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Abstract; The decomposition of plant residue is largely mediated by microorganisms, such as soil fungi and bacteria, which

are very sensitive to changes in their soil environments. Numerous studies at the microbial community level have emphasized
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the influence of residue return on functional capacity and the characterization of phenotypic traits. Furthermore, previous
studies have also shown that fungi dominate the early stages of decomposition in semi-natural unfertilized soils. The long-
term impact of straw return on soil ecosystems, especially fungal gene abundance and community composition, is unclear. In
the present study, based on the analysis of soil properties, we investigated the effect of rice straw return on the population
size and community structure of soil fungi under different straw return days, using real-time PCR and PCR-DGGE.
Subsequently, the correlation between fungal community and soil environmental factors was analyzed using redundancy
analysis (RDA). Treatments in the present study were based on different return days (90, 180, 270, and 360 d), and a
soil with no straw return and similar topography was used as the control. Each treatment had three replicates. The copy
numbers of soil fungal ITS ranged from 2.61x10" to 6.46x10” per g of dry soil and was greatly influenced by straw return
days. The 360-d treatment yielded the highest copy numbers, whereas the 90-d treatment yielded the lowest copy numbers.
The diversity indices (H, R, and E) increased significantly with increasing straw decomposition time and reached maximum
values under the 360-d treatment. The DGGE patterns suggested that straw return altered the fungal community, and
significant differences were observed among the treatments with different return days. Eleven DGGE bands were re-
amplified, sequenced, and aligned using BLAST; and phylogenetic analysis revealed that the soil fungal community of the
straw return included Zygomycete sp., Pythium salinum, uncultured Sarcosomataceae, Ascobolus stercorarius, Lagenidium
giganteum , Penicillium sp., Aspergillus sp., Thermomyces lanuginosus, Aspergillus glaucus, Polymyxa graminis, and
Acremonium sp., among which Penicillium sp., Aspergillus sp., and Acremonium sp. are able to degrade cellulose. RDA
analysis suggested the 90-d and 180-d treatments were similar and clearly distinct from the 270-d and 360-d treatments
along both the first and second ordination axes, which indicated a pronounced difference in the community composition of
soil fungi at the late straw return stage and a slight difference in the early stage, respectively. The eigenvalues of the first
two axes of the fungal RDA results were 0.309 and 0.144 and accounted for 80.7% of the total eigenvalue, which suggested
qualified ordination results. The first two axes of the species-environment relationship from the RDA results explained 74.8%
of the total variance. Among the six soil parameters measured, the influence of available K, alkaline-hydrolyzed N, total N
were not significant (P<0.05), but soil organic carbon, pH, and available P were the main factors that influenced the
variation of fungal community structure and diversity. The results suggested that long-term straw return had a significant
impact on soil fungal composition and that soil organic carbon, pH, and available P are important factors in the dynamics of

soil fungal communities.

Key Words: straw return ;diversity ;soil fungi ; community structure ; gene abundance
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F 8 BRI ZIR , S T S i A K B B R T R R R IR I T B A A T L ) B
A IR MR AR AR A F TR DGR ST R RS FFIA HH 23 3 B0H AN T 2540 LA L ZREE R A
FAARNCS R T A v A A T T LR 2 A AT o A AR (Y 2T A R B AR RE T 7E
FEAF A H (1 8 vh R P EAE T, Bardgew 55" WF5E 3R B ZE RS FT R 1A A2 v, ECDR 9 20 A R o i A3
Marschner 252 % FHBERRAS MR ( PLEA ) F1JE Jo W 4%k /I8 A2 66 AT R i 52359 (30 d PN 14 3 kA7 20 #r , 435 21
RUITEREATREAR 1—2 JHA, HIRECR A REVR 45 M & A T 584k, B TREFFAE T3 h i B AR 2 K
Wk B E BT A SRS T REFF I B0 398 5 R A HR i R 7% 21 190 00 52 i o e DL 0 . ot AR5
18 125 B KRS FF A AR B E] (90, 180,270,360 d) |, 2K FH 2R & % 52 b7 ( polymerase chain reaction, PCR) -2%
P A6 FEE B8 it HHL YK ( denaturing gradient gel electrophoresis, DGGE) K9G RE 1t PCR J7 EAF 57 B A A A B0 F
RESE R A a3 IR OUAY /3T ( Redundancy Analysis -RDA ) A 5T 38 ST O BV S5 #0728 10 5 + e
Y ICIR , Ay 4 78 S L TR R AT 30 FH 5 | ) i A B 2 e 1 3 7 55 9 78 i 4 | A4 T3 AR R R G D R Y A 4
HEHLSHLA]

