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Analysis and verification of the alternative splicing events of
the lignocellulose degrading enzyme genes from Aspergillus
niger

XU Yifan, AJMAL Maria, DONG Feiyu, ZHANG Zhen, LIN Hui*, CHEN Hongge*

Key Laboratory of Enzyme Engineering of Agricultural Microbiology, Ministry of Agriculture and Rural Affairs,
College of Life Sciences, Henan Agricultural University, Zhengzhou 450002, Henan, China

Abstract: Aspergillus niger plays an important role in utilizing lignocellulosic biomass because
of its ability to produce large amounts of lignocellulose degrading enzymes. Until now it is not
clear whether there are alternative splicing events on genes related to lignocellulose degradation
in A. niger. In this study, rMATS and ABLas analysis algorithms were used to analyze the
alternative splicing events on a total of 56 lignocellulose degrading enzyme genes in 4. niger
strain CBS513.88 growing on media respectively using glucose (Group G) and wheat straw
(Group WS) as the sole carbon source. The alternative splicing events occurred on the three
typical genes were further verified by RT-PCR and intron-specific amplification. The results
showed that ABLas analysis algorithm was more accurate than rMATS analysis algorithm. Based
on ABLas analysis algorithm, a total of 21 lignocellulose degrading enzyme genes in both Group
G and Group WS was found to have alternative splicing, and the type of alternative splicing
occurred was mainly intron retention (IR) which accounted for 82.85% of all alternative splicing
events. In addition, the lignocellulose degrading enzyme genes with alternative splicing in Group
G and Group WS were different: 13 genes were found to have alternative splicing in Group G
while 14 genes in Group WS, with 6 genes being the same in both groups. Our results indicates
that the occurrence of alternative splicing on lignocellulose degrading enzyme genes in A. niger
changes with different growth conditions. The existence of a large number of splicing variants in
A. niger provides a basis for discovery of novel lignocellulose degrading enzymes.

Keywords: Aspergillus niger; lignocellulose degrading enzyme; RNA-seq; alternative splicing;
intron retention

A Aspergillus niger, RILRENS K E 4y
WA 5T 21 4E 3R W ety , Ll 5 [ B 0t 24 i A B
JR)(Food and Drug Administration, FDA)IAE R
GRAS (generally recognized as safe)Z % 4
PR, WA BEG T EH T4 Raf
e R WL P R T EY Z —, TEARJR
2F 4 R AR vh 5 T AR R (50 e Mg S5
2010) AW ] B 2l 5 9 02 1) A B T 44 K i
TilE 78 1) 7 A ML X T B Gt A1) ) R ot 2 7 il 4
M T BAT 92 E
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AJ A% B 3% (alternative splicing, AS)#] LL{#i
FLAZA YA T BRI LR 7 2R [Rl ) mRNA,
T A AN R R R o, 32007 AR 9™ g 1
BT ZHEE(Black 2003), FIAE B4 (14 gk
AR A $5 SN B 7Bk R (exon skipping, ES). A
AR 5" {37 44, (alternative 5' splice sites, AS5SS). AJ
AR 31 {37 4 (alternative 3’ splice sites, A3SS). #p
2 FH & (mutually exclusive exons, MXE)FIH
& F P& (intron retention, IR)% 7 (Graveley
2001).
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A AR B AR AR 22 5 A AR W ol e B T
AR INHEAH S, Christmas e al. (2001)7E A4
JfLE4 2 PASO BE[K CYPAF3 Hr, 345 T 2 4NEA4
BT HFHIREBTHAR CYP4F3A #l CYP4F3B,
X2 ASATARBTHEEAARAH SR T IEH BT 2K CYP4F3
KM TAFEBHL T, HEAARE R
RS RVEY S IIRE o 76 220K FUIR AT TiE 3
R A AR BT 7 A T R A R — BE A AN [A] 1Y
fitf, Boldo et al. (2010)TELRIETE Metarhizium
anisopliae HRMZ] T — DN & TARERILT R
B LA, H I — > 5 A RE S 5 i L
TG, 25 A0 5 20 AR v ) 4 i RE B
T TF 5 BY 4252 1 LT o g D0 g 53 00 38) L & DAL 5% i
MIARE LT Bt s 55 . B Rt w p-#A
PR P I T — RN & TR B-
HAPET K, &5 IEW BTN B A
TFEGAR L, HAG g Y i I A A AR
SETE, TEIK AR R i A at e By RO e
WO Y B-# 7 W e B A B S e 4k
HK(Zhu et al. 2019). HAiliEErh B-H A AL
DRI AT 725 B 22 4 1 e IR A R A1 %5 B R it 2 vh
Al B A 5T 2 4 2% 65 ik Tk TR 7 A R A AT AR B
P, HETA OCR M &AL N A DL 5K
JOT 21 4k 3% R A R DG S5 DR A T 728 BT AR A AR A O
AT AE

