
(5.00), NPK 4t 3 J& 1 (4. 60 ) , NPKS Ab 3 f% fi%
(4.35) , {0 45 4b P 5] 22 5 K 8 B K V. BT
Bray-curtis 5 25X} 3 — 4K () ASV F#E 17T F AL FR 7
Hr(PCoA) , R BLETH B-ZHEM: kA i 284k B 1

PCoA2(12.52%)

RDA2(15.40%)

55 .
a
5.0 F +
P [
ol
Eo} il
o
35 F
30 F (@
NF NPK NPKS
b BY
100
usfg (c) | | | |
5 77| S O SR e
5 S
- N VAS
=
2 | / /
0 / // /

NF NPK NPKS

7] Ascomycota
[ Chytridiomycota [___] Unassigned

57 Basidiomycota 5 Zygomycota

(b) 1, 3 A6 A T PR Bl 2L B 31, 459% MY % 22
S HR S — Al BR 18, 93% BEIS 225, 3K NF Al
NPKS 4b B4 IF 1465 Al R 12, 52% EvE 25,
JFK: NF Fil NPK 4b #2535 5. R B 2 0 T 22 57
BT ( Adonis ) X EL B FE 7% 25 F4 R AT AR LR AG 56, 25

S AN [vi]Jii T Ak 22 1) L PR AR Vs B-22 FEME 22 S 18T
T e

INF vs.NPK: R2=0.28, P<0.05 (b)
O | NFvs. NPKS: R? = 0.36, P<0.05
02 F I NPK vs. NPKS: R? = 0.28, P<0,05
O |
]
1 [ i
1
]
Uity i‘?ﬁtif?‘ B ~ Gt
]
O
I
oal O | CJNF
e |
| QO NPK
1
@) ¢ NPKS
1 1 1 1 1
-0.2 0 02 04 0.6
PCoA1(18.93%)
I
N |
pH : D F * (d)
i ONPK
Ot | Y NPKS
1
I
:
0 ___________________________
R %
AP:17.13 : AN
SOM:17.02 . SOM
-0.4 | AN:16.88 [
I TN
AK:13.72 (@
TN:12.53 .
TP:12.35 !
kY
—0.8 | pH:10.35 Q
1 1 1 1
-04 0 0.4 0.8 12
RDA1(29.61%)

AL PR R)/ING FREFR R AN AR BRI 25 52 35 (P <0.05, n=4)
E1 KPBHFEENTEEEHENZN

Fig. 1

B L R R R RS TR
(Ascomycota, 1 28.00% ~46.43%, F[H) ., -+
Bl ( Basidiomycota, 0.52% ~4.76% ) . 65 Hil]
( Zygomycota, 1.85% ~ 5.36% ) Fl & ]
( Chytridiomycota, 0.24% ~3.99% ) [ Bl 1(c) ]. LIS
[ Ab . ASV = B2 1R by i AR | - S BRALPE A
RS AT ORI [ B 1 (d) |, Z R R, 5
PP RIS —HE R Al AT S5 ) A R B TR VR 2 AR Ak
(1 29. 61% F 15. 40% . K2R 53 F1 53 itk - 35 Ak
P BT L TR A VR 2 AR A R i R R S SR R B AP
SOM Fll AN X V& 2H RS2 M K, 43 J31) i 2 A A 7
RBERAY 17.13% ., 17. 02% 1 16. 88% .

TE ASV 7K |, R Welch’s ¢-test XA [A] it AE
AEFER B REIE AT 25 SR B, A5 SR A 1A 2 BT

Effects of long-term straw returning on soil fungal community composition and structure

/. 5 ONF 4 B OAH [, NPK 4b PR R ASV284
( Schizothecium ) . ASV286 ( Podospora ) . ASV100
(Sarocladlum) FI1ASVS ( Fusarium) iX 4 MY R EE

