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Rice straw in early stage of microbial fermentation: fungal
community dynamics and lignocellulose-degrading enzymes

CHANG Shuaifei, REN Wenyi, CHENG Yuchen, LI Yanan, HE Jintong, ZHANG Lili,
XU Xiaofeng*

College of Animal Science and Technology, Ningxia University, Yinchuan 750021, Ningxia, China

Abstract: [Background] Despite the abundant production, rice straw is rarely used as animal
feed because of the difficulty in degrading lignocellulose. [Objective] To investigate the fungal
community dynamics in rice straw over time and the degradation of lignocellulose by fungi in the
early stage of microbial fermentation. [Methods] Rice straw was inoculated with 1.2x10°® CFU/g-
DM of Bacillus licheniformis and 5x10° CFU/g-DM of Lactobacillus plantarum for microbial
fermentation. The ITS sequencing was performed to analyze the fungal community on days 1, 3,
7, and 15. [Results] The highest fungal diversity was observed on day 7. The dominant phyla
during fermentation were Ascomycetes (64.2%) and Basidiomycota (30.2%). Compared with that
on day 1, the relative abundance of Ascomycota increased on day 7and day 15 (P<0.001), and that
of Basidiomycota decreased on day 7 and day 15 (P<0.001). The dominant genera included
Hannaella (11.6%), Issatchenkia (8.1%), Kazachstania (6.3%), Saccharomyces (6.2%),
Filobasidium (5.1%), Acremonium (2.4%), and Aspergillus (2.2%). Compared with that on day 1,
the relative abundance of Hannaella decreased on day 15 (P<0.001) and that of Acremonium and
Aspergillus increased on day 7 (P<0.001). PICRUSt predictions indicated that B-glucosidase,
laccase, a-galactosidase, and B-mannosidase were the most abundant lignocellulose-degrading
enzymes. The results of Spearman correlation analysis showed that Ascomycota had a positive
correlation with f-mannosidase (P<0.05). Hannaella was positively correlated with B-glucosidase
and P-mannosidase (P<0.05). In addition, both Acremonium and Aspergillus showed strong
positive correlations with B-glucosidase, B-mannosidase, laccase, and a-galactosidase (P<0.001).
[Conclusion] During the microbial fermentation of rice straw, fungi degrade the lignocellulose.
This paper presents theoretical underpinnings for the efficient use of fungi in the microbial
fermentation and the biodegradation of lignocellulose.

Keywords: microbial fermentation of rice straw; fungi; Acremonium; B-glucosidase
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(5.83%—18.5%) 1F A2 il 24 7 B 9 Y 1) FH 1) i 2 )i
K. Xu ZPF] ] Pseudomonas, Anaerocolumna,
Ruminofilibacter 1 Sphaerochaeta 55 41l F# 41 1 (1Y
¥ A Wy B (Microbial  consortium)7E B )k 15 55
BErPIEE 7 d TR RERE AT 31.18%IARTR

FEH SR L, LT N A Y R AR
F. FEHER 18 d J5, P45 2B EL 1 (Pleurotus
ostreatus hanhei) X} % HL 5 FF £F 4k 2= FF fif 8 1k
45.84%, AJFEMEHR 42.95%, FLF4E MR
51.03%; “F4i 8 5 ELR#(Pleurotus ogreatus 8)XJFe
BRGFP LT 4k R AR R 32.25% , AR K MR
49.46%, FLFUERBEMRR 40.75%Y, WAk, md
LTI, AV EL R R s B ]
R/ N REFF PV 14 27 4 (neutral detergent fiber,
NDF)FIER PR AF K (acid detergent lignin, ADL)
T, TEARSMNT, SRERE 7 AAHHE
Ay AR R, WM . KRR
FALYING . At AL YIE . Z2ohReid AL |
JURHE o B AL YIRS B- L BFEES R R A —
HiffF5EH, Lankiewicz S5U& BUR A B ARG RS0 ™
AR H R NP B R] LIRS R S8
ARBTR AN, X —EEE T AT E R
YRR AR, ANETEA SRR EINE T
) BB B AR T4 2 A P R P