T~ —fLll 5% (next generation sequencing,
NGS)H AR, FAZAE YL 4G B W] A8 55 451
K = 38 15 X BY $2 457 45 (splice junction)HY 43
Brokabty, BIVIE I o0 Bl i 5 51 Lx £ 225 3
PRI 2 Jifr 0 6% B 22 40 ) B 422057 6, AT AR 2E K
) af AR B B (Kie et al. 2015), 734b, i
T AR S AT A e DRSS A U 7 T A B 4 43 A
D7 R IR RE A 2 A B P Y R A2 BT 4 (Zhao
et al. 2013), F&F ELHE R 20 H B0 A v 22 PR 4
G SEA R Z U F1E BL(Gordon et al. 2015),
A FE AR tMATS FI ABLas 5 Fh ] 258 5 1743

Mroad st B dh 25 CBS513.88 k4T Al 28 B 432 4y
Br, Hr rMATS 43 B85 258 2F tMATS Sei 458
RIS REA ] AR Y S P A T R e i, R
FH T4 N 255 15 S5 0 2L 3l ) 56 DR 21 ] AR B
FE(XSCoRAE 20175 S 20185 B i =
2019); ABLas 43758 vk o 55 36 067 5 i 47 45
Br, EZRTF T AL A AEBTEA(Li et
al. 2020; Liu et al. 2020), XiZEEHEI TR,
03 T 43 B B B S AR 55 F0A% A ) %) ] A B 4
(Jin et al. 2017).

ARG = E R & Ak CBS513.88 7
TR 0 Ry P — B S FT/ NZE RS A E— TR 2 B
B 40 F UEFT RNA-seq 204, 3T RNA-seq
45 5K FH tMATS 1 ABLas P &34 3 #k47 7]
AT HT, NI S R R AR T AT 4
f I A P AR By e i, IRl RT-PCR Al
P R SR G R AT AT AR B R
UE, DT i b 8 ot B A o 21 2 2R A i g S R
RIS B, AT R TR T AR B 4 ) R h
B 7R AT 4E E g 2 AL BRAR TR B R
FE 8 B R Bt 27 4k 3R I fige I ¢ U 4 A 3 0
Fnt

1 ARE

1.1 ERFIK

S T A LA CBSS513.88 WAk AT
REWMEDFIT . ABFFEHT R RNA $2H0R
7] RNAiso plus i H TaKaRa /A #] ; 5xAll-In-One
RT Master Mix [l H 2054 URH A TR A A
Q5 R F. DNA RAMIEH NEB Awrl; TA %
T s POl s R & AR A I DHSe Sk AL
0 B PR A R A BR A ]
1.2 EVRRIRE 22 A3k B

Pt E CBS513.88 1Y 4 A MRIER T 5
S B 2 W B (PDA) S TR A (48 58 200 g A
ZjB% 20 g, Bifig 15-20 g, ddH,O 1 000 mL),
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1E 28 CHiFEMIHPEEFE 3-5 d RRMEBHRTIE
B, K R R A R (107 A~ /mL) LA 1 mL
(10" 98 7 ) 96 7 S B A SRl B Ak KRG 77 3
(2% # % 4l / /N 22 5 FE AL 0.1% 85 11 R i A %)
Mandels’ 3 fifl 155 77 2L (KH,PO, 3 g/L. (NH4),SO,
2gL . MgSO,7H,0 0.5 g/L. CaCl, 0.5 g/L .
FeSO,7TH,O 7.5 mg/L . MnSO,-H,O 2.5 mg/L.
ZnS04 7TH,O 3.6 mg/L. CoCl,-6H,O 0.5 g/L)]
W, AR IR T 250 mL =R, AR
50 mL 7£ 28 °C .140 t/min £53% 72 h, #533)5 30
A 22 AR LA R R AR AT T80 C o
1.3 RNA REUFIR 53R

M—80 CukFEH I FHh 2 CBS513.88 1
2B RN FE AT PR AR UE R AR K 224K
5 W A FES 7543, #4% #8 TaKaRa 23 F] A RN Aiso
plus 271 1Y) RNA $& st B 5 52 BC 2 5 20 G1 .
G2. G3 FI/NEFEFF4] WS1, WS2, WS3 Hiff
22K RNA B0 RNA LA 1% BAE b
BRI TR, I F] NanoDrop one #% R UK &
RSN 9 BE , ODago/ODago TE 2.0 247, %
FFA 25 RNA e B2 0 85 A R BR 2 )
J s 857 & 5% All-In-One RT Master Mix (with
AccuRT Genomic DNA Removal Kit)ihiBH 47 52
kA M cDNA 5—%f, cDNA HT/R4L5m
R AFT-20 C,
1.4 RNA-seq XEMEFFTTIE

RNA-seq 3CJEF4EEAN T3 i BRI R
A R A SE 8, 43 AlEe 3 AT AR & 0
RNA 5 #4241~ cDNA S, B G (4 bE4)
WS HNEZFEFFA), 7E BGIESQS500 -5 i
AP o WA B B I e R s, BT S A
L AR BT A, AR R B ) AT
PE, {1 SOAPnuke (Cock et al. 2010)%F 5%k
PATIRE NS, RBREEHEELITH . RBRAR
BAE N B R T 5% T8 RBRART & 1541
CH R AEAS T 10 MBS 3% )7 91 B SE 550

