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MAHES 0~10 em 242 . [, MY 1 32 45 4 95 2L (generalized soil structure index, GSSI) | A3 = M 45 4 I B 45 %%
(soil three—phase structure distance, STPSD) 5 + 325 T 43 | BAR W3 IE  HUAC . Ace 85 5 IR 2 W38 IEARC,
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Abstract: To elucidate the effects of different deep loosening methods on the physical properties and fungal community
structure of the black soil plow layer. Field experiments were conducted from 2018 to 2020, using rotary tillage as a

control. A total of 10 treatments were set up with 3 deep loosening years (1, 2, 3 a) and 3 deep loosening depths (25, 35
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and 45 cm). The physical characteristics of the 0—20 cm plow layer and the changes in fungal community structure in the
maize rhizosphere soil were analyzed. Compared to rotary tillage, deep loosening can lead to a decrease in soil moisture
content, temperature, and bulk density in the 0—10 cm soil layer, and an increase in soil capillary porosity. From the
perspective of deep loosening depth, the 45 cm (CS) deep loosening treatment has the greatest impact on the soil moisture
content of the 0-10 cm soil layer, the 25 cm (QS) deep loosening treatment has the largest overall decrease in soil
temperature, and the 35 cm (SS) deep loosening treatment has the smallest soil bulk density; Each treatment can increase
the soil moisture content and bulk density of the 10-20 c¢m soil layer, and reduce the capillary porosity, which is opposite
to the 0—10 cm soil layer. At the same time, (generalized soil structure index, GSSI) and (soil three—phase structure
distance index, TPSD) after deep loosening are significantly positively and negatively correlated with soil bulk density. The
Ace index is significantly positively correlated with soil temperature, indicating that increasing soil temperature is beneficial
for enhancing fungal community richness. Compared to rotary tillage treatment, deep loosening treatment resulted in a
significant decrease in the relative abundance of Ascomycota, while Mortierellomycota and Basidiomycota increased
significantly. This indicates that severe soil disturbance not only affects the water and heat conditions of the tillage layer,
but also changes the fungal community structure, leading it to develop towards a new community structure. At a subordinate
level, each deep loosening treatment increased the relative abundance of Bipolaris, Stachybotrys, Epicocum, Dioszegia, and
Papiliotrema compared to CK (rotary tillage), while reducing the relative abundance of Myrmecridium, Sarocladium,
Plectosphaerella, Cladorrhenum, and Cercophora. According to (analysis of similarities, ANOSIM), there were significant
differences in fungal communities among the treatments (R=0.253, p=0.002). The depth of deep loosening is more likely to
cause differences in fungal communities compared to the number of years of deep loosening, and increasing the number of
years of deep loosening will reduce the differences caused by different depths.

Key words: deep loosening; black soil; physical properties; fungi; community structure
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1 Me5AFEZE

1.1 i EE Hu e

T 2018-2020 4F- 78 N 52 1 # L3RRI A BHE 7R JE el X (46° 52758 "N, 122°32'9"E)ifi {7, %Ml
XS T Bl P A , AR AR 5.0 °CL AR K B 432.8 mm, 4E 1 H BRI %2 855 h, TTFE ] 126~154 d,
TR M IR N B - S LR S 25.88 g-kg !, TR A SR N 1.88 g kg, HIEAHE SR
H0.75 g-kg ", LIEOIAF A F RN 16511 g-kg, T IEHUNBE S I 13.44 g- kg, T IEHUSHR 5 il
166.56 g-kg™', pH{E 4 8.22.
1.2 fsrel

HEVEY FOK SR N TE T 498, TRIE AR (N 5 2 46%) BEIR 5 (N % & 18%, P,0, 7 & 46%)
FEALHR (K0 &1 50%) .
1.3 iK%t

TR A AL T A S T R W FR 1, /DX 10 mx13.2 m 3L 132 m?, ALK A HES) , BE 3. T
&R 1 P TZBIARGHS 5 7 10 H RN 3R 37.5 kg-hm 2, 47HH 65 em, BRIE 25 em, %L 60 000 #k -hm™.,
ViR 2 R R — e it (vt JF 4 0501 R 150 kg > 1 225 kg - hm™) s S ALEH 7 A 10 H Rl K 38 jite (it 1
75 kg-hm™) o FH4ES H 20 HAI7 A 10 B AR 1, /KR 900 m*-hm 2510 H 15 F YR ™=,

