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Abstract: [ Objective ] The mechanism of the inconsistent effects of straw application on crop yield is still unclear, and the main
reason may be related to the insufficient understanding of the effects of straw application on soil microbial community
composition and its abundance changes on crop yield. [ Method ] A pot experiment to study the growth of wheat was carried out
using red and yellow-cinnamon soils. Three levels of straw application were set for each soil, namely 0, 10 and 30 g-kg ™" soil (Sy,
S10, S30). Based on bacterial-fungal co-occurrence networks, the Path analysis model was used to evaluate the contribution of
microbial ecological clusters, enzyme activities and chemical properties to wheat yield. [ Result] The results showed that
although the content of available nutrients, soluble organic carbon, microbial biomass carbon and enzyme activities (amylase,
invertase, polyphenol oxidase, urease, acid phosphatase, dehydrogenase) increased significantly in both soils, the wheat yield
increased with the increase in straw dosage in the red soil but decreased in yellow-cinnamon soil. Compared with Sy, S;y and S3q
treatments increased wheat grain weight and above-ground biomass by 33%-44% and by 73%—85% in the red soil; and decreased
wheat grain weight and above-ground biomass by 22%-25% and by 55% in the yellow-cinnamon soil, respectively. The
abundance of two key ecological clusters within the bacterial-fungal co-occurrence network, enzyme activities and soil chemical
properties had positive effects on wheat yield in red soil while the abundance of two key ecological clusters had a larger positive
effect on wheat yield in yellow-cinnamon soil. The straw application significantly increased the abundance of Aspergillus, a key
microorganism positively correlated with wheat yield in red soil, while significantly decreased the abundance of Bacillus,
Burkholderia, and Basidiobolus, which were positively correlated with wheat yield in yellow-cinnamon soil. [ Conclusion ] The
combined effects of straw application, an increase in key microbial abundance, enzyme activities, and improvement of soil
chemical properties was responsible for improving wheat yield in the red soil. In the yellow-cinnamon soil, the decrease in wheat
yield was mainly related to lower key microbial abundance, whose effect was superior to the potential positive effects of
improved soil chemical properties and enzyme activities. These results suggest that the change in the abundance of key
microorganisms has an important influence on the variation of crop yield after straw returning.

Key words: Straw returning; Bacterial-fungal co-occurrence network; Key microorganisms; Enzyme activity; Wheat yield
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Table 1 Basic physicochemical properties of the tested soil

25 e el Bk KL b kL
- L
+ 1% Total Total Total Clay Silt Sand Jo Hh
pH Organic carbon
Soil ( N nitrogen  phosphorus  potassium  (<2pum) (2~50pm) (50~2000 um) Texture
I (gke
/(gkg') /(gkg') /(gkg!) 1% /% /%
211 Red soil  4.73 9.70 0.86 0.73 6.61 49.4 313 19.3 #i+ Clay
EigioRs
Ly a0 RN
Yellow-cinnamon 5.26 8.48 1.31 0.62 591 31.6 56.4 13.0
Silty clay

soil

TR T 2015 4F 11 A 10 HZE 2016 4E 5 A
25 HkAT, FAEAEY) 2 /N2 ( Triticum aestivum L.,
%3 57). R 8% 3 KRR A (0, 10,
30 gkg ') AbHEE (So. Sip. Syp), AENALEE 3 A
B, L 18 Ak, B4 ( HA 23 em x & 23 cm)
H 5 kg KT CRiA2<2 mm ). i 56 FH I BHZ 3G R 2
W R 45 & LB, 9Ll N 150 mgkg'. P,Os
110 mg-kg ™ F1 K,0 82.5 mg-kg ™" ¥ Ho A9 — Yk B i
FEAT RS FEDLRS I (K <0.5 mm ) 35 £ HEFE /R
Bo EEIEFAER 30 R, WIEE 16 tko K
(AP 3 d RAFREIEA AL, (AR EKE
I KFFKIREN 80%K T ZHCPRIE= SN, T
R AR 2 o B R R ORI, AT R

1.2 H#RRESSH

TE/NZUHRIN (2016 4 5 H 25 H ) BERHR
M (IEMRBR L ), —&B7 BAEE T80 CrkAff}
f£, T 13 DNA #2100, -4 pH R LKL 1 ¢
255 ; AR ( NO;-N ) AR ( NH,-N )
RO FRL A B 3 e s bk s
A BB B 5 TR Ak APk U e
Fr i PR T T A vk Uy i R A8 R A
SRR -1 AR T AR, SRBA T EL O KRG B I
EHE RN ok PR AR ER & R OGR4
BHAL (LS13320 )5 5 A %508 ( AP ) AR ( AK)
o B AR L Tk AL g e R s ]
BHA LR (DOC) MEY EY ik (MBC) &
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1.3 S@EENF SR