1622 E¥IER

FEBIR T 20%9 FP 85 SCORR TR FP A1), 1593
AR (clean data).
1.5 SEEREBEREEXT

HBhEE CBS513.88 MYHLIAIZH ¥ 41 AT R SC
N 26 1 [ R A ) 8R {5 2 P L (National
Center for Biotechnology Information, NCBI)H
RW, S IERA AT GCF_000002855.3
ASM285v2, fdi f] HISAT2(Kim et al. 201544
R 3 B (clean reads) 5 2% 3t K 4 £ 17 e
XF, iz H Bowtie2 (Langmead & Salzberg 2012)
K 0 Bl e X B 225 3k X e 4145 B b X &
R, SRJ51HH RESM (Li & Dewey 2011)i {54
AFEA LR R ACE
1.6 EFEREFRIESH

i H R f3 DESeq2 (Love et al. 2014)ffik 2%
5+ 2 ik Kt [A (differentially expressed genes ,
DEG), 1 # 22 5 7 35 IR 1 Ui 1 R 0 A 1 oy
P<0.05,

1.7 FITEEESR

BT X BIZH WA LT HL, 535k
FH tMATS 553 (Shen et al. 2014)Fl1 ABLas 5.1
(Jin et al. 2017; Xia et al. 2017; Liu et al.
2020) 453 Bt 2 1h B A 5T 21 4 2% 5 A i 3 IR g ]
BT

tMATS Al PRI R Al AR BT 5 Bl 2>
TS0 8 F- Bk R (exon skipping, ES). AJZAZ 5%
{3 #5 (alternative 5’ splice site, AS5SS). AJZF 3%
{3 s5 (alternative 3’ splice site, A3SS). W& FI&
4 (intron retention, IR)FMI4M . F H JF (mutually
exclusive exons, MXE).

ABLas .1 ] TOPHAT2 (Trapnell et al.
2009) U BT s, IR 9 FhAIAR BT HSK
T, BISNETBEER(ES) . AIZE 5% s (ASSS).
AR 390 KL(A3SS) . SME T HJF(MXE), Al7E
Ja8F(mutually exclusive 5" UTRs, 5pMXE), HJ
AR || F(mutually exclusive 3" UTRs, 3pMXE),



H5RieX

22 October 2022, 41(10): 1619-1633

Mycosystema ISSN1672-6472 CN11-5180/Q

A 5 o p RIS BT BEER (ASSS&ES) . Rl A2
3" 07 45 AT AM B T BE IR (A3SS&ES) . x4k
+F(cassette exon). BRILZAM, W& FIRE(R)
FIRY ARG ) e 3 el X A 3 B 42 5 4 1) 8 R ik />
AR, A0 E 4 DRI RERE
FIEN IR FF: (1) M N & TR
DM E TR 20%; (2) W& TIRE
ZHRT 1005 (3) MRIEN & TR 58l 38747
BB RPN (4) RERBHALZE
R A AR By e
1.8 EHMBHBWARRALE RFHEEER
EESRANRA TG RN

AW 3 A LB R BT 2T 4k R R
fifk T B PR 20 5] 02 TN D) K SR B ik L xynF T
(endo-1,4-beta-xylanase F1). Ba[47 (A WE I A+ il
F:[H abnC (alpha-L-arabinofuranosidase C)LA K
- Y — BEOK iR [ cbhC (1,4-beta-D-glucan
cellobiohydrolase C). VLS #55#3K-1519 cDNA iy
Bitk, FIA Q5 HIRIT DNA A B fIE Ay 5
PES 181 DXF xynF1 FEK(NCBI 1D :4980082)
abnC F:[R(NCBI ID: 4979546)F c¢hhC FE:[HN
(NCBI ID: 4982491)ilf 1756 sk A 473, PCR
PR 2 IS 1% BRI BE S L UK AR I S, A
SanPrep A1 DNA K [N 5n) & 47 7 Wy 4l

ft., K PCR ;=¥ Yj One step ZTOPO-Blunt/TA
AR (A 5 P B ] B A= iy R BB A PR W e
MR G R i e, 1 8 R #E AL B R A T
DH5a, i bk FHPE o b, FRAG Y P v [ o
BRI 06 A A T AR TR () B 3 A BR 2wk
CRRILNS 2 oan e
1.9 KRERAHEREBREERETERAS ASSS
EHF0 IR EHRIEIE

X FIRBEE R 3 ARGk R KA il AL
xynF1 . abnC Fl cbhC 5y HIEETTEE N & 5 | ik
fFPCR, PCR FEHIZ 3%35 IR IR I H KA 0
S EAREEEIT . (1) xynFI1 FERNE EiE5149
BT 5 MM TS 11 bp ) 32 bp &b, Fiif
ST 7 AN & FIIET 22 bpe (2) abnC 3
(W WS 10 T4 1N RF 95 205 bp 3
225 bp 4k, TSI TR 2 AANEF R
48 bp ) 68 bp &b (3) chhC HERELXFEE 1 NN
TR SANET TRk E T 241514, Heps
1A RIS I F45 1 AN EFRIEE 1 bp B
27 bp &b, 55 LTSI TS 2 MM T
55 82 bp 255 102 bp &b 55 24~ LIS W T27
5 AHNEFRIES 215 bp FE 235 bp 4k, 14>
TSI T4 6 ANINETHIZE 40 bp F4E
60 bp 4t