F1 BAELEHE
Table 1 The implementation scheme of each treatment
HHEBRE Tillage depth/cm

k¥ Treatments
JE Treaments 2018 2019 2020
CK TR 20 TRk 20 B 20
Rotary tillage 20 Rotary tillage 20 Rotary tillage 20
081(1a) JiEdlk 20 BRI 25 JHER 20
Rotary tillage 20 Subsoiling 25 Rotary tillage 20
052(2a) TRFA 25 RHA 25 Jiedt 20
- Subsoiling 25 Subsoiling 25 Rotary tillage 20
083(3a) RHA 25 DRI 25 TRAR 25
Subsoiling 25 Subsoiling 25 Subsoiling 25
$S1(1a) Jie#k 20 BRAA 35 Jie# 20
Rotary tillage 20 Subsoiling 35 Rotary tillage 20
$$2(2a) TRFA 35 BREA 35 TR 20
Subsoiling 35 Subsoiling 35 Rotary tillage 20
$33(3a) TRHA 35 TRHA 35 BRI 35
Subsoiling 35 Subsoiling 35 Subsoiling 35
CS1(1a) T 20 BRI 45 fie# 20
) Rotary tillage 20 Subsoiling 45 Rotary tillage 20
€52(20) DAL 45 VHL 45 et 20
N Subsoiling 45 Subsoiling 45 Rotary tillage 20
€S3(3a) KL 45 R 45 HAL 45
Subsoiling 45 Subsoiling 45 Subsoiling 45

1.4 NEIEIHRRFE

141 EEHZBRE  T20204F T AHHED (8 H20H ) , KX MLk R4E0~10 ecmH110~20 cm + 2
T B RS HR R B AR I AR AR BT RS A 5 BRI 5 R R R IE AR PR
+ BRI mmi, BEATCRERAE T, B2 % B A E R AR AR AE . P AR
By, 38 BN AR TR T R B #T

142 ZIRBACE AT TIEK R SR E R IR B R I TZS-TCW + e PR 455 I 1
ASCIN) 7 2 4= 4975 TR R BR 3R 52 s+ HE R A FLBURE | FH B) 5 7K 52 2R F SR FH AR 0 32 I s 44 =
AH 45 ¥4 5 B (soil three—phase structure distance, STPSD) | J7~ X 4 3 45 ¥4 48 £ (generalized soil structure
index, GSSI) Z: 1R T BUEAF vk 1450 - 48 p HAE F AR 11 (Ohaus Starter3100) ™,

1.4.3 DNA#FE Hufif 0.5 g, HHEZNA DNA$HGA ) £ (Omega Bio—Tek, Norcross, GA, USA) $2 i
DNA, LB ITSI (internal transcribed spacer 1) X 5 5 P 5| #ITSIF (5'- CTTGGTCATTTAGAGGAAG-



-166- oMok L ok F F R % 55 %

TAA-3") FIITS2(5'-GCTGCGTTCTTCATCGATGC-3") X E A rRNA Y ITS1-2043R X 3 i# 17 PCRY 14 .
PCRY" 1% >k H ABIGeneAmp®R9700 PCRSystem (Applied Biosystems, Foster City, CA, USA) . PCRJZ hif
WA (10 wL) : FEFZIDNA 5~50 ng,*Vn F(10 wM)0.3 L, *Vn R(10 uM)0.3 wL,KOD FX Neo Buffer 5
plL, dNTP (2 mM each) 2 wL, KOD FX Neo 0.2 pL, #B4i/KE XK E10 wLo ¥ IR .95 CAEMES min,
50 ‘CiR:k30s,72 ‘CIEfH1 min, 25 MG ;72 ‘CHEMHT min, A4 EAFHP 3 077 SCZE F Tlumina Miseq
PE300 1 15 #EAT I 3 I 5
1.5 HIEAESHT