= Tt &, M ASV41 ( Mortierella ) . ASV57
( Leohumicola ) . ASV255 ( Aspergillus ), ASV16
( Ceriporia ) ., ASV54 ( Hyalodendriella ) , ASV34
(Aspergillus ) #1 ASV128 ( Acremonium ) 3X 7 > I 3 [
fik; #H L F NF &b 3, NPKS 4b # th ASV145
( Pseudogymnoascus ) ., ASV29 ( Schizothecium ) |
ASV13 ( Trichocladium ) Il ASV108 ( Lobulomyces ) iX 4
AW R B TH N T ASVST ( Leohumicola ) |

ASV41 ( Mortierella ) . ASV16 ( Ceriporia ) ., ASV255
( Aspergillus ),  ASV21 ( Cirrenalia ), ASVI119
( Exserohilum) #1 ASV11 ( Ceriporiopsis ) X 7 ¥ Fh +



10 11 %5 KIRRFS Mt SRR W A 227 T 4759
95% WA X 11
ASV41: Mortierella |2 Re} 0.016
ASV5T: Leohumicola  [] NF [l NPK o] 0.019
ASV284: Schizothecium | [ ] 0.019
ASV255: Aspergillus | o] 0.028
ASV28R6: Podospora | .I 0.030
ASVI16: Ceriporia ———————1 L} O 0.031 =
ASVI00: Sarocladium | o 0.035 e
ASV54: Hyvalodendriella P o] 0.037
ASV34: dspergillus HoH 0.043
ASVI128: Acremonium | (o] 0.044
ASVE: Fusarium | n— —e— 0.050
L L | | 1 | | 1 1 |
0 48 -4 i 0 2 4 6 8 10
ASV 145 Psendogyvmnoascus | @ 0.017
ASV5T: Leohumicola P [_INF [l NPKS o] 0.020
ASV29: Schizothecium  |m o) 0.023
ASVAL: Mortierella P HA 0.024
ASV16: Ceriporia f——— o o 0.030
ASVI13: Trichocladinm s I—.—!I 0.030 ‘g
ASV255: Aspergillus | (o} 0.035
ASV21: Cirrenalia m— o 0.038
ASV119: Exserohilum | o] 0.040
ASV108: Lobulomyees | L] 0.041
ASV11: Ceriporiopsis — } o | 0.048
L L1 1 1 L 1 L 1 1 1 1l
0 6.4 -2 0 2 4 6 8 10 12 14
ASV201: Fusicolla ™ e 0.026
ASV3I4T: Mortierella I R NPK [ NPKS o 0.031 %
ASVRE3: Pseudogymnoascus I_ I ; I I ]3 I I | ! 0.032
0 0.2 -0.25 -0.20 -0.15 =-0.10 -0.05 0 0.05 i
H.’.’rﬁl _Fi‘slfﬂ. Yo ltfﬁH:fJ{I’l?;— 5% ﬁ‘
" - | F { \ : . $
V= l 3 tcaﬁbrméap&tT ASV 7k¢szp*ﬁ . "y
o :“"'. Fig. lQ- Welch’s ¢-test descmbnll .-Sllp,?éleb dﬁferénee after various long- term fjertlhzapon regimes under ASV level ,#
~— { ﬁ J = .
| ) o )
Eﬁlzﬁwg, 5 NPK AL S A 1, NP 1 1@ /) -
ASV201 (,ﬁusw‘ zza} HI'ASV347 ( Mortiefella) e b
Vﬁﬂﬁ%%%ﬂw@wmmm@ﬁ%ﬂﬂ Eﬁ? 93
AR SRR 5 R R | AL
ASVI100 0
7 A TAR G S AT, S5 SR WK 3 R, NF Ab 3 ASVS4
- ASV3i4
e R W) B (ASV41, ASV57 ., ASV255 . ASVI16, ASV128 5k
ASVS -
ASV34 fil ASV21 %) 5 SOM ., TN, TP, AP, AK . 8- ASV145
GC il ALP 4t 0 A b7 K/ 7= 2 8 G v JCEE i
X, 5 pH 5 IEARSE; 17 NPK 4bFE(ASV284 i rovis B I
ASV286) #l NPKS ZbFH ( ASV145 1 ASV13) & 4 PEMNRS || 2 - N
AR 5 1 R BN P i E sl g =
X, 5 pH 2 W E A, ASV108
ASVI1
2.3 THEEHEFEAERMNYE ASV201 . =
NPK vs. NPKS | ASV347
T3 PP AR AL B E B ASV FE Rl 1A ASVE7 : | | ol |
4 TSzt ZAMSURAT
Spearman*ﬁ?éﬁ%@ﬁlﬂﬁflﬁﬁiun% * H SR ERt<mdPg N