* 1 BHBARRAYREFREERLRAN RT-PCR 3RS FH =1 8514

Table 1 RT-PCR primers and intron-specific amplification primers for transcripts of Aspergillus niger
lignocellulose degrading enzymes
R4 85 NCBI %42  RT-PCR B|¥))¥%1
Gene name NCBI ID RT-PCR primer sequence (5'—3')
st Tl
Forward Reverse
xynF1 4980082 ATGGTTCAGATCAAGGTAGCTGCA CTAGAGAGCATTTGCGATAGCAGTG
abnC 4979546 ATGCTTTCGTTTGTCTTGCTTCT TCACGCCACAACAGGCCA
cbhC 4982491 ATGTTTAGCCGGATTTACTTTGTCACT TCAAAGGGAAGGATTGGCGT
N T8 Y7 41(5'—3")
Intron spanning primer sequence (5'—3')
xynF1 4980082 ATGAAATCTTCAACGAAGACGG CCAGAAATTCCAGCACCTCCAC
abnC 4979546 GCACTGCCTAACGGATCCATC CGGCTGCCCAGGGTAGAGCTA
cbhC 4982491 ATGTTTAGCCGGATTTACTTTGTCACT GAGAAACGAGGGGCCAGATGG

GCTGTCTAGTGCTGGGTTTGA

CCTTGACATTGCACCAGTCAC

EFR 1623
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2 BRS04

21 KEAHRZEBHEEREARKET
HRIEEF T

KR Y R KR i LR LT 4R W R Y B-71
725 4 15 I (B-glucosidase, EC3.2.1.21). £ 4 —
i 7K fi# Biff (cellobilhydrolase, EC3.2.1.91). W1
# B (endoglucanase, EC3.2.1.4); AW
Z 19 N UK R B i (endoxylanase, EC3.2.1.8) .
B- AW [ (B-xylosidase, EC3.2.1.37). BaJfiffmk
g 4 if# (0-L-arabinofuranosidase, EC3.2.1.55) .
ARSNGB (acety] xylan esterase, EC3.1.1.72)
% (Mach-Aigner et al. 2012); LI X Z Rl Bl
fitf (auxiliary activities, AA)FI—S65 A wAKILA
Wy 4k 4 4% ¥4 3}, (carbohydrate-binding  module ,
CBM)Iias . K Bl CBS513.88 JE[H 4,
B b 56 A~ F2BER BT 241 4 2R A il 2 D T
JREEWFTE (R 2)o

KRl CBS513.88 7 LU A1 Ay ME—fik
RRE IR 2 0 G 4, DI/INEREFE AE—
BRIRIE IR IREA AT 24 WS 4L, X 2 Ak 6
MEAFEAT RNA-seq Fsk@WF . 6 MIFAE
A W (clean data) 5 LA A E] 91%LA |,
H A RCE I E X 21 22 5 R 20 1Y b 4] 4 3 3
1%L L, UEBIARAT I % 3% 21 I Fy 50 T i 4
B5(F S1, # S2). RNA-seq /Miriin, s

CBS513.88 1) 56 /AT £F 2 25 [ ik g I [
A ALANSEEE B T 2R RR, Hd 33 AR
£ WS 4 B, 8 MM, BB SGS T
80.48% (B 1), fHMRXEMNZE, 7 LMERER
FHET S AL 4 DA RBERE R
PIARRWERG L, 55— R 25 4t K il 7R 1 21 2
THOKIREEE D . 2R RBMARTLER
Rof g TR DR /N2 R AR AL IR B3 B RER, X
55 Pullan et al. (2014)BBF 5545 R —5 .
22 AERIEZENAKRAH R EEREERER
AT AR
221 ARIEZEEEHARRTYE REBRIEEE
MR BN E

AWRFEXT FIRVEE B 56 AR LT 4 2 A
BELIH 435 5% H tMATS F1 ABLas 9 Fj 7] 25 87
oy B 5 Bk s dr AR i & 10 AT AR B R

rMATS 472 52T tMATS S5 50 %o 28
% CBS513.88 MiRMiRIEAIF T3 6 MEARMAT
AR BT EE R R IAE i, R )E LUK LL R 35
(likelihood-ratio test)}144 P value 33/~ P4 FE
Ah7E IncLevel (inclusion level)ZK3f F 225,
IncLevel | F§ Benjamini Hochberg 5.7 %} P value
HATAZIEAS 5] FDR A, AT 455 S gl 2 v iy ]
BETEH . tMATS Mg R ER, BihsE
CBS513.88 Bk A 5 21 4 Z W i 1) 56 5L
Hr, A S AN R B TR AR R, Hh G4

*2 ZEME CBS513.88 EFE T FEARRFH R MEEE R
Table 2 Main lignocellulose degrading enzyme genes in the genome of Aspergillus niger CBS513.88