1 #MRERHE

1.1 R SRR

TR AR AT S IR VARG RS AT I I E 71086 B (31°307 N, 121°31 E) , i T 2013 4F
10 H AP RS AR IR, R A% 38 FH 8 6000 kg/hm® (K4 24 1K A5 7= 1 6000 kg/hm®, I % [E MR ZE 7R FE T
B REREFFAVIRE G B BRE 10 em IR BEREFFAL HXT IR, g/ NMXmA 33 m* , mE 3 K, SHlFER;
FFAH 5 90,180,270 1360 d SRAFEFFIA H AN ARFE FF4 H IERES . SR FOSBORE R 4E 0—10 em 3,
TRAI 5356, — 0o i IR AR VR J5 A6 - 20°C AR A7, (i 0 F AR W24 5T 5 o5 — 8 4 1 1 8 AR 3L 4 o 43
Bro HERRAbPE RS R SCHR Y AT SRR 1,

F1 LB ARERE T ERE R

Table 1 Soil properties at different days of rice straw decomposition

sty pH A LA SR Btk 2 A AL
. Organic C Total N Alk-hydr N Available P/ Available K/
Treatment (1:2.5H,0)

/(g/kg) /(g/kg) /(mg/kg) (mg/kg) (mg/kg)
C90 7.31£0.05b 15.48+1.27¢ 1.45+0.04a 168.53+11.46b 11.29+1.08b 121.97+8.84a
T90 7.28+0.07b 16.82+0.64¢ 1.47+0.05a 149.77+5.65¢ 10.37 +0.60b 98.78+5.34b
C180 7.26+0.12b 15.82x1.22¢ 1.45+0.03a 187.89+9.60a 13.69 +0.62a 100.76+8.28h
T180 7.41+0.05b 17.27+1.21c 1.40+0.07a 161.28+13.21bc 14.76 +0.49a 108.26+4.83a
C270 7.41£0.03b 15.82+0.51c 1.43+0.08a 184.67+11.56ab 13.74 +0.53a 121.58+7.29a
T270 7.59+0.18ab 20.40£1.95b 1.38+0.06a 177.97+5.80ab 13.89 +0.97a 101.70+7.72b
C360 7.45+0.06b 16.40+0.88¢ 1.39+0.07a 170.34+8.56b 13.89 +0.76a 100.57+6.55b
T360 7.60+0.19a 25.80+2.78a 1.35+0.05a 160.66+10.53bc 14.23 +0.89a 111.79+7.41ab

T {tﬂéﬂ‘lﬂ( FEAFIA [ + 4 ) Treat ( Straw decomposition soil ) ;C ot (FEFFA A H +33£) Control ( No straw decomposition soil ) EEIENE]
/NG FHRERIR 25 5 3% (P< 0.05)

1.2 85 DNA (4RI 2lifk

K H] the ISOIL for Beads Beating kit( NipponGeneCo., Ltd., Toyama, Japan) i3] & £ B 43 55 DNA |, FREC
0.5 g T=20 CIRAFH 1 3RE A A S Ui B kA7 + 32 DNA $25C, H 30 WL KK % i DNA, FH 1.0% 5
PR JE F ARSI T B U DNA F B R /N, 3 NanoDrop ND- 1000 4% 2 25 F 0 %2 1% ( NanoDrop Technologies
Inc.) M5 DNA [ BEANG i, DNA A5 T -20°C fR 17
1.3 HIEHEREAELMA PCR-DGGE 2307