+ 1 DNA X H Fast DNA Spin Kit for Soil ( MP
Biomedicals, USA ) # U6 F5#AEAL IR M 0.5 g fif +
HERHC A 1%0 B R R K F Uk A U DNA Jit &,
i H NanoDrop 2000( NanoDrop Technologies, USA )
M %E DNA WEERZEEE . H51¥ 515F (5-GTGC
CAGCMGCCGCGGTAA-3")/907R( 5'-CCGTCAATT
CMTTTRAGTTT-3') Hl ITS5F ( 5-GGAAGTAAAA
GTCGTAACAAGG-3") /ITSIR ( 5'-GCTGCGTTCTT
CATCGATGC-3") 43l AT A A E I PCR 93,
PEHUATA 16S rRNA FEH 1Y V4-V5 X FTE T ITS1 X
PEATEE A E . SR Hlumina 23 ) MiSeq il F Y
SERUTHN 3 HT, LT v A1 B R TR T 445 3 35 237
Z5FN 48 165 25741, Ok 1 v 4 TR I EC TR T 2475 21
31476 Z5F1 46 970 Z5M ¥ o 40 B AN B Iy Bl 2
AR ATEHEE (http: //bigd.big.ac.cn/gsa ), ¥
5115 CRA005094 FI CRA005095, Xif J§ A B ¥
SR PHEMGIVIREY. RA QUME (1.91)
BRI 51 91 F RDP B0 e 2 i A 1122 15
B %) 5 o P 91K i Uparse #5044, LA 97% AR AL B
4T OTU %43, >KH Blast J77% Lk Greengeens13.8
Fl Unite HCHE 2231720 T8 FE R PRI 73 00 R, o
2, LU b 2 IR E) 901 4~ OTU( 4 ke 629
A, HEE 272 4) #1802 4 OTU (4HE 582 14, H
# 220 1), 3T Bray-Curtis £ 25 %) 4b B 6] 41 5 1
LR P& R4 T 19 FE L4343 ( Principal Component
Analysis, PCA) 7 QIIME H15¢ il .
14 HAHE-ERXINEHE

ffif] R (4.0.1) “psych” FEFA &4 —E
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IR FDR FiEMKIE, HEEEME R (0.8 H
P<0.01 {14 5 35 FH 5 5 72 1 G 200 147 - L 1A L 3 ) 4% . )
FH Gephi (0.9.2) SEELRIZE AT AL, FF R W 45 45

bt (SHE N RGN E ), EHEAE
FE =15 BB A My B i T J5 2203 #r o
1.5 HiEALE

KB R )7 25087 ( ANOVA ) Fl Duncan £
EENA Y (51 VAN s AT SN (0 w194 .7/ = g
AL AR . BT PER 22 R . B Z U E 0
( Permutational multivariate analysis of variance,
PERMANOVA ) FIBr TGRS AT (So) 5 AL A4k
FE(Syo. Syo) MHIANG M EEIEE LMY 2R A
W2 rh b BT A R B R, Z 0 E0y
B P 231 2 R AT b 4 Ak I A0 H A5 e i A X
JE o RSB P AL R (k28w iYL A
W ZBUEE 85%LL ) BYFHXS 2 R AT B R 5 22
431 Duncan £ 8 HH o F A i B/ —3fe AR A AL
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(P<0.05), M Cytoscape (3.7.1) Bf:xt HAISE
Z [ fi1k . PERMANOVA Fl 42 43 #1435 R
(4.0.1) H114 “vegan” Fl “plspm” FIFALTEM; H
RGBT R AR SPSS 24.0 #E17 .

2 4 R

21 /INEMFHNEMM EBEME

Bl 1 3R, Z03E b/ Fp b R b3 A i
Py it A o i FH et O S AL 0, T RS
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AHEE, Sio Fl Sy AbFR/NAZ KR 430 $2 55 33%F11
73%, M b ESA RS R 44%F0 85% (&l 1a);
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a) 50 ~ 100 b) 50 ~ 100 a
- a DI =
a 8. a PR = 8.
T 40t ] 20 B = 40 &
g b 2 80f g 1 % 8ot
5 i & 5 ! = 4 b
s 301 S E s SE
25 ¢ 3 L@ 30f #5
s = e c .5 =9
g 10l % g 20t $ ¢
S 2 a0t ﬂ ” z 40f m
e fe)
0 < 10 <
S(J S]U S}U S(J SIU S30 SU sl() S3U S(l S]U SS()
AbFR Treatment AbFR Treatment AbFR Treatment AbFR Treatment
H:oa): 203 b): WM. So: AHFEFT; Sio: FEFFHMEHAL N 10 gkg ™' £ Sy FiFFMIHIE R 30 gkg ! +. DRZELFIRIRHE 2 ;

