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Effects of Combined Application of Straw and Organic-inorganic Fertilizers on
Key Microorganisms and Wheat Yield in Fluvo-aquic Soil

GUO Wei"?, ZHOU Yunpeng'?, CHEN Meiqi"?, LI Dandan', WANG Qingxia"? ZHOU Tantan"* ZHAO Bingzi"*'

(1. State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China;
2. University of Chinese Academy of Sciences, Beijing 100049, China; 3. University of Chinese Academy of Sciences, Nanjing, Nanjing
211135, China)

Abstract:  Objective The combined application of crop straw with chemical fertilizers and chicken manure can change soil
microbial community structure and the interaction between microorganisms. However, whether there is a correlation between
these changes and wheat yield remains unclear. Method A 7-year field experiment was used as the research platform, and this
included five management strategies: (1) NOSO: no fertilizer or crop straw returning, (2) NOS: crop straw returning, (3) NSO:
traditional chemical fertilization, (4) NS: crop straw returning with chemical fertilizer, and (5) NSM: crop straw returning with
chemical fertilizer and the nitrogen was substituted 20% by chicken manure. The effects of different management strategies on
microbial community composition in bacterial-fungal co-occurrence networks and the correlation between key microorganisms
and wheat yield were studied. Result The results showed that compared with NOSO treatment, the grain yield of wheat under
NSO, NS and NSM treatments increased by 539.20%, 611.56% and 676.56%, respectively, while there was no significant change
under NOS treatment. The bacterial and fungal community compositions were divided into three significantly different groups:
NOSO and NOS, NSO, and NS and NSM, respectively, indicating that the microbial community composition was significantly
different with or without chemical fertilizer application. Under both chemical fertilizer applications, there was a significant
difference in whether organic materials were applied. Ranked from high to low importance, we found that available phosphorus,
electrical conductivity, microbial biomass nitrogen, soil organic carbon, readily oxidizable organic carbon, and particulate organic
carbon were the main soil physicochemical properties that caused the changes in bacterial community composition under different
treatments. Also, electrical conductivity, microbial biomass nitrogen, readily oxidizable organic carbon, particulate organic carbon,
available phosphorus, and soil organic carbon were the main soil physicochemical properties that caused the changes in fungal
community composition under different treatments. In the bacterial-fungal co-occurrence network, two key modules (module 1
and module 4) were significantly correlated with wheat yield changes. NS+NSM treatments increased the relative abundance of
beneficial microorganisms in module 4, including Nocardioides, Cellulomonas, Pir4_lineage, Chrysosporium, Acaulium, and
Schizothecium, which were positively correlated with wheat yield. These beneficial microorganisms could degrade cellulose and
lignin, promote nutrient conversion and recycling, or inhibit the growth of the potential pathogen. NS+NSM treatments also
significantly reduced the relative abundance of plant pathogenic fungi in module 1, including Stachybotrys, Achroiostachys, and
Fusicolla, which were negatively correlated with wheat yield and were detrimental to soil health and crop growth. Conclusion
Therefore, crop straw returning with chemical fertilizer and crop straw returning with chemical fertilizer and chicken manure
were beneficial to the increase of key beneficial microorganisms and the decrease of pathogenic fungi. The function and the
relative abundance of key microorganisms had effects on wheat yield.

Key words: Straw returning; Organic fertilizer; Bacterial-fungal co-occurrence network; Key microorganisms; Wheat yield
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ERAE K — SRR AR TR A K DA —2Eh)
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1.1 AR
TS M T BT & T e B b R B

gl A A S B E (35°01'N, 114°24'E ), % X,
J& 2 T 5 TR A R R, AR R
13.9 °C, fFEHFER & 615 mm, 78K 74 1 875 mm,
A4 H BRI EL 2 300~2 500 h, 322 Sy ] i
Y& B A SR 4, B2 b A R D
Bt