NCBI %5 BLH 2R TR EA 2 A
NCBIID Gene name Gene annotation Family DEG or no DEG
4977095 xg74 Xyloglucanase GH74 Yes

4977345 cbhB 1,4-beta-D-glucan cellobiohydrolase B GH7 Yes

4982202 cbhB 1,4-beta-D-glucan cellobiohydrolase B GH7 Yes

4987438 aguA Alpha-glucuronidase A GH67 Yes

4982491 cbhC 1,4-beta-D-glucan cellobiohydrolase C GHo6 Yes

4985573 cbhC 1,4-beta-D-glucan cellobiohydrolase C GH6 Yes

4987831 abfB Alpha-N-arabinofuranosidase B GH54 Yes

4978177 abfA Alpha-N-arabinofuranosidase A GH51 No

1624 EER
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4982486 abfC Alpha-N-arabinofuranosidase C GH51 Yes
4983621 abfA Alpha-N-arabinofuranosidase A GH51 No

4977614 egl4 Endo-beta-1,4-glucanase A GHS Yes
4982163 eglB Endo-beta-1,4-glucanase B GHS5 Yes
4989072 eglA Endoglucanase A GHS No

4979546 abnC Alpha-L-arabinosidase C GH43 Yes
4980522 bglJ Beta-glucosidase J GH3 Yes
4981203 bglB Beta-glucosidase B GH3 No

4982032 bglG Beta-glucosidase G GH3 Yes
4982244 bglD Beta-glucosidase D GH3 Yes
4983142 bglD Beta-glucosidase D GH3 No

4984238 bgIM Beta-glucosidase M GH3 Yes
4987033 bgIM Beta-glucosidase M GH3 No

4988081 bglG Beta-glucosidase G GH3 Yes
4989339 bgl Beta-glucosidase GH3 Yes
4989375 bgl] Beta-glucosidase J GH3 No

4989921 bglA Beta-glucosidase A GH3 Yes
4977682 xInD Exo-1,4-beta-xylosidase xInD GH3 Yes
4977958 xynAd Endo-1,4-beta-xylanase A GH11 Yes
4978152 xynA Endo-1,4-beta-xylanase A GHI11 Yes
4987596 xyn$ Endo-1,4-beta-xylanase 5 GHI11 Yes
4988056 xynB Endo-1,4-beta-xylanase B GHI11 Yes
4980082 xynF1 Endo-1,4-beta-xylanase F1 GH10 Yes
4980363 bgllB Beta-glucosidase 1B GHI1 Yes
4983612 - Acetyl xylan esterase CE5 No

4983631 - Acetyl xylan esterase CES Yes
4985851 axeA Acetyl xylan esterase A CEl Yes
4980408 - Hypothetical protein CBM63 Yes
4978139 - Hypothetical protein CBMS50 No

4988766 - Hypothetical protein CBM48 Yes
4979015 - Hypothetical protein CBM21 Yes
4988091 eglD Probable endo-beta-1,4-glucanase D CBM1/AA9 Yes
4987123 gun4 Endoglucanase-4 CBM1/AA9 Yes
4988058 - Hypothetical protein CBM1 Yes
4982839 gun4 Endoglucanase-4 AA9 No

4985809 gund Endoglucanase-4 AA9 Yes
4991259 gun4 Endoglucanase-4 AA9 No

4979417 cdh Cellobiose dehydrogenase AA2 Yes
4990292 cdh Cellobiose dehydrogenase AA2 Yes
4978017 abr2 Laccase abr2 AA1 Yes
4977636 abr2 Laccase abr2 AALl Yes
4980364 abr2 Laccase abr2 AAl No

4980991 abr2 Laccase abr2 AAl Yes
4991441 abr2 Laccase abr2 AAl No

4985931 lacl Laccase ARB AA1 Yes
4988595 lacl Laccase ARB AAl Yes
4980971 lac2 Laccase-2 AAl No

4984589 lac2 Laccase-2 AA1 No

EFR 1625
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1 EEHE CBS513.88 WA RALMEMEERAENEHRR THERRIABR  log (WS/G): LBZESR
AR, B logy (WS 4SRN FRIA /G AN R INR), KT 0 FniixtT G4, WS HRHFKAA FiF,
NT 0 Fn AL BRI RN A2 5 B EP )/ T 0.05, #HEARETEES. SOFRRE WS A
o R BOAR BT A R PR BERE DY, KR TE WS AL IR A A 5T 21 4 3R [ R 1A

Fig. 1 Differential expression of lignocellulose degrading enzyme genes in Aspergillus niger CBS513.88 growing
on media with glucose as the sole carbon source (G group) and wheat straw as the sole carbon source (WS group).
log, (WS/G): Reflects the multiple of difference, log, (Expression of WS group/Expression of G group), greater
than 0 means that the gene expression of WS group is up-regulated relative to group G, and less than 0 means
down-regulation. The significant differences (P values) of all genes in the above figure are all less than 0.05, and

all have significant differences. Yellow indicates the up-regulated lignocellulose degrading enzyme genes in the
WS group, and gray indicates the down-regulated lignocellulose degrading enzyme genes in the WS group.