ARG B R R AL A Y 3 25 5 (AP, P<0.05). Note

: a): Theredsoil; b): The yellow-cinnamon soil. Sy, Sip, Sso: Straw

was applied at a rate of 0, 10, 30 g-kg ' soil. The error bars represent the standard deviation of the mean, different lower letters indicate a

significant difference between treatments ( Duncan method, P<0.05) .

Kl 1
Fig. 1

ITAE Sio Fll Syo AL HEME 43735 5.8%~146.2%
M 34.9%~574.9%; 1fii pH, NO;-N fll AP & H1EAN
[F) G A Ab ] 0 A A8 fe (R 2) .

fEvEH b, BEEFFRG IS N, 14 pH.
NH,-N . AP, AK, DOC Fll MBC & &bt = 3
(HH AP &5 AE So Fll Sy AEFRANE A W& 2R )
Sio Fl S3o AL FRHY pH 43 5I3G A1 0.08 F11 0.37, HAhF
Oy E AR Sy M Sso ARBEAP A BEE S 5.1%~
106.8%F11 51.6%~283.7%; 1fii NO;-N 75 7£ A [ b
BRI RE L (£2) .

AN b N R EE A AR AR )

Grain weight and above-ground biomass of the wheat relative to treatments

2.3 TIEEEM

TR RTW L, £ b S5k A
WAL A X EE M, Bl AMY . INV, PPO,
URE. ACP #l DEH i 1 34 b %5 A% F1 il FH = 0 384
Jn S e RIS AR LD S0 AT S
Ak B AR B8 A B 3A 6.9% ~ 88.7% Ml 20.7% ~
533.3%, fEEHE LRG3 5 6.4%~69.3%
1 10.6%~302.0%, £ PPO 15 ¥ LL K ¥4 1
" #Y) PPO 1 URE & TETE So Fll Syo AbFH (] K 15 F|
BEER (L3),

*2 ARLELIELFMER
Table 2 Soil chemical properties relative to treatments
+ Kb NO;-N/ NHj-N/ AP/ AK/ DOC/ MBC/

Soil Treatment ot (mgkg™) (mgkg") (mgkg™) (mgkg") (mgkg™) (mgkg™)

o1 b So 4.62+0.03a 8.13+1.08a 3.95+0.23b  27.73+2.41a  213.0+17.4c 9.36+£2.21c  131.7+11.3¢c

) Sio 4.57+0.03a  7.18+2.55a  4.18+0.20b  27.80+£2.47a  292.9+13.2b  23.04+2.61b  223.2£10.4b

fedsoil S30 4.44+0.03a 8.30+1.37a 5.33+0.14a  31.55+0.49a 507.4+13.9a  63.17+4.46a 366.3+19.7a

4 So 5.89+0.01c 3.67+0.53a 1.90+0.30c 8.31+0.08b 65.67£0.05¢ 43.89+£2.17¢c  220.6+3.46¢
FE Sio 5.97+0.06b 5.5+1.27a 3.93+0.48b 8.73£0.21b  119.2+1.4b 66.02+0.79b  335.26+10.1b

Yellow-cinnamon soil
S30 6.26+0.04a 6.63+2.57a 7.29+038a 13.02+1.57a  348.7+23.0a 89.96+5.85a  429.7+26.6a

ok pH: + IR NO;-N: A NHI-N: S

A AP: HRHE; AK. HEEF; DOC. mIEMEANLER; MBC: 44

WAwhi . RPN 22, /NS T RAUR R — e R AR R AR R A 9 22 5 B (AR, P<0.05), TIA. Note:
pH: Soil pH value; NO;-N : Nitrate; NH4+-N: Ammonium; AP: Available phosphorus; AK: Available potassium; DOC: Dissolved

organic carbon; MBC: Microbial biomass carbon. The data in the table is means + standard deviation. Different lower letters indicate a

significant difference between treatments ( Duncan method, P <0.05) .
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Table 3 Soil enzyme activities relative to treatments

14 Ab AMY/ INV/ PPO/ URE/ ACP/ DEH/

Soil Treatment (mgg'24h') (mgg'24h') (mgg'24h') (mgg'24h') (mgg'24h') (ugg'24h")