1.2 RIgit

K@ RI 1A T 2012 4F 10 H, % & 5 bk
M A EIE+FEFFE H (NOSO ), ANt fb IE -+ FF
WH (NOS)., #HUE L AL+FEFFES H (NSO )., H#
JEAEIE+FEFFIA (NS ) Fjite £b BB -+55 FF 4 H 3% 2
B 20%E M (NSM), BAAbiy 3 AMEE. &
INXKEH3m? (2mx 1.5m), RI/NXBEFL A o
KRG T ARG, 3% (0~20 cm) EREBILM: IR
HN: pH 9.14, +HEHPLFE (SOM) 547 gkg ', &
A (TN) 0.31 gkg ', &W (TP) 0.81 gkg ', 44
(TK) 12.96 g'kg ', A% (NO;-N) 439 mgkg ',
B 5 (NH,-N) 1.66 mgkg', A% ( AP)
17.84 mgkg™',

VEY R 7 X RN 54, oK
PR HL 958, /INAZ LRI A R EEDT 58, NOS. NS
Ml NSM A BRAEAEFP AT IZ /N X —ZAE YR 1Y)
FEFPRS T IS 2 T0A H, NOSO A1 NSO AbBRAEAE Wik
ARG %N X AR G 1l 3550 4 SRS I

NSO, NS 1 NSM &b P 7E /N7 25 (1) it AR AR v A -
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BRAE (K0 ) 105.0 kg-hm 5 78 5 K2 0 IR AR 7E A »
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THRE S AURAE R /NX 0~20 em A,
REF =, — 8 AT G AT R A
PR e, — B R AF T 20 °CJH T I 5 1 43¢
DOC. m[EYEAHLA (DON ), MBC FlfstA: ¥ E 9
A (MBN), —#4#fFT-80°CH T 13 DNA
PEHL .

pH. W53 (EC). HHEAHIIK (SOC). Fif
A (AHN)., AP FIHELH1 ( AK) SRTH Bk
M, DOC, DON K Multi C/N 4% ( Analytik
Jena, Multi 3100, &[] ) % ; MBC Fl MBN R 1]
D EEZETEIAE 5 ROC SR e R ALk i 5
POC 3% Cambardella il Elliott" % 75 2 % .
1.4 THEDNAERSSEENF

11 DNA {ii J{] Fast DNA Spin Kit for Soil ( MP
Biomedicals, Santa Ana, CA, EE ) X7l &, KIE
VLA IR M 0.50 g fif + P EC, ] NanoDrop
ND-1000 435G+ ( Thermo Fisher Scientific,
Waltham, MA, [ ) i DNA 20 RWKE ., 7
WIE 5% 515F (5-GTGCCAGCMGCCGCGGTA
A-3") /907R ( 5'-CCGTCAATTCMTTTRAGTTT-3")
Ml ITS5F ( 5-GGAAGTAAAAGTCGTAACAAGG-
3') ITSIR ( 5'-GCTGCGTTCTTCATCGATGC-3')
HEAT AP AN L PCR Y34 . PCR 9™ 15 47 {fi FH Vazyme
VAHTSTM DNA Clean Beads ( Vazyme, HE ) #17
alifk. KHEG P PCR W EEE/RIEG G, HH
Illumina MiSeq 5 i) MiSeq Reagent Kit v3 il 4%
HEATFEN AT ( 4G LI IR AR v A W BHEE 43 A FR
ZNEVFGE ). ffFH QIIME 2 (2019.4 ) AbFH i 404
# 11 demux 16 7% 546 17 90 BAE A TREA R 73, 4R
JEf# ) cutadapt HEPFUIBRS 14, (/] DADA2 fiff
XPEEIEAT 2 . PR R BRI AR, ZEKY Y
TS (ASVs) AT EEXT, IR fasttree 2 f4
A4k B WK H Blast 774 H Greengenes 1 UNITE
B 2R 43 ) % 440 R A L R R
1.5 BB IE