KA AR R A 41>, WS Eln] AR PRl o3 B J7 1 B B85 R X Wos
SRR 74>, PIILE AT AR B He g RE  ABLas 43T Jr A Y AT AR B 4 A DR B R A
PECH 2 3 4N 2), %, ARG A R 5T 2T 4 2% A 18 00 W] BT

ABLas B R T B E b ol S (splice  JERIEE 2 rMATS 4387 7 3646 H BUR 19 2.6 £%
junction)iF 17704, i T HEHhEE CBS513.88 3 LI k.
A F A ERINEFRNS TR XY 222 AEEEEHENKRRSHEZMEMREER
SIS, —dT R T 163 234N BN, e BORT R BIEARE
T RTYI A A B L e B ) A B rMATS . 3:Fll ABLas 8 AG HE 1A
FOFUATSAE . ABLas SMHTZE R R 56 AT ET AR A DR A 22 B 4 s Y
LY R RRMAIEE s, 6 21 ASEE BB T ar S, HRASSHILER 30 X ERERERY 56 A
AR, Hh G AR g REPAER R AL, B 2 RSIA ST AT T
H¥ 13 4, WS 4Lk nAr st msc H oy X 56 MR Al 223745 00 . b KB rp
14 4, WidIE R AT ARSI LB B 6 4 23 A FEE (R — Rkl Hf o] AR 55 452 R e 11
(% 2). PEAE T 20 1 Rl AR B R
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tMATS RJ 72345 /0 4 R R 7E WS A0
G ARA | Mol ARy, Shhh i BkER
(exon skipping, ES), HH WS i 7 4~ ES
HE, 5 2 AW Al AR BEEFR 63.64%, G
AR 4 4~ ES HF, dilk 36.36% (3K 3).

, RETE A
3 20 | Analytical methods of AS
Q
i 5 W 'MATS
% S ABLas
o 15|
# 3
g e
)
2 0f
B 5
=2
H 3 5t
®E
=}
2
=0
WS G Total

2 AMBEZERENAERRETERNENS
KERAL RERBR AT ERNE

WS DL/NZEF5 ATy ol — Bk J7 15 77 00 8 ih &
CBS513.88 Ttk G: LUH4I M b E— B IR IR 1
FAEE CBS513.88 bk, KGR/ KA tMATS 55
LT AT AS BTSSR, AR R ] ABLas 7
o AT A] AR B e g SR

Fig. 2 The number of alternative splicing (AS) genes
of  Aspergillus niger lignocellulose degrading
enzymes cultured under different carbon sources
detected by the two algorithms. WS: A. niger
CBS513.88 strain cultured on medium with wheat
straw as the sole carbon source; G: A. niger
CBS513.88 strain cultured on medium with glucose
as the sole carbon source. Gray represents the AS
results analyzed by rMATS algorithm, and yellow
represents the AS results analyzed by ABLas algorithm.

ABLas A] 25 BT HE A 45 5 i /R E WS ZH I G
HILHBL T 3 FhATAR SRR, 430 ES.
AS5SS Fl IR, WS 4 A 1 3 2] AR By H2 25 1 Ry
IR, IRFMEEN 134, & WS A rA 22 5]
BEA 1 92.85%, 25 IR FHAFM) 14 nl A8 5 2
HOZEAN ASSS, G A RAM AT LY

WS 4AHEL, G AP ARy 328 IR,
A 134, & GHFTA A A BT 92.85%,
Pl 1 A AS SRR RS AL ES (3% 3).

ffFH tMATS S5035 (1) W] A8 B 43 3 i 45 SR S
RSB R AL ES A, (HAR—IRMJE, IRTE
gEH IR, TAE ABLas (90 A8 BTEE T
R T 5 Ee T 92%09 IR 4, HAGHAY IR
BRI 5 T rMATS 9546 H #Y ES £t
2 PP AT AR BT HE o A s R A B RN |
ZRER, AT 2 FEENER, FikBihE
CBS513.88 FYA J51 £ 4t K W A g ik DX 78 2 Fh kil
SRR KA AT AR B S R A AR TS IR
W, TEIUE 2 FVEL AT AR BT ir s S
ATEEME
2.3 HMAIKFRAHEREBRBERTLTE#E
EHHYIEIE
2.3.1 xynFl1. abnC F1 chhC E R AT FHEER
mhE

KT HRUE 2 Bk T AR By H 4 M 4 SR A o
Bk, BEHCT P2 2 3 R 00 N IR SR il 2
xynF1 (NCBI ID: 4980082)F1BulFi7 f1 Wk i b
HEEL abnC (NCBIID: 4979546), VLK £F4
R R LT Y WK @I N cbhC (NCBI ID:
4982491)#H17 RT-PCR ¥ 14, ixX 2 FpB W 7] AR
BRI B)x 3 SR B T Rl AR B
i, 0 2 For BT e SRR AT AR By B R AU R 2
5, Hr tMATS ¥ 7 ik xynFl . abnC Fll
cbhC RAEM BT ES K/, i
ABLas 20t  xynF1 kA= ] 28 i e g
4k ASSS 25, abnC Fl cbhC kA ()R] A8 B 4%
FEEN IR BRIGGE 3).