- S 1.24%0.15¢ 14.34+2.17¢ 0.29+0.02b 0.27+0.03¢ 1.0620.06¢ 17.49+1.53¢

. Sio 2.34£0.15b 33.80£1.20b  0.31%0.02ab 0.38+0.03b 1.27+0.03b 29.18+2.39b
Redsal S30 4.86+0.20a 90.81+1.21a 0.35+0.03a 0.74+0.08a 1.48+0.02a 50.40+2.15a
_ S 1.37+0.04c 54.34+2.25¢ 0.44+0.02b 0.51£0.04b 1.41£0.02b 75.29+2.15¢
FE Sio 2.32+0.09b 87.69+7.16b  0.48+0.02b 0.65+0.05b 1.50£0.02a  120.62:6.86b
Yellow-cinnamon soil
S30 3.69+0.46a 155.7£13.95a  0.54+0.04a 2.05+0.25a 1.56+£0.05a  165.9+10.67a

H: AMY: JEME; INV: 5540l ; PPO: ZEi%{bLii§; URE: Ik ; ACP: MRM:BEIRNG; DEH: BLAHF. Note: AMY: Amylase;
INV: Invertase; PPO: Polyphenol oxidase; URE: Urease; ACP: Acid phosphatase; DEH: Dehydrogenase.
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Fig. 2 Principal component analysis ( PCA ) depicting the Bray-Curtis distance of bacterial and fungal communities of three treatments in the

red soil (a, ¢) and yellow-cinnamon soil (b, d)
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ﬁ%% 4 B Pseudomonas 10 04 @gg 1 5 A
= F ik
F¥35 0 0 0.0 F¥50 0 0
3 3
PR B
# 3 g 12 ® Porodisculus 40 lMonogn}phella?’O B Mortierella HJrﬁg 9 B Exophiala 40 m Basidiobolus 12 m Myrmecridium
Ees B Rhizophydium _ | 8 Didymella ® Geminibasidium & 2 & B Fusarium m Ceriporia m Vermispora
Es & 30{ O Aspergillus O Mucronella EJ & |3 Cladophialophora30f 0 Rhizophlyctis a Tetraplosphaeria
25E 0.8 & Fusarium 01 & Chaetomium Z g ®@Microdochium & Codinaea
I 5 2 £ 2 20
ReEo04 R2E 3 0.4
L2238 223 10 ’
W5 E B3F
o2 oD e 2o
HE ST S S Sy se US se o se FEEUSTS se 0TS s, s, YOS TS, sy
AbBE Treatment  Zb¥E Treatment Qb Treatment Qb ¥ Treatment Qb Treatment Ab 3 Treatment

e Bla), d): 2L DA -SRI M4 A SR (B 1~3); B b), e): ZLIERIETHE AN [a] b B3 ] A RS HAR T = BE (3R
FREER Z 50%0)s K c), £): ZLSERIE R 1o A [ b B A A5 e o 200 T R B T 00 00 1) R B2 (O34 Jm 0 8 B R R 2 85% L | ),
Note: Figure a), d): Co-occurrence networks and microbial clusters ( Module 1—3 ) in the red soil and yellow-cinnamon soil, respectively.

Figure b), e): Relative abundance ( z-score of accumulating abundance ) of microbial clusters of treatments in the red soil and

yellow-cinnamon soil, respectively. Figure ¢ ), f): Relative abundance ( % ) of dominant genera ( their sum accounts for more than 85% of

the module abundance ) in each microbial cluster of treatments in the red soil and yellow-cinnamon soil, respectively.

B3 e e SRR

Fig. 3 Composition of microbial clusters and their relative abundance

(& 3c, ANOVA, P<0.05). /L& REFF it i 3% H2 55
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Ab, it RS A 3 2 f # w1 A B X 32 B 4 ]
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Didymella 8, X 28 J&8 XN it RS AT 1M 46 (18] 3c,
ANOVA, P<0.05). F5AFEFHBAT R 3 Hf
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W Mortierella . Geminibasidium .