FF OTU (operational taxonomic unit) 73 #4553 , & F RDPclassifier2.12 X} 97% AH 4L BE 7K OTU
RESF I BT o A5 5007 ARG FE A AE D] A0 L B B 8 Fh 328254k 1 A 4 DR Vi 4 filE )
Mothur B THEE A HE 5L 1 o ZFREPERE B, BT 45 L FE 97% AHABLEE ZKSF- R 1 Ace . Chaol . Shannon ,
Simpson $5 %0 BT 76 B 5 LA OTUs 4= & B P 5BV 181, dEAT A B 2017, 2 thl i B i 28 5 SR R 7Y vegan
WA HEAT 2 A FRSHT (principal coordinates analysis, P—CoA ) FIITUAY 23 #1 (redundancy analysis, RDA )
O3HT e SRR I H BEHLARARA AR IR R 7R 20260, IR 1000, 75 2270l T SAS 9.0 3R 52 81

2 HEREHMH

2.1 SRR IEMEE R

P L AT AR T A R A TT SR AL FE 0~10 em + 2 HIES KR R A TR
MBFEIE S, CS3 A3, + 3585 /K R e I, B IR 35 17.65% 5 1117 QS2 . SS2 1 €S2 4b B ik B [ it £ K5 QS3
SS1 I SS2 A3 + 198 75 7 [ B 25 . IR SR, CS AL BT + 385 /K F B Wi B A, QS - 9 B8 kA e
R e 1, DRAS AL B 4 845 i /N s WA BRAE B AR BR K R ) - A F s i oA 2 o IRAM AL BRAT R

. - e vy o l4r CLTEAE
00 ALHTKE I B CLREET
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Different lowercase letters represent significant correlation at 0.05 level, the same below.
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Figure 1 Soil physical properties of each treatment in 0—10 cm soil layer
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X HE 2 R G M B, X 7K e 5 e R St e S A A B L S ) S S R S T R A TR
FAALFRAN R T %k AP B, ARG R AR SE AR IR , 3 2s B hn 23 < e d g i, AR ik —
R R, KIS 5 UK o TRAA S AL B4 T T30 0~10 em + )2 HHEE LB oF— 2088,
5 CKAH LA 3 K F . MIEIRE ,SS>QS>CS. MAEIRE , BE# QS Kb FRAERR I I, + 145 FLIR
FER TG 0 Hr &I, QS .SS T CS B AT 51 0~10 em + )2 + 38 H ] 457 /K F 48 hm , 51 Fifi R A TR B2 A
AERBRIE AN N . 45 A BEXT 0~10 em + )2 41 pH {E 52 0 BLEEE R —2, QS .SS AT CS AR FE 1 47, ¥y m] -
#H0~10cm HJZHIEpHH BT, H B E R T CK. BEE RIMAEIRSE AN, B QS .SS Al CSAbFH 2 4F )5 , 435
pH (HIZFREAR, IRPASE 34ERE 2 i ik, H B Z LT CK.

H &2 T, ARAS T K, TR AA T S BOR R 4MAb R 10~20 em + 2 +38 8 /K 8+ e 28 f ik — 25 )
o X — AL 0~10 em 12 . HIAFEAS A 10~20 em HJZEEINT CK, XAy
0~10 em T JEAHF . MIRFEF , CSALFE 4 FoK m LT SS A B, QS Zb 3% 7K it Fe {1, QS2 Fl QS3 b3
HERNT CK HEF AR E . A0 R LT CK, JELL QS1.QS2.SS1HT CS2 45 b 3 K ik 55 Ay
WIS EKE R, CS A3+ 380 R T SS A B, QS b3 + i ik, 10~20 em 12+
MR E I B 5T CK, HASE LA R CS>SS>QS, HARPRIA| 22 AN B35 . & RAMEPE 10~20 em )2
EELBR AR ZL, B B EML T CK, QSALFE 10~20 em 1 J2 B4 FLIR B PR 1R K L CS AL FRR > .
Bl R AR AF BRI, SS AL B 10~20 em - )2 545 FLIR BE 52 020 7 I A 94, €S b 3 522 00 30 i - v i 35
AL FE 10~20 em )2 HIAF 7K 34 28 T CK, Her QS2 A1 CS1 AR PR B K T CK. Bl 4 FR
BT, QS 1SS Ak FE FH 1) R K o BN S R 4, QS AR FRIZ TR Al . 10~20 em )2 pH{H K3
g Bt TR TR B (8 35 11028 ARG, BRI CS>SS>QS. TR, Bifi G TR AE BRI 5 1 pH L2 M7 AR