Cluster Walktrap 53032 %5 ) 28 4 7R B 43 A1 (B2
F&— YRR AL AR R R v AR
HEBEIY R R D), R W4 H 4 /\35
FREHRAL R, Hoh i 1, 2, 3 R4 Bl
64,36 F136 N[ K 4(a)]. X4 M%ﬁ%M’J%
Pl BT TG, K B 2 Wy Rl Bt 32 B A
NPKS 4b# 1 5 5 , 43 51 & NPK 4b 3 F1 NF Ab 2 11y

sk o fll o+ SPRIFIRAE P <0.001, P<0.01 Fl
P <0.05 K FARRAL .3
B3 FAEEEREXTERMHESLEENERRNEFTEXR
Fig. 3 Pearson correlation analysis of fungal variation with

soil bio-chemical properties and wheat yield

4.08 Fi15.97 fi5; fibk 4 Yyfh Bt NITE NF 43
Fhrd i, 0 A& NPK Ab BiAT NPKS Ab 3¢ 3. 54 F1



4760 7D 53

B 43 %

2. 81 A5 MIREHR 1 FifsEs 3 YIAh Rt R AE %Ak
BRI 22 AR IR F 1 2 KF-[ 1B 4. (b) ]. X R45 Y
AT, A I 4 ) 3 AR A 4 O 3 T
AN RIS (] R D BB 2 RS 4 2 [ 4]
A 32 ki, orb 14 ZRIERSR, 18 SOOI
AMBBRE] AT REAF AR 2 IS FAE I 4 (c) ] &
PRI SRR AR 2 e R E R

@ i

+ 4% DHA (R* =0.86, P <0.001) 1 B-GC (R* =
0.34, P<0.05) B2 LM mla s mikiE S 4
NIRRT FE RN, 3% B-GC(R* =0.54, P <
0.01) 1 ALP(R* =0.70, P <0.001 ) 25 £& 1 [ A%
B 4(d) . DA 25 A0 I RS FF i H T it
FRNE AT A 2 N = 2 DRl 4 (N9
A DT 44t vy - S il T

@ By © B3 @ Hia

(b) it
a B 7 - e a
30+
a 50
20 I %
= 25 F b
= b
= 10 -
44'+ L= =
7 9
£ a  Bis 45 - a Hithd
=
B 6
30 F
3k a
b b
G x|
: = ==
NF  NPK NPKS NF NPK NPKS
80 - -
R*=0 .86, P<0.001 @ || RP=034,P<005 @
60 T (d) R?=0.54, P<0.01
40 ®

20 |

8
="
= 0 G2 G C - G
# 30 40 50 60 40 50 60 70 80
g BARDHA ng-d”" S RAGRETFRG(S-GC)pg b
B 50
= ™ R2=0.70, P<0.00] ®

60 |

40 ® ®

. 6} )
20 B
0 :._::._."'3 0] oo ol e — 0
2500 3000 3500 500 600 700 800

REH(UE) ug-d™! MM RS (ALP)/jug-h™!

(a) BT ASV F MMM AR EA R C R W R0R ASV, W B @R R A RS, (b) B HitF AL, A RS 5
HFOR AL HE 2253 B35 (P <0.05, n=4); (o) BERN/BMEER R, B7RRBER N /0] R0, @A iy ST S5 80 RIE L (d)

B R R S RHE TR M EAS

B4 KOABFEZENERS TESMERNMN

Fig. 4 Effects of long-term straw returning on fungal co-occurrence patterns
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Fig. 5 Structural equation models showing the effects of soil organic carbon, enzyme activity, and module abundance on wheat yield
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