it 11 SPSS 26.0 %k 4 1y B A R Jr 2 o A
( ANOVA )il Duncan 25 555 B AS [R) b 24 1] +- 458
FRAGTE . ANFERPRL L 20T LB 4 T KA
X =B A P — T R R 4% v 5 AR R A o S R DA R
BB R A FEE WS A R 4.2.2 FFW
vegan {3 #f 17 3 4k 5 43 #1 ( principal coordinate
analysis, PCoA ) X1 43#7( canonical correspondence

analysis, CCA )., TUAY/M( redundancy analysis, RDA )
Moo ZHEPEREEC s (T & e 2 o0y 22 50
( permutational multivariate analysis of variance,
PERMANOVA ) I8 A [7 Ak 24 5] -+ 88 240 7 A1 T A
TR ASH 0 22 53, A I 580 R 1 #45 55:( Monte Carlo
permutation test, 999 permutatio-ns ) XJ 50 + 140
AT R L TR 7 45 P T g A M T R AT M A
Ko AR 4.2.2 HAFR Hmisc 42351740 5 - FL A 3L
IR 2% %) B A 0 SIS T 3 U R P 2 A e R 3, ]
Gephi 0.9.7 F A2 i 4 o - L T AL I % 141, 31534
T - L e R ) 4% 2 A B e A1 R R LR Y R
FEJG, i SPSS 26.0 FAFX AL Bt BT bR
et [ Z 5B BT B i —Ju4k
P RTS8 4 BT 200 T - L T I 4% v o A R Y
AT 2 FE H/NE R R o THREA S AL
S AR 3 A A A T 5 /N R R Y B
JRF% (Pearson) MK HRE (P < 0.05) J5, fiiH
Cytoscape 3.9.1 B4 HIM R E . HARGITH 4
B % F Microsoft Excel 2019, R 4.2.2 F1 Origin 2021
A AT A AN 2 1A

2 45 R

2.1 AEHEIEAIE T B MR

M 1AL, 5 NOSO Zb#IAH ., NSO 4b#fY
AK fil DOC i &I (P <0.05, ~E), 43l
AT 39.68%7F1 34.57%, NSO AL FEH) AHN , AP, AK
DON .DOC Il MBC & & i # 51, ¥ IE 2 16.60%~
136.52%, NS il NSM 4 #f#) EC, SOC, AHN, AP,
AK., DON, MBN, DOC, MBC, POC #1 ROC %
O E T, R 40.07% ~ 423.22%
42.35%~463.83%. NOS, NSO, NS Fl NSM #b ¥
pH AR NOSO 4b # 5t 25 B A, B 24 0.98% ~8.04%.
2.2 AREGEIEAIE/NEFFH =2

NOSO #ZbHAFRL =& A 1.27 thm ™, 5 N0S0 kb
FAHEL, NSO, NS FI NSM 4b Biokfhr =& i 2 7Her
43N 6.83 . 7.75 A1 8.57 thm2, T NOS AbJkF
R NOSO AT 2= 5% (P>0.05, K1),
23 TEREVEEARESTEMERNXER