W Veriti 6 PCR 4 ( Thermo Fisher Scientific Inc) #E4TE & 18S rRNA K[ ) PCR ¢4 &ML 3
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WHEE , DB S DNA AR, 51850 NS7-GC A1 NS8'™' | PCR KR U F: LH XWFEK 31.7 pL, 10x
Buffer (-MgCl,) 5.0 pL, dNTPs (4% 2.5 mM)5.0uL,25 mM MgCl, 3.0 wL, 5% 1 (10 wmol/L) 5|4 2 (10
pwmol/L) £50.5 wL, 2 IfiL ¥ 1M 25 F1 ( BSA-10 mg/mL) 1.0 wL,3% 28 T H B 1.0 pl |, Taq B (SU/pL-F 49 T
i (RIE)ART)0.3 L, DNA A (20ng/ L) 2.0pL, PCR S 44 : SO 2544 : 94°C FilAE P 3 min; 95°C
APk 45 ,50°C 1Bk 45 s, 72°C TE 45 (35 MEH) ;)5 72°C ZEH 10 min,

i F§ DCode™ Universal Mutation Detection System( Bio—Rad Laboratory, Inc.) , £ 28 P57 56 B A 309%—60%
(SRR I BE e b AT AR M B2 B P Uk ( DGGE ) o 8 ] 40% PR 43 T J¥e/ RPN M T PV B e (37.5:1) , LUk
ZE N I1XTAE, HLJE 80V ,60°C , Bk 13 h, >R H 1: 10000 ( v/v) SYBR Green 4% {7, 30 min, Y2 {445 5 1] Gel
Doc™ EQ (Bio-Rad Laboratory, Inc.) #EME AR R GHHATEIG 5087,

$ DGGE il i F 25 HEAT YIRS, DNA [mliie, SRJ5-FEI30 LIS GC Je 514 NS7/NS8 X [l 2547
DNA #17 PCR 43 K 14 7 WA H] pMD 18T R FEAT e by (A= T AW TAE( Bil) Iy A BR A A .
it NCBI i i Blast #KFF 11 2500 % 751 5 GenBank H A4 B 1 51 Eb X6 e o k2 U 2 7 90 1A s A= ) 2k
FIMH Sequin #XfF17] Genbank #2258 11 450F 741, I 38458 55 (KU510560-KU510570) . FJH] MEGA 5.0 %k
13F DGGE 2571 781, #47 Bootstrap BE R G0 & B 07, 484415 ( Neighbor-joining , N-J ) I R G & FH
14 HIEEEAFRECR UOEE R PCR 04T

I F ABI StepOne Plus §"#44% ( Thermo Fisher Scientific Inc) Xf ELE# ITS rRNA KK #1796 62 & PCR ¥”
W4, 51920 NS T1 M1 58A2R™ ARAMRES 3 IREE R, 96)6E i PCR VKRR 10 pL, 514 NS T 1 1 58A2R
(10 wmol/L) 4% 0.25 pl.,2XSYBR Premix Ex Taq"™ ( EAW TR (KiE) ARAF)S pl, B 4 wL, HGHE
ddH,0 4MEZE 10 pL, KA =HEIT50EE R PCR:95 C AL 3 min;94 C,30 ;53 °C,30 5572 °C 45 s;
40 MEH