H i T30 3 i v B R R AR A S T
YER s o R, A< a0 f00 2o 5 38 it
MPHEARDHE 1. 3. 7 F1 15 RV EFEFEA
G, 38 A S A [R] B ] AR O L TR 2 A
N FFEARARRY 2 455 PICRUSE T A CEF
e R A, LR R AR R OE RO R I
HAH A BT 21 4 R WA Bl 1 A2 Ak

1 HE5x=

1.1 I fEEA &
A B F A RE 4ok A T = E% AR

X AFHEHY, 7E4 BRI R, 30 cm
. MR T Y R (dry matter, DM) & &
94.49% , 1 % H Ji (crude protein, CP) & &
3.45% , "Mk UE 5 £F 4E (neutral detergent fiber,
NDF) & & 59.61%, FRMEVEZRETYi(acid detergent
fiber, ADF){ 4t 33.59%. VUK 2-3 cm 247 1
FE R ERE, I FH/INIUSE R B TR0, %
2 HEAS AR (8 P YR ERE L PO ACER ). RS
HIYs I 70 g/kg-DM [ HERE . 5%10° CFU/g-DM 1)
Y FLFF R A 1.2x10° CFU/g-DM F4 1A ZE F AT
W o HEFLAT B (A TR R, TE R RECN
1.39x10" CFU/g) Fl #b A< 2 f AT 5 (% T B
I, WEE BN 1.30x10" CFU/g)¥I H 4
Flafc A TG AR, BARTEARE 6 4
HI, BREFINEAS% Zha 05T,
W HERE . R R AR S AT A T 280K
Jei, PSR SIWE EAG RS, AR LR B
HISRRBLS AR TR ST . A 35 cmx45 em (IR
AR BSR4 500 g, FHELZS LM
IR, (2843) °C FMAM TR L. HFh
JERE A RO RS 1, 3. 7 Fl 1S KT
Yot . BUREFRUE I . S50 e i a) 5 5%
Mu T
1.2 FERXFIFNEE

2xRapid Taq Master Mix, Bt MEREA )
B B A PRA ] L0 4 SRR BG4
AT Y TR RO A RA A . BE PCR
1, Bio-Rad ~w]; @B UKRE.OHL, KD
BBDHAERA BRA A TR m s A1 L,
AL R (i) A FRAF]
1.3 WEYMNFERENEEESHR

B 10 g B AR 40 mL AR BRER KR A,
PA 120 r/min AOEEEHIEE 120 min, g2 )1y
U &P E M At g, 78 4 °C. 10 000 r/min
RIZE TR 15 ming 37 FIER, BUTIEY S
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HE L T 4 R 4 BB 7 6 10 P 5 4 O R A
DNA. {514 ITS3 KYO2F (5-GATGAAGA
ACGYAGYRAA-3")F ITS4R (5-TCCTCCGCTT
ATTGATATGC-3")¥ 3 internal transcribed spacer
(ITS) tDNA ¥4, PCR JZ v 4 F Fl{A 2 44 B
2xRapid Taq Master Mix i 7B 5117, PCR
FEYE TN S B A YR A IR A E, A
Illumina HiSeq PE 2500 - & XAl /5, &
ITS rDNA ¥4, 3T OTU 455, i Mothur
v1.30.1 #H17 o ZREMESITO. BT RO R E RS
TR A R PRV E A AR, S A B S AR
SEAHEBRAN TR = A i sg g, R Ad ] PICRUSE 4K
PEXTILE OTU AYAJRET 2k 2% W ft kb A 7 DO RE T
Wi, ELAAEE 0 R . ] PICRUSt v2.1.4 4%
ITS rDNA FAEE| OTU R FE 74 E T80k
HEL A R G L B IEAT LR R4 DL
I, f# A integrated microbial genomes (IMG)fif
A= P LR A B R A T T REAR S A S s L T
1533 SBE R 55 DU TR S I Re L N
JE o ZJE R AS  E A s HEA T O, PR
AR 27 A R WA AE DG, A T5e 1T
14 HEFITSHH