AJ‘J%{"'\?}({F, Bi%{ﬂn{ illﬂ“}ﬁﬁ(ilsﬂv
241 Water content 22 - Soil temperature 1.8 nsity
22 a a 1.6
a a o
c\‘zo-ﬂl a I:[ & £ 14 I
2 2 a ) A a abe D¢ ab
= a I a = g a 2 4 bed (=, T abed abed
%18_:[.'13 II 1t 5 : Z 12 IZ-}"I""‘I‘;I-ZII
L 167! JINIEIE HiElE g - : = M BIRIEIIRIE
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Figure 2 Soil physical properties of each treatment in10-20 cm soil layer
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2.2 R T IEEHISE T

FH 2 2 1A, TR PAb B3 CK R 57 0~10 em 1 )2 3 STPSD (soil three—phase structure distance) .10~
20 cm 1 )2 13 GSSI(generalized soil structure index) , A 0~10 em )2 135 GSSI, 10~20 em 1 )2 1 35
STPSD., X KB EIERFILAL T 10~20 em 4)2 TIEFER AR L AH 2 0~10 em )2 T IERE S
LR AL . TRARAR IR X + 5 STPSD A1 GSST A5 i 7245 TR JE T 2 B RIRLHE . 72 QS A3 T, QS1 AN
QS2 BEML T QS3, KWK AR FRIG IAFZ L5 1B 1k s 76 SS AL BT, L SS3 25 Ak Bl 41T , ¢ W] Bt AT PR
PHEZE AL .

2 &4HE0~20 cmtE T ESTPSD.GSSI
Table 2 STPSD and GSSI of 0-20 cm soil layer for each treatment

0~10 ¢ 10~20 ¢
Ab 3 Treatments = =
STPSD GSSI STPSD GSSI
CK 15.42+1.41° 84.78+2.47¢ 15.16+4.32¢ 83.98+9.24"
QS1 17.7420.70%* 80.24+1.35bcd 11.85+3.04 90.17£4.86%
Qs2 16.46+1.70> 82.87£3.21% 8.73+£0.97" 94.27+1.30°
QS3 20.45+£2.51¢ 73.85+6.881 12.92+1.08* 89.01+1.63
SS1 19.96+2.77¢ 75.52+6.33¢ 12.15+1.29% 90.07+1.82%
SS2 19.82+0.71* 75.94+1.60 10.23+1.09% 92.52+1.45¢
SS3 16.52+2.00> 82.47+3.89:¢ 9.77+1.89% 93.13+2.23¢
CS1 18.34+1.28%¢ 79.17£2.62:0 7.44£0.51¢ 95.98+0.39°
CS2 17.76x1.74%¢ 80.11+3.9]2bed 10.86+4.26" 91.52+5.96°
CS3 19.13+2.15% 77.14+4.46 10.12+2.53b 92.72+3.22¢

ARV NEFRAARLE0.05 K F ERFMIE. FIF.

Note: Different lowercase letters represent significant correlation at the 0.05 level. The same below.