PIRA AL B DNA AR IR f T B ITS rRNA LK PCR §734, % 100 wL PCR =¥ 1.5% BilisbisE e
HLUK, VIR &4 ITS rRNA LR 9 5571, AxyPrep DNA &8 ISR & (2 Bt A E A (BT A RAF])
alift, i pMD 18-T #lk (FAW TR (RE) ARAF]) EH: PCR 7Y, B WAL B R 1E DHS o
SRS S AN, TR 20N B 2R AR b AT RO e PR m R, IBCRR 0 BH R e A TRk A T AR T AR (i)
BEGY A BR S B AT, VE R A A B 26 RE it PCR 43#HTAOAR1E DNA, FIFH Axygen AP-MN-P-50( & &1t
HEIEE AR (W) A R 7)) 850 S 4R B A1T0R DNA |, JBORE DNA 3% B4 Nanodrop ND-1000 5 . H45 2
PR ER 2 SR 4 4 e B A BT ER: A 51 501 SR L Y TTS rRINA JE BRI 5 DUER, LA 10 A58 B X 2 41 JBokr R4 146
BERRE (48 DIECH 10°—10°) , #F4778 & PCR 4731, B0 3 IR &, il VEARUEMIZK .

1.5 Bdabm 55t

R JH SPSS 18.0 LI 4K IBM Group, Inc. HEATHUHRALBE , (AT A2 221 (SSR) 22 HE LU AGL I 22 57 (2 3%
P, RH Quantity One 4.4 #X{( Bio-Rad Laboratory, Inc.) #17 DGGE & 434, 2K FH R INAUE A S 2 X6} B
% (unweighted pair-group method using arithmetic averages, UPGMA ) A%} DGGE & #4740, 12 H Dice
Coefficient 72 AR 5 HL UK I X AR S EA TARRUIE 200 o o FH A 4% - B 4036 £ ( Shannon-Wiener index H) | BEFE%L
(R) RIS AR (E) X B RRE ZREMEEA T 00T S A R

H=- 2 (n,/N)lg(n,/N)
E=H/InR
K, n AR SR OGS FE AR N 2 (6] — DK h T A5 G285 L I (B EVRT . H UK AR 0% B2 1) 0 (i
L HT AT Quantity one HEATIEER , R R RE—UkE a1 S5 R,

i HH CANOCO 4.5.1 2f4F: ( Microcomputer Power, Ithaca, USA) X} DGGE & 715 F) 41 T8 #F 75 45 /0 5 IR 55 2 50

PEATIC4A53 07 ( Redundancy Analysis-RDA) “»7

http ; //www.ecologica.cn



13 4 ZEMG A KRS R AT B AN [R] I [0] 24 A% - S G A 45 4 5

2 EREH

2.1 FEFFIA AN R a) 4 8 LR A AR B ARk
AL T AT LA S AT A FERIURS A A 8 X I - 4
Y ELEA ITS rRNA JE 5 DA 2.61x10"— 6.46x107#5
D/si 4, BEFE RS AFA A () A 386 o, 498 B RE AR
B P T, 360 d AR FRIE H A 1 R R R R AL
A, 90 d BRI F A 498 TR A AR A A {15 90 d
270 d (FEFFE H 545 F O BRAH He , 38 B AR
A B EZES 180 d 1360 d F5FFiA H 54 1 % 18
AL, R AR BB
2.2 FEFFA AN A B) 4 498 B TR IRV 45 R RN 2 R
K EHFR T 9 NST-GC/NS8 X} 18S rRNA %
(K17 PCR 973 4lifb 5 #5147 DGGE 20 #r (#12) . &l 2

gb —— PR H 13 = R 13
- 7 a
X 6 b b

55 3

= 3 c

®E 3
21
> 0 L + t 5
§ 90 180 270 360

f5f ] Time/d

B 1 FEFEE SRR E T EEER ITS rRNA EE#E NHEL
Fig.1 Copy numbers of ITS rRNA genes in the soil DNA extracts
as determined by quantitative PCR under different days of rice
straw decomposition ( mean+SE)

ANI) /NG g 2R AN TR B i) Ak L ] 22 5% 4 3 ( P<0.05)

FPT LAy BAREFFAE U DG 4B K, PCR-DGGE PRI 0 T 40T 02 53, 41 -4 HE L AR o 4 2k
WAL, ILRTREMAH e f g.h,k 7E 90,180,270 360 d fUFFIE RS FF A A - XS R o 34577 25
ARG S T80 17l L1 45 AL RO 22 T 7l BRI BR800 5T O D35 i
S5 T WSRO LA BRI i B,