XM EE CBSS513.88 (1) WS 1Al G 4L
22K BIBREU T M RNA, 3 1% B s b e
LUK #EA T RNA BT kel >R A RT-PCR 43
ST HEEEE xynF1 . abnC 1 cbhC, PCR
FITE 1% B R BHEE RS UK AN R, 43 AR5
T 35K/ 984, 1 019 il 1 468 bp Htr R
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PR 447, 5 ABLas BT B 3L 1Y
A AR BT AR R /N—F(E 3), XF PCR P~ ¥dk4 74k
BRI TA TERE,  FEXTARAS I BRI G AL 71 i
IOAIE, 255 R bR OE R B 1 S w4

xynF 1§ SRS T 55 7 AR Ry AR 50
Ui, abnC B SEYHPREINE] T 1 AN E T
TR EA S ), IXHRYS ABLas B3E T Ay A]
AR —8, HARRIEF rMATS 33 15
) ES 258, FE chbhC FEHPEESEr=Yrh, dA
ME) T ABLas B IR S04, WiRHH
tMATS S 00 ) ES 2R, RNkl P45 2% Bow

IR FH IR K A AE ABLas LG B E 54
W, MRRELES | MNETA.
2.3.2 xynFI. abnC 1 cbhC HEENHZMHRE
Fi 18

N T BRI 3 N HER A AT AR B R
O, X xynFl., abnC #1 cbhC kAR AE B HE 1 X
BT RER N & FEES )i T PCR 9714, 4
BIARAS T K/NA 271, 181 #1217 bp (44
5 (B 4) XTTF xynFI1 FEH, ¥ Y8
RS S AN T RIS 6 N T B IE B BT A

BT ANT TR RE, MANE T

x3 FMEZERHANEME CBS513.88 KR4 R MESEE ML ELR
Table 3 AS types of Aspergillus niger CBS513.88 lignocellulose degrading enzyme genes detected by two

algorithms
NCBI &3¢ %5 FER AR K H tMATS 3 i Al A8 BT fh e & F ABLas 73 M7 F] 28 By RS
NCBI ID Gene name AS types analysed by rMATS AS types analysed by ABLas
WS G WS G
4980363 bgllB - - IR
4980522 bglJ - IR -
4982032 bglG - IR -
4983142 bglD - IR -
4984238 bgIM - IR IR
4987033 bgIM - - IR
4989339 bgl - - IR
4982202 cbhB - - IR
4982491 cbhC ES IR -
4985573 cbhC ES - - -
4989072 egld - ES - -
4977958 xynAd - IR -
4980082 xynF1 ES - A5SS -
4978177 abfA ES ES IR IR
4982486 abfC ES ES - IR
4979546 abnC ES IR -
4983631 - - - IR
4991259 gun4 - IR IR
4980991 abr2 - - IR
4978139 - - IR -
4988091 eglD - - IR IR
4988766 - ES ES IR ES/IR
4987123 gun4 - IR IR

e 7 FOR 3D EEREAKIRR I, X ThRidal A8 B4k
AR R AR BRI, 7 BT

RUMIEREAR 3 MREART 2 1AM, 24 3 DNEE A

Note: “-” indicates that none of the AS type was detected in all 3 replicate samples. Genes marked with AS types mean that the AS

types occurred in at least 1 of 3 replicate samples. When different AS types were detected in 3 replicate samples, separate them with

u/”
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A B C
bp M 1 2 3 bp bp M 1 2 3
5 600 2000 2000
1 500 1500 1500 1 468 bp
1000 10196p 1 000
1000 984bp 750

750 750

3 HAUKFAH RIEMEEEER RT-PCR # #51F%  M: DL2000 marker; 1, 2, 3: 2058 WS 4
) 3 MREAS; A xynF I R ) RT-PCR HLIK K 5 B: abnC FEF ) RT-PCR HLIK & ; C: cbhC FE[H Y RT-PCR
HL UK A

Fig. 3 RT-PCR amplification of typical lignocellulose degrading enzyme genes. M: DL2000 marker; 1, 2, 3:

Three samples in the WS group; A: The RT-PCR electrophoresis image of the xynFI gene; B: The RT-PCR
electrophoresis image of the abnC gene; C: The RT-PCR electrophoresis image of the chhC gene.