2.3 FTIRMRERE SHMREE LM

231 FANARFRAE 2 AR Y 300, A4 BRI 7 56 1 A K 1099, 2 B Y B Sl
A B AT R R e S B RS N . A AL B Ace S B 2E FAR 2, {H Shannon LI T CK, LLCS2
R e A, B0 CK i 25 R 115 26.38 % , = BH IR AN B HE A i b & PR AR EL DA EVE ZREME . QSFICS 25 A BB TR
PAAERRIE N, Ace FlIShannonds % # $2 7 , HirP QS3 Shannondf B4 QS14£129.55 % , 25 5 . 2% 5 M [H]
RIMER T, IRFA2 afll3 a$-Ab B A ce fIShannon s B4 L QS2H1QS3 4% b B e £

®3 BEREREIEEEGEHEE

Table 3 Alpha diversity of fungi in rhizosphere soil of different treatments

s OTU Ace Shannon . (ﬂﬂf?{%ﬁ?ﬁ‘ M/%
Treatments Sequencing depth index

CK 411.67+29.50 424.50+35.50 4.26+0.04¢ 0.99

QS1 383.33+12.66¢ 408.78+24.03 3.19+0.65" 0.99

Qs2 405.67+9.50* 431.75£19.51¢ 3.99+0.22: 0.99

QS3 415.33£24.17 434.03+32.50° 4.13+0.28° 0.99

SS1 426.33+19.14* 450.06+12.15* 4.09+0.09° 0.99

SS2 349.33+59.94¢ 367.44+70.69 3.13+1.17° 0.99

SS3 403.67+13.20" 425.79£20.07 3.97£0.34% 0.99

CS1 375.67+£9.81¢ 399.30+16.73 3.73+0.373¢ 0.99

CS2 391.33+38.84" 409.34+51.30% 3.98+0.20% 0.99

CS3 391.67+19.14" 413.20+25.83 4.03+0.32° 0.99

232 RANIARIR IR AW A E LAY m t RS RTAE H R BE>0.19% A bR R 2R o f SR
B, PSRRI SAS KON T4 1] (Ascomycota) (41.77%~74.35%) B #1551 ] (Mortierellomy-
cota) (5.69%~46.95%) .1 ¥ % '] (Basidiomycota ) (5.89%~20.28% ) . 4% i [ ] (Chytridiomycota) (0.58%~
2.18%) . Aphelidiomycota(0.07%~0.19%) . 1EJg@/KF- I (14) , AR FJE>0.19% 0 @ w514, &40 B
AR 3= BE 34 >19% 0 B & S 64 AR 8 L 55 I8 (Mortierella) (4.54%~45.47%) 4y 181 1 J& (Clado-
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sporium) (2.45%~22.32%) . & 5¢ W J& ( Chaetomium ) (1.66%~14.94%) . Guehomyces (2.17%~13.60% ) . 5
AR (Alternaria) (1.10%~4.71%) Hit )] & (Fusarium) (1.45%~4.98% ) o 454 BENLARMOM T I, 5
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Figure 3 Soil fungal community structure at phylum level of each treatment in soil under different treatments
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Figure 4 Community structure of soil fungal at genus level in each treatments
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Figure 5 Random forest analysis of soil fungal community at genus level in each treatments
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Figure 7 Redundancy analysis of fungal communities
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Figure 6 P-CoA analysis of soil fungal communities

based on Bray-Curtis distance and soil physical properties
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Table 4 Correlation analysis of soil physical factors and fungal community diversity

i e g = A% . g A e L 9 VE g
$ih5 EHEE  RRBEARE - RREOKE IR g gt bH Ace Shannon
Index Soil bulk density Soil capillary porosity Soil water content Soil temperature
PR 1.000
Soil bulk density
g A iy
PRBEARE ) g 1.000
Soil capillary porosity
ﬁ‘/»\j E=N
LR 0.729%+ ~0.791%+ 1.000
Soil water content
MR
i%é{ﬁdx —0.706%** 0.773%%* -0.902%#%* 1.000
Soil temperature
STPSD —0.958%*%* 0.946%* —0.894** 0.836%* 1.000
GSSI 0.949%* —0.929%%* 0.893** —0.828%*%* —0.995** 1.000
pH 0.026 0.041 0.061 -0.082 -0.046  0.086 1.000
Ace 0.371 -0.405 -0.288 0.726%* -0.232  0.169 -0.0731.000
Shannon 0.372 -0.439 -0.253 0.621 -0.241  0.214 -0.3200.761* 1.000

3E e ISR AE 0.01 F10.05 /K F F R EFHC

Note: ** and * represent significant correlation at 0.01 and 0.05 levels, respectively.
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