i1l SAS v9.4 X ¥ 1T ANOVA J5 247
Mro F KA Duncan 2= 5K M xE AS R RE d 13

BZEG TR EEER . a o
P<0.05 AE ST E X

2 EREQM

21 MIRFEFERSEDATFEESHE
HEABIIEYER o ZHESPHMAB %
S

feiid QIUME v1.9.1 i, & 1 K
(1d). 3 K@ d). 27 K7 )R 15 K15 d)
X 4 AR A 24 DA ESEAE K 3 094 319 4
clean reads 1 2 854 956 /> effective tags, =%
FLABHRIE, ARSI 97%MIAH K5 H
13 4517 330 1~J& 229 4~ OTU 15 B, MEHEA
FEAIY OTU S8 4SA OTU BYAHNT F 1T
FEaZ AR RO TR GE D 5% 1 KM,
Shannon FEEUAESE 7 Kt B THE(P<0.001),
TESS 15 Kot B P (P<0.001); Simpson F8%
3 RIS 15 RIGH I E AL (P<0.001);
Sobs FEELAESS 7 RIE T+ (P<0.001)., FHH
R AR e Y T TR R % 25 R P B B ) 4 B8 S T
mla FRE. 5551 RAMIEL, ACE 8507858 7 K
W R FH R (P<0.001), 7E2H 15 KAl B FEAIL
(P<0.001); Chao 1 FRELFEZE 7 RLBETHE
(P<0.001), FRUIHHE I & B LT m 5 R

x1 TREMEREENCEEEN o ZHMEEH

Table 1 Alpha diversity indexes of fungal flora of rice straw microstorage at different time points

Items 1d 3d 7d 15d SEM P-value
Shannon index 5.02Bb 4.76Bb 5.42Aa 4.30Cc 0.10 <0.001
Simpson index 0.93Aa 0.90Bb 0.94Aa 0.88Cc 0.01 <0.001
Sobs index 437.17Bb 434.17Bb 496.67Aa 405.50Bb 9.46 0.001
ACE index 503.40Bb 495.49Bb 559.30Aa 456.31Cc 9.74 <0.001
Chaol index 501.34Bb 494.36Bb 568.70Aa 460.24Bb 10.79 <0.001
Pielou index 0.57Bb 0.54Bb 0.61Aa 0.50Cc 0.01 <0.001
PD index 107.42a 108.30ab 118.47a 102.96b 2.04 0.038

RRVING 5 3 2 50 10 5 (P<0.05), NIKE 7 FF 3o 2 5 b it % (P<0.01). I

Different lowercase letters indicate significant difference (P<0.05), different capital letters indicate significant difference

(P<0.01). The same below.
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IR AR fEa %, Pielou & BUEAUC R HEREVE
KSR o ZREMERREY, FE55 7 KA R E Tt
i, XAERR 15 R EFEL(P<0.001), PD 48
HUEIE R Z R EY, 7255 15 KB ERRK
(P=0.038). = HAAHFLHIVF 0 ELRRBE R Z A Y
T R ZRE I Bl A )RS B T A . MU S 25 1
ATUEH, ARG AA T 7 REGERE R
SECRZ R R
22 HWRFHFESEYATFEESHE
BEABOSREPEREEEHEMNS T
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ST BEIE AR E I 1 PR, iR
EILAGIE] 13 4] 330 ME . Hop, FRERT]
(Ascomycota) . H-F [ ] (Basidiomycota) Fl B i
I"](Anthophyta) & A< 55 2578 T I BE T T AR
PREATT, 23505 B 64.2%. 30.2%F1 2.2%.
RO B A R TR AU R I T (Hannaed la)
(11.6%). 1% E & (Issatchenkia) (8.1%). MRS
LTI & (Kazachstania) (6.3%). FR%EZEE&
(Saccharomyces) (6.2%)F14k 20 7 £ 1 &
(Filobasidium) (5.1%). AL B e A U B4 A 1
J& (Alternaria) (3.8%). Papiliotrema (3.2%). 10
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Figure 1
Phylum level. B: Genus level.