HA HEI

HHI

C90 T90 C180 T180 C270T270 C360T360C90T90 C180T180C270T270 C360T360 C90 T90 C180 T180 C270T270 C360T360

B2 FEFERTEE L EEE L8 PCR-DGGE 4317
Fig.2 PCR-DGGE analysis of soil fungal community structures in different days of rice straw decomposition

T AR FEALEE (FEFFAA M 138) Treat ( Straw decomposition soil ) ; C 12 Z& X BB (F4FF AL H 13 ) Control (No straw decomposition soil) 3 1 11 [ TIY;

3 WEL ; K/ NEFRURIMNF DGGE 447

XA AT T AN [R] of ] + S R ) DGGE &3 4578 AT AR PR RS RO 3R A (3R 2) RS AT b HIRS BT A v
S5 EAT W] R, B AT A8 F I R340, ZREPERe 5 (H R T E) YA THes ¥ 1E 360 d I, 7T id H
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T E R RO B R

PEWUT 11 2% DGGE I3 =2 5 A7 e 9 DR I WS 1 (181 2) , 23 B A A3 FH S - 98 o 1 R i T 72
i3, 7 Genebank HiE4T Blast J#51 HbXT, FIFH MEGA 5.0t RS A B (1K 3) , g5 RFRM & WAL
ie,e, f,g, h, k 2558 E E (Zygomycete sp.) . £ JE % W ( Pythium salinum ) | A # % ( Uncultured
Sarcosomataceae) A ZERL T (Ascobolus stercorarius) \KEEAF 16 ( Lagenidium giganteum) |75 5% & ( Penicillium sp.)
RAE—; 5 e M RE 25 a F1 b 5 R EL T (Aspergillus sp.) Fl5% 45 R 22 #6016 ( Thermomyces
lanuginosus ) AL ; Fr LRI AN A5 d i L) 5 IRGM TR (Aspergillus glaucus) R4 Z KT ( Polymyxa
graminis) FETHIEE T (Acremonium sp.) BAE—E,

*2 FHTHAFERELEER PCR-DGGE Ei% S #1415

Table 2 Diversity indices of soil fungal DGGE profiles in different days of rice straw decomposition

b3 TR -IANTERL(H) FEEMR) W (E)
Treatment Shannon-Wiener index Richness Evenness
C90 2.31+0.18b 25.32+0.39ab 0.94+0.12a
T90 2.28+0.14b 26.91+0.53a 0.95+0.10a
C180 1.99+0.09b 21.84+0.65b 0.82+0.03b
T180 2.71+0.10ab 25.44+0.76ab 0.93+0.02a
€270 2.14£0.15b 20.65+0.56b 0.91£0.03a
T270 2.60+0.12a 26.29+0.87a 1.00+0.08a
C360 2.45+0.09b 25.66+0.54ab 0.98+0.03a
T360 2.80+0.10a 28.82+0.32a 1.01+0.02a

T ARSRALBE (FEFTAE FH 1 3) 5 C AR I (FEFTF ARG L) . RIBR [/ NE P REROR 22 57 1.3 (P<0.05)

2.3 FEFFI S B IR R REVR 25 A A ARG R R 40T

DIFEFFAR AR [R5 (] 1= 338 B3 DGGE 3% AN 4= S B Ab 4 3 Ay A48 4, 54T RDA 20 #Hr (1 4,36 3)
SR KRS AL M5, I B PRV 2540 & A B I A0 | TG i o R 348 T B ) P S AN (] o B 1 48
FFTE 22515, 90 d 1 180 d AbFFIA FH AN HE A 384 45 Ay 42 30, 10 P HL 0 R 7 & M) AL JRE e v, RS T
0 FH 530138 2R o L T RV 465 4 s i I S8 50080 5270 d 1 360 d B9 AT 38 FE R IR - SR 1 2 S b K, 136 A L L
PRI DL DA RN e A= 284 B 5 A AR ML ARG B AR s FEL ) [) P38 o, R P 3 T 2 485 | A T TR A 7 405
[ORTE L (o