Chaetomium “A 3, X8 J& X} i HFS FFi 32 vk, H
FEHEE R TC 837221 (& 3¢, ANOVA,
P>0.05 ),

A e 2 BT L PR L B I 2% e, R T G
1o FERH GBI BRUAE ) E 2 o 3 AN EOR BRI (BB )
(1 3d ), B R 1 A ) 2 BE AR AL 3 1) T
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Fusarium , Cladophialophora F1 Microdochium H ¥ ,
T A Jeg o it AR A 52 R e, G R W 3 AR AR A
3f, ANOVA, P>0.05). F&FF it R FEARRLE 2
HITE B, (HILERETE Sy A Sy b 3R] 0 i 2
25 (FE 3e), %L H Candidatus |, Bacillus
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AP H RS AT IR X e s 1) 2 B 2 B ]
Jt HJ&  Candidatus | Burkholderia #1
Basidiobolus 1) F 1 B F ML (& 3f, ANOVA,
P<0.05 ). Sz AP ZFHIEMA 3 hiEYFE,
15 S105 So A BRI AR+ 0 B #2840 (& 3e ),
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Gemmata M E.EH Y Myrmecridium . Vermispora
b B CEo3f ), Hop
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o AR AT ( S3o AL B ) 5 H A B 2% Thi (1 31,
ANOVA, P<0.05).
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B 1 A B SRR T RN b A W R )
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0  L2ro BAESERE = EEETE d) 121 R MAERE = BESME

= LM ma N = HIEEE PR N
3 NM-E_EBE T 3 _EE Mol EE
g NE aln 5 oslM FE
w5 25 HE
‘}Q:D ’;QOD :l [
g & EF
E5 ® 5 HH
< 04 £ 04 i I
> ® .
: . EE
OAOﬁgo?)%-%MUUE% O'Ogg>og€%x
FEIEERESETTREIEE seEdE <g¢
9 9

E: a), ¢): £33 b), d): Bt B a), b) FBRORTIREEZNREG B ENEET R8BS0 REG *RREHBE.

M1, M2: B3k 1, 2 (9F B ; Grain: /NEFFRIE ; Biomass: /NEHL EHAE Y. Note: a), ¢ ): The red soil; b ), d): The yellow-cinnamon

soil. In Figures a) and b ), the black numbers represent direct effect coefficients and the bold numbers represent total effect coefficients.* indicates

significant effect. M1 and M2: the relative abundance of Module 1 and 2. Yield: Grain weight of the wheat; Biomass: Above-ground biomass
of the wheat.

K4 AR AT IPAG TR MDA | SR A P ORI T35 A ) /N2 7 B ) 5
Fig. 4 Partial least squares path model ( PLSPM ) evaluated the effects between three factors as microbial clusters, soil chemical properties,

enzyme activitiesand wheat yield

~ 50 50
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’ i ° 0o ® = b
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© -2 -1 0 1 2 -2 -1 0 1 2 - -1 0 1 2
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N é 80 <° 80 °%e i & 100F o ee 1oor
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R o® HEZ
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—’iﬂ% ] &0 .o _|_1 l?b:’ 60 60
390 40t R .
=z 40} R=0.58; P=0.017 R*=0.38; P=0.08 8 401 =047, P=0.042 401 o R*=0.73; P=0.003
2 <
< 2 -1 0 1 2 -2 -1 0 1 2 -1 0 1 2 -1 0 1 2
P AXS B (z-score) BEHRAH X JE (z-score) FEHAXF B (z-score) B2 AT BE (z-score)
Relative abundance of Module 1 Relative abundance of Module 2 Relative abundance of Module 1 Relative abundance of Module 2

Kls 203 (a) MEEi L (b) BUEMEREFERE S/ 5 6 = 754
Fig. 5 Linear regression analysis of the relationships between the relative abundance of microbial clusters and wheat yield ( grain weight and

aboveground biomass ) in the red soil (a) and yellow-cinnamon soil (b )
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BEHATAEY)

Microbe within Module 1
B2 A=)

Microbe within Module 2
Igefb

Soil chemical properties
Enzyme activities

ANEE P

Wheat yield

IEAHSE

Positive correlation

| UikiiPS

Negative correlation

JBeoeo

TE: pH: RHERRBARE; NH,-N . #E8%; AP: A%BE; AK: ##; DOC: nEMEAHLRK; MBC: WMUEW/EY R, AMY: 3
Wi, INV: ${LE§; PPO:. ZFyAAILRE; ACP. FRYEBEMREY; DEH: Bi4%EF. Note: pH: Soil pH value; NH;-N : Ammonium; AP:

Available phosphorus; AK: Available potassium; DOC: Dissolved organic carbon; MBC: Microbial biomass carbon. AMY: Amylase;
INV: Invertase; PPO: Polyphenol oxidase; ACP: Acid phosphatase; DEH: Dehydrogenase.

Ko £ (a) Mt (b) BUEMERILRE . LIALPYERT, BEEVER/NZ - BRS04

Fig. 6 Spearman correlations (|r[>0.6, P<0.05) among the relative abundance of bacterial and fungal dominant genera within clusters, soil

chemical properties, enzyme activities, grain weight and above-ground biomass in the red soil (a) and yellow-cinnamon soil (b )
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