Distribution of different sample microbial fermented straw fungi at the phylum and genus levels. A:
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i J& (Acremonium) (2.4%) . 4E% e vo K2 EE R
(Vishniacozyma) (2.4%) . Hii % J& (Aspergillus)
(2.2%). Alfaria (1.7%). Glycine (1.6%). Gibberella
(1.4%) . Pichia (1.4%). Bulleromyces (1.3%)#ll
Sporobolomyces (1.2%). 5% 1 KA, T4
B TR EEAESS 7 KRS 15 KI8T
(P<0.001), 43375 16.8%F 56.4%; T &
FIMXT LRSS 7 RS 15 KI5 FFAIK
(P<0.001), 4> FIFEAR 19.3%F1 66.7%; ¥
X FE LR 7 KR ETHE(P<0.001), THE
191.7%; DLANTE @A FREEAESS 15 Rl =%
FEAR(P<0.001), FER 61.3%; FFiE= e A X 3=
EAEH 3 R 15 RYWE FEIE
(P<0.001), 257 1 055.3%F1 2 040.8%; M
5 5w T I R B AR X F RS 15 R & T
(P<0.001), TI7 8 368.2%; MR LB A4
BETESE 7 KA 15 KIS EETFHE(P<0.001),
TR 1 040.0%H1 3 106.0%; 28 BKEERER
X EREAESE 7 R 15 R EEFEAK
(P<0.001), 4»FEAK 41.4%F1 72.2%; BEHITE
JEAINT F AR 3 R i F#IK(P<0.001), %
fi% 56.3%; Papiliotrema FIXTFRELELS 3 KAk 3%
FAR(P=0.003), F&AK 49.0%; KI5 AN} =F 1
TESS T R TR (P<0.001), TR 87.6%; i
FEMXFEEAES 7 R E TR (P<0.001),
T+ 160.9%.
2.3 PICRUSt * B & g 5 & R9 7
PICRUSt il -5 A Jifi £F 4k 2% 54 it AH 5% B Y
FEEWER 2 Pn . ARE LTS 15 4~ 55
YL RBEMAR G . 555 1 RAHLL, B
(laccase)JFJELEN 3. 7 15 R B EFF
% (P<0.001) , 4> 5l & ik 41.2% . 48.5% Fil
67.5%; 1 FALY M (peroxidase) FEES 3. 7

FI15 R ¥ i 3 BE AR (P<0.001), 43 7l B A
32.3% . 33.5% 1 60.6% ; P- i 45 1T B (B-
glucosidase)FELES 7 Kl % T+ (P<0.001),
FHEr 59.5%, FHAESS 15 K i ER#K(P<0.001),
FEAR 94%; PN VI 4 2R B 1 (cellulase) =F B 7F
%07 KRBEFEP=0.025), FE 65.6%; a2
FLHE 11 B (0-galactosidase) F BEZESS 7 KA 3
FHE (P=0.001), FH& 65.6%; B-H #&HE itk (p-
mannosidase) FELES 15 Ko EHREK(P=0.018),
FEAIG 55.8%; i J5ii-a-L-FT 7 A1 SR i (non-
reducing end-o-L-arabinofuranosidase) £ J& 7£
57 K THE (P<0.001), FHE 61.7%, X
TESS 15 KR EFEAR(P<0.001), FEAR 39.6%:;
M I -1,4-B- A 5 i if (endo-1,4-B-xylanase) = &
TEE 15 KM & AR (P=0.028), FE1K 31.6%;
W YI-1,5-a-L-FT 71 2 Bifif# (arabinan endo-1,5-0-
L-arabinosidase) F & 7 5/ 15 K I & KX
(P=0.030), FEAK 39.2%; MYI-1.4-B-H E2WE
(mannan endo-1,4-B-mannosidase)FEFES 15 K
FHIHAR(P=0.018), F#K 55.6%.
24 HEFESESARRALEZRIMEHEBEXEE
B RS