% 3 nJ 1, RDA HERF 3 Bl RRE(E 43 0 0.309 ,0.144 1 0.067 , B BES 4 S S5 KT 3 4>
HEF A A OC R B 51K 0.867 ,0.885 1 0.875, A WAl I AFAEAE i BVAFAF(E 80.7% , i FHHEIT SRR 4T, Al
P Py 5 BB OC R B, LR T IR -G R BT 2510 74.8% , K 4 R, HIEA MUK . pH {1
R AR TR TR T& 2 AR 5 R 31 (8 KO (P <0.05) J2 5 e I H R BFIE 4 i I 2 FE AR I RN R,
TSR A R R R i e/ )~

<3 RDAHIFZR
Table 3 RDA ordination summary

TH Ttems HEFPHM 1 Axes 1 HEFFHl 2 Axes 2 HEFFHl 3 Axes 3 HEFPHh 4 Axes 4
HHAEY Eigenvalue 0.309 0.144 0.067 0.041

B Fh-PRB5AH XM Species-environment correlations 0.867 0.885 0.875 0.909
31 4 )5 2 Cumulative percentage variance

BHEIFD of species data 30.9 452 52.0 56.1
Y- FFR of species-environment relation 51.0 74.8 85.9 92.7
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100 | KU510563 (d)

Aspergillus glaucus (AB008402.1)
KU510560 (a)

Aspergillus sp. (GU190182.1)

KU510561 (b)
54] 92 ! Thermomyces lanuginosus (AY706335.1)

Penicillium sp. (AJ278755.1)

56 100 KU510570 (k)

30 KUS510569 (j)

31 Acremonium sp. (AJ278754.1)
100

KU510566 (g)
100 Ascobolus stercorarius (AY372073.1)

KU510562 (c)

Zygomycete sp. (EU428773.1)
100

73 [ KU510565 (f)
41 Uncultured sarcosomataceae (EF023160.1)

100 | KUS510568 (1)
l Polymyxa graminis (AF310898.1)

— 97| KU510564 (e)
’_i Pythium salinum (KF853244.1)
100 KU510567 (h)
0.05
95 | Lagenidium giganteum (KF915305.2)

B3 #FTEHARERELEER DGGE £HFINREAER

Fig.3 Phylogenetic tree based on soil fungal DGGE profiles in different days of rice straw decomposition

3 e

A5 R RDA 2387 T FE AR HRDX B8 5800 6 S R88 X X - 58 B BE TS 5 A i e i), 2 30 £ 458 1
A MLt pH (B RN BB 5 B R I8 A8 A A AE DG R T A A R 7, 33X 5 I R Y & LAY 1Y pH (B AN
A LR i SR M REE A5 I E R B A — 30 Sun S BFSTIACK , 4 pH (B R i PR
TR E BN R 22— Lo S W58 B0, 4 2 G P P 40 3 10 =F 5 2 51 pH () B8 R0, AR 5T
X IR A pH (i 5 SRR R B A RS AR F 3 pH (S PLZ T THE A3 7 360 d I pH {H 3
R FNEAR, R RS AR I 0] DAZE M+ 3Rk, Xt 5 22 i A 45 SE g 25 SR — 3, Lin P W5 R E D FS
FF B BEIE T AT DA A0 e A HLAR & B, AT B2 i A g, ASHIFSE 25 SR R B, MG T RE AT AR 8 T X IR | Bt 25
A FE B[] A8 3, A5 - S96 MILAR 9 7% et S 35 1 0, 7234 360 d B 3 B i S 1H 2.58 % , T s S Bl A
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Fig.4 RDA of soil fungal DGGE profiles and soil chemistry properties in different days of rice straw decomposition
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