0 T e 1 U A ol WA B VAR T 42
AT 11940, 286 M H . 481 MEHAT 953 ME .
AR EAGRE 1H AR R T 1( Actinobacteria ) |
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Table 1 Soil physicochemical properties relative to treatments
b3
pH EC/ (uS-em™) SOC/ (gkg')  AHN/ (mgkg') AP/ (mgkg') AK/ (mgkg™)
Treatment
NOSO 8.79+0.01a 92.06+1.08b 3.06+0.19b 18.64+0.40d 7.97+1.34c 32.79+1.72¢
NOS 8.71£0.04b 92.65+2.35b 5.63£1.55ab 23.73+0.83d 5.55+0.29¢ 45.80+0.87b
NSO 8.43+0.02¢ 96.14+1.11b 4.23+0.24b 35.39+4.77¢ 16.56+1.19b 50.46+1.91b
NS 8.15+0.01d 128.95+4.02a 6.60+0.04a 53.2542.47b 19.67+0.79b 115.89+1.04a
NSM 8.09+0.04d 131.05+4.53a 7.84+0.07a 68.96+2.99a 34.1243.40a 122.69+7.80a
b3
DON/ (mg-kg') MBN/ (mgkg') DOC/ (mgkg') MBC/ (mgkg') POC/(mgkg') ROC/(mgkg')
Treatment
NOSO 2.79+0.35¢ 3.13+£1.57b 18.35+0.60e 27.94+7.52¢ 0.88+0.25b 0.56+0.12¢
NOS 4.36+0.29bc 4.83+1.85b 24.69+1.28¢ 31.77+6.88bc 1.40+0.07ab 0.47+0.11¢
NSO 6.6140.26b 6.92+1.91b 21.40+0.33d 52.42+11.73b 1.17+0.21ab 0.76+0.08c
NS 14.01+0.45a 16.38+0.66a 34.90+0.43b 134.44+5.63a 1.55+0.14a 1.5240.15b
NSM 14.66+1.70a 16.97+1.50a 42.39+1.18a 157.52+2.63a 1.61+0.22a 2.27+0.28a

1) NOSO: AHALAC+FEFFES M ; NOS: AMifLAE+RE AR I s NSO: MM ALAE+FS AT 8BS I NS: 3 AU AL AE+45 AT 36 1
NSM: Jiti fLIE+F5FF I8 F X8 26840 20%%AU0I8. 2) EC: WS, SOC: HHFEAHIK; AHN: Bf#%; AP: A730BE; AK. B

DON: AlEMAHLA; MBN: AW EY A

DOC: W#EEAR I ; MBC: ALY =i, POC: Pk A HLEK; ROC: H%HEfk

AR, 3) RPEIEA T EARMER (n=3), F—FURFE/NGFELR AR A BEE 22 5 23 (P<0.05). TRl Note: 1) NOSO:

no fertilizer or crop straw returning; NOS: crop straw returning; NSO: traditional chemical fertilization; NS: crop straw returning with

chemical fertilizer; NSM: crop straw returning with chemical fertilizer and the nitrogen was substituted 20% by chicken manure. 2 ) EC:
Electrical conductivity; SOC: Soil organic carbon; AHN: Alkali-hydrolyzable nitrogen; AP: Available phosphorus; AK: Available potassium;

DON:: Dissolved organic nitrogen; MBN: Microbial biomass nitrogen; DOC: Dissolved organic carbon; MBC: Microbial biomass carbon;

POC: Particulate organic carbon; ROC: Readily oxidizable organic carbon. 3 ) The data in the table are of means + standard deviation( n=3 ).

Different letters in the same column indicate a significant difference between treatments ( P < 0.05 ) . The same below.

12
—~ 10l a
‘E 10 b —F—
f, ¢ —E
S —E
)
=
.g 6k
&)
=
L
’IA‘}&
Y
NOSO NOS NSO NS NSM
AbFR Treatment

e ErPIRZEL A bREDR, A/NG FRER R A R 40 3 ]
#5733 (P<0.05), Note: The error lines in the bar chart are
standard errors. Different letters indicate a significant difference
between treatments ( P<0.05) .

BT ASTR] i A A 30 N2 H s d
Fig. 1 Grain yield of wheat relative to treatments

ARIE T 1( Proteobacteria ) . 7725 J( Planctomycetes ) |
B2 FT 711 ( Acidobacteria ) F1%# 25 1 [ ]( Chloroflexi ),
o AT R R Y 84.29%~85.85% (&l 2a) o 75
Pra SR B, NS b FH (% 2R B8 1 1A 1 3 e T
HoAh b FE s NSM &b B ) VR RS B 1 AR £ 1 3 = T
HA AT, AR B T AR o B AR T Al A B
NOSO &b 3 (1) R AT B 1A X B B35 /= F NS Al
NSM 4b 2,