XPTRTT . B & 0 = B 5 K 5 41 4 25 5 it 1
FEIAT Spearman FISPESMT, 45 R FHIE R
N 2)o B-HTAENETY NG . R o-F UM
fitg . B-H EEHEH G . U RPN . R -
o-L- BT 7 A1 SR M5 T AR o 4 Ak 4y 1l 2 A i
FEREN 7 DR YR R, XS
SRR BLIAEE . 4EAy e s TGl RE s A A
J& XA 2 35 IR GG R (P<0.05) . T HETR 1)
A S N R — LR, H S5 NP)-1,4-
B-TH #E Wi A & TUAHOCE R (P<0.05); 52
T A 2R 4 TG T A7 S 35 1E A G 56 &R (P<0.05) . #H
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T TR A T R wT], LS
B-H EEMEF G . LA L . BTERMEERAE . W
YI-1,4-B-ARTEWENE . N Y]-1,5-a-L-BiTHi {7 bl
AN YI-1,4-B- T &80 9 A B & IEAHC R
(P<0.05); 5 WA FMEMR A T 2% 51 AHC
R (P<0.05), LA JE AR I S5 F T e —
RS, HYS p-mAMirn . p-1 &M

Bt . PV RO L Al A oL AT 7 A SR
B ARG . BTARBEEREG . P I-1,4-B-K
RWERE . PYI-1,5-a-L-BT R A RGN H-1,4-
B-H BT A A 3 IR A C 5 R (P<0.05); 5
LA MR AT 22 77UH D E R (P<0.05) 0 A%
s - (r=0.823) . B-HE&WH1T
(r=0.817) XA il B 5 A R (P<0.001) (35 3).

% 2 PICRUSt 3 E B A B4 4k R ARHE X BE F & YT
Table 2 PICRUSt prediction of the abundance of enzymes related to lignocellulose degradation in fungi

Items 1d 3d 7d 15d SEM P-value
IR T3 22 B i il

Ligin-degrading enzyme

% Laccase 21 043.00Aa 12370.00Bb 10 837.00BCbc 6 835.00Cc 1343.21 <0.001
LA AL YIEE Peroxidase 3021.80Aa 2046.80Bb 2 010.80Bb 1190.20Cc  163.79 <0.001
2T 2 2 AR T

Cellulose-degrading enzyme

B~ 28 W 1T iy 48 747.00Bb 45 904.00Bb 77 766.00Aa 2 904.05Cc 4 331.04 <0.001
B-glucosidase

PN D)3 2R W TG 2806.00b 3 343.50ab 4 648.80a 2248.20b  306.08 0.025
Cellulase

VAR 97.83 208.00 206.33 157.17 19.56 0.140
Cellulose 1,4-B-celllobiosidase

A R R A T

Hemicellulose-degrading enzyme

o-2EFLPH A a-galactosidase 9680.00Bb 9202.00Bb 16 028.00Aa  5956.00Bb 1033.10 0.001
B-H &2 W15 B-mannosidase 1 500.20a 1 473.00a 1 258.00a 666.30b 111.28 0.018
Al T - or-L- BT 7 A1) SR B it 3076.70Bb 2 950.50BCbc 4 975.50Aa 1858.20Cc 292.77  <0.001
Non-reducing end a-L-arabinofuranosidase

P &0 BER G Feruloyl esterase 1523.80ab  1909.30a 2132.50a 1233.00b  121.57 0.031
HNYI-1,4-B- A5 T 1378.20ab 1 568.50a 1721.80a 943.70b 101.60 0.028
Endo-1,4-pB-xylanase

WNYI-1,5-a-L-FiT i A S b 1 297.00a 1 389.30a 1516.20a 789.00b 96.78 0.030
Arabinan endo-1,5-a-L-arabinosidase

NI-1,4-B- T BT T 1 500.20a 1 473.00a 1 258.00a 666.30b 11228  0.018
Mannan endo-1,4-f-mannosidase

AN 1,4-B- AT i 349.70 767.00 823.70 611.20 78.28 0.133
Xylan 1,4-B-xylosidase

A R W g ity 0.00 0.00 0.00 15.00 3.25 0.271
Acetylxylan esterase

o~ HE) R T TS Tt 8.33 13.00 0.33 2.50 3.02 0.464

a-glucuronidase
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* RN I EAH K (P<0.05)

Figure 2 Correlation analysis of fungal abundance and lignocellulose-degradation-related enzyme abundance
in early stages of rice straw microstorage. * indicated a significant association (P<0.05).
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Table 3  Spearman correlation coefficient and
correlation significance between fungal genera and
lignocellulose-degrading enzymes
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Correlation pair
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<0.001

<0.001
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(carbohydrate activity enzymes, CAZymes)3&[H .
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