L R R A 2 R R R B R T 9
AT 20 61 ANH L 145 RHRT 297 NE . 4%
A PR B P T 1340 T2 ] ( Ascomycota )
b B RN 81.89%~97.66%, HK NHHTH ]
( Basidiomycota ) , f H & FEM 0.42%~4.13%
(FE2b) o FZESTEEREN, 5 NOSO kLA,
NOS., NSO, NS Fll NSM 4b B8 A5 18 [ ] AH X}
SR, Ay 12.17% . 10.96% ., 19.27%Fl
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FUEER SRR E A Chaol F84UTC 0 & PE2:
5+, NS 1 NSM 4b # f B & Shannon $8 £(AH % N0SO
NOS Fil NSO kb Hil g Z &AL (F2)
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100

M Others
Chytridiomycota
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60

40}
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B2 AFERAL A TKSE N (a) FIEE (b) BEE LAY IR

Fig. 2 Effects of different treatments on the relative abundance of the major soil bacteria ( a) and the major fungi (b ) at the phylum level

F2 AREIMEARLIE LIEMEMEZaB T

Table 2 a diversity of soil microbial community relative to treatments

Kb M Bacteria HH Fungi
Treatment Chaol Shannon Chaol Shannon
NO0SO 9354.3+463.3a 11.45+0.10a 568.0+39.0a 6.67+0.18a
NOS 9 154.3£557.5a 11.55+0.03a 550.2+17.7a 6.46+0.04a
NSO 8 798.3£709.8a 11.43+0.04a 533.6+22.1a 6.50+0.01a
NS 8 834.9+£231.3a 11.44+0.05a 525.6+21.4a 5.96+0.15b
NSM 8 809.9+423.6a 11.55+0.03a 520.0£13.0a 5.87+0.02b

Xof % Ak B 1% 240 TR R L TR 9 2 BUEA T PCoA 53
Br, JEARAR Y S5 — Bl RN AE — A o B AR T A VR
S5k 27.16%F1 12.57%1) 0722 (Kl 3a) 5 bR
55— RIS Al o SRR T LA REVR S5 47.54%
A 18.22% M 22 (I 3b) o 5 AAb B A 40 5 Al
LB BEVE HTT 4 NOSO+NOS . NSO LA K NS+NSM
=4, HZILH 25 (PERMANOVA ) £,
TE A0 AL BEYS . NOSO F1 NOS Ab Hi it i 7% 41
ACAI L, NS Hl NSM A4k B & BE V% 4 R A A
NOSO+NOS . NSO Lk K NS+NSM = 4H 2 [] i) ¢ 7% 41
LT 25 5 2

Xof AN [i) Ak R 4 T A 4 A SR A v o 0
T CCA ¥t (K 4a) , ERBFELNS 1L

P EAT RDA 4007 (& 4b) , JFRTZHIFRIEE
Bk (42 3) KW, KEZMENERCHEDTY, AP,
EC. MBN, SOC. ROC Fl POC & F# A ] kb B 41
PR TE S5 M AR A Y 2 22+ I B AL ME T, EC. MBN,
ROC., POC. AP Hl SOC J& 5 A [ b H1 L 1 FF %
SER AR AR 32 A
24 HE-EEHINE

Kl Sa s, T R IR S A DG OC R0 E 40 7 -
FUR LB 2, WAl F 2Rl 56.36%, FLEHFf
Fih 43.64%. WZEAHIEIER T, 61.12% K IEAHIC K
R, 38.88% NIAHICICR, RUMA Y Z 1 HHIF]
YER = T oa g /E o 4 EZ0 0 4 MK,
FEER 1 9, NOSO FII NOS Ab B i AH X 3 8 i 2 s T
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Fig. 3 Principal coordinate analysis ( PCoA ) of soil bacterial communities (a ) and soil fungal communities (b ) under different treatments
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Note:

(‘a) Canonical correspondence analysis ( CCA ) of soil bacterial community composition and physicochemical properties;

(b) Redundancy analysis ( RDA ) of soil fungal community composition and physicochemical properties.
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Fig. 4 Relationship between soil bacterial ( a ) and fungal ( b ) community composition and soil physicochemical properties relative to treatments
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R3 AEMERLEIEERSAENERSEEHWNEN

Table 3 Effects of soil properties on soil bacterial and fungal community structure relative to treatments

B Bacteria K Fungi
B 2e30n = 2E300
R P R P
Soil properties Soil properties
AP 0.885 0.001** EC 0.984 0.001**
EC 0.848 0.001** MBN 0.893 0.001**
MBN 0.844 0.001** ROC 0.855 0.001**
SOC 0.785 0.001** POC 0.816 0.001%**
ROC 0.715 0.001** AP 0.717 0.001**
POC 0.414 0.044* SOC 0.623 0.004**

T R0 ) R B2 A 96 (P<0.05 ) A i 25 4H 55 ( P<0.01 ), Note: * indicates a significant correlation( P<0.05 ), and ** indicates

an extremely significant correlation ( P<0.01) .

TotFEfE (Achroiostachys ) T ; Bl 4 gl
WL RIS ( Nocardioides ) . Pird_lineage
K EEEAT H 8 ( Steroidobacter ) . 4 4k PR 1 )&
( Cellulomonas ) H F 7, HW L &M+ W&
( Chrysosporium ) . TTEHF &R (Acaulium ) . Z45¢
W& ( Schizothecium ) HEF .

7 220 AT A SRR W], B 1 RS, NS Al
NSM 4bBHAY RB41. FEREJE ( Blastococcus ) . #H
WY EJE (Sphingomonas ) F2F T & )&
( Bacillus ) A% F 225K F NOSO A1 NSO 4b#,

@ #H1 Module 1
B3 Module 3
HAbALR Other modules

P2 Module 2
Fild Module 4

1EAH G Positive correlation

A Negative correlation

b) = NOSO = NOS = NSO = NS m NSM
m
5 a
7 2
J
g a
g a
o
g 1
=]
<
o
2 b
=
2 0
2
\@, I be ¢ I
w1 b0 ¢ ¢
HE b c
=
=

-2

Bkl B2 B3 Fitka
Module 1 Module 2 Module 3 Module 4

T« P4 PR OTUs AHX R B2 T8 42 B 19 0.05%, H OTUs
] H AT # AR ( Spearman AASEREE (#) =0.7, FIERHY P<
0.01) o WERFRIEMKKR, LLFRTMLLR, LFBH
#IR Spearman AHXEREME (r) MK, WRHIONMEE (15X
W RGBSR BRI 20 ) RN, SRS, TR
# A, Note: The relative abundance of OTUs in the bacterial-fungal

co-occurrence network was higher than 0.05% of the total relative
abundance, and there was a strong correlation between OTUs

( Spearman's » = 0.7, FDR-adjusted P<0.01 ) . The blue line
represents the positive correlation, while the red line represents the
negative correlation. The thicker line indicates the larger Spearman
correlation value( r ), the size of the node is assigned according to the

size of the degree ( that is, the number of edges connected to the

node ) , and the more connected edges, the larger the node.

K5 diE-FEIE ML (a) MABHAXFEZ (b)
Fig. 5 Co-occurrence networks of soil bacteria and fungi (a) and

the relative abundance ( z-score ) of each module (b )
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Fig. 6 Regression analysis of the relative abundance of each module and grain yield of wheat relative to treatments
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Fig. 7 Dominant genus of each module relative to treatments
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HEJE (Microvirga ) . Dokmaia. %% H%)E
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MIEEHEAMIE (Achroiostachys ) 5 kAR & ik 3 1
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TeZEE W E (Acaulium ) FIZ45EH & ( Schizothecium )
SR R E IR G R, EC. SOC,
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T WRFRBEEMLLR (P <005) , L4LERE
FE M ALK AR . Note: The blue line represents the positive
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Fig. 8 Correlation analysis among the relative abundance of
bacterial and fungal dominant genera within modules, soil

properties, and grain yield of wheat relative to treatments
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