B

136 bp 89 bp 24 bp %%bp L I Py
— ﬁ——
bp
30
5
136-89-24-22 300
250
200 51-62-68
150
lllllllk--lllllll llllliik—-—ﬁlllllll
bp M 1 2 3 bp
400 400
350
350
300
300 250
250 31-84-102
200 200
150
E4 HAKRKRAHEZEBEBERNNS FIFSMIEER M: 50 bp DNA ladder; 1, 2 Vi)

WS ZHi 3 MFEA; A xynFI1 FEE ASSS FHAFRAIFEIKIE s B: abnC FEH Y IR $1¢3ﬁﬂ%¥ﬂ<@; C:
chhC RN IR FAECER 1 DNE TIREDBIERLIKIE; D: cbhC FENAY IR SPECER 5 WS T REDEIE
LUK AL R BRI R AT RSN T, LLORERRNE T, S RRNE TS 1Y)

Fig. 4 Intron-specific amplification of typical lignocellulose degrading enzyme genes. M: 50 bp DNA ladder;
1, 2, 3: Three samples in the WS group; A: The validation electropherogram of the A5SS event of the xynFI
gene; B: The validation electropherogram of the IR event of the abnC gene; C: The validation electropherogram
of the IR event (retention of the first intron) of the chhC gene; D: The validation electropherogram of the IR
event (5th intron retention) of the chhC gene. In the schematic diagram, black squares represent exons, red thin
lines represent introns, and arrows represent intron-spanning primers.

RS e o W B A, BHERD T HAFTE cbhC JEH Y, ABLas B3k BoR HAES 5 N
ASSS ﬁﬁélﬁ‘]ﬂ&a%T%%FF(lZI 5A); XMTF abnC G TRAFAEN T TORE, (HY AR BoR

LA T RRER IR A RIERIIL TR LN TR RN S TR, LR SN
T‘ 1 ANE FAMAAEN S TREE 5B); £ &3 BN G TR (& 50).
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A 1 2 3 4 5 6 7 8 9 10
 HHH O HE
xynF1 1 23 4 5 6 7 8 9 10
I IR II'J [
B 1 2 3 4
| — O]
abnC 1 I 2 3 4
I = [ [ ]
C 1 2 3 4 5 6 7
0 H - H - -
cbhC T | 2 3 4 5 6 7
(I I | I [
D i F — ATTF - & FIRE ] A5 5% (5L i,
Exon Intron Intron retention Alternative 5’ splice sites
5 HBARALEZGHREBERNTETEENNRIEE B ERAOILEZA DNA 451y THE: 7]
5 B Bk O 4

Fig. 5 Schematic of alternative splicing patterns of typical lignocellulose degrading enzyme genes. A: xynF1I;
B: abnC; C: cbhC. Upper: The genomic DNA of each gene; Below: Splicing variant.

Zi4 RT-PCR MM FHES MY 145
A Al xynF 1 SERAEAER) ASSS FH 4556 2 FiiE 1k
ABLas /M85 R —3, abnC HENAEAER) IR Fi4F
5 ABLas 325 R —2k, cbhC LA S H B
THWETFAAEREN, (AHLEINE S ABLas 47
Fras RAIE, H 3 AFEHEEA B tMATS 4>
Mras R i ES S5, i IF S35 7% ABLas 04T
(4 T AR B B2 S5 R A
3 it

T 5 IR %) 4 S e A R 2 DA R B 9 )
25 S R BT AT AR BT A IR A R E K22 57
AWF5E R F tMATS H1 ABLas 19 #7230 434 S
B A SO 4T 4 2R A g T R TR 19 T A B 3 15 TG e
S R T S B 4 A 3 R B H i S T AR BT 2 4 2R
FRIFEAAAR, 7E 2B EE CBS513.88 1Y 56 AT
U R, i fMATS 430 k3t
FFEILL ES Ny R BRI 8 AT AR B 3L N, 3
il ABLas Zr#r L3RRI Ll IR S F 2RI
21 ANAJASBYEESEI O T AT AR B T Y

1630 EEIR

HERfME, AW RR IR 3 R TA 4R R
fif B FE R UE1T RT-PCR BiE, 45 /", ABLas
B B xynF1 B ASSS AR RIS N
abnC 4 IR FH /4 HHE RT-PCR FIFBGIE, 1 tMATS
SEVE A B ] AS BT R A IR IR 1E RT-PCR 45
WP IIE, X E/RIET ABLas B k1T A
My ] A e B S . A, R
P& b2 Bk R A% AT AR BY 4 =R g 2SR
F, rMATS K By Al AR By fE g F v BS Oy 8828
A, diH91.81%L4 |, T ABLas £ Hi i A A8 5
PP IR (5 H 71%L0 E, Wi ES AR, Y
H 2 1% (£ S3, % S4), 2w E KA
B IR A 8 LAY AT AR BT 2 3 (MeGuire er
al. 2008; Zhao et al. 2013; Xie et al. 2015; Jin
et al. 2017), 7EEEY IR BT SFL s+
ES MJifT(Xing & Lee 2006; Sammeth ef al.
2008)JE BB S % L, A5 ABLas LA IR
FAE R E WA RS O A 1 B AT AR 55 B2
SELE ALY . I, ABLas BExf &l
AR AT A R A R, RS R
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T ABLas 1Y R 28 BT/ T RIT e

A B AR [R) W R ep B R AR AR [
TENEPAE 95%LL F R IEDR n] B 28 iy A] A8 59 4%
H 4 (Pan et al. 2008); TEHIFGIT Arabidopsis
thaliana W24 42% 03 R AFEAE T 28 B 42 (Marquez
et al. 2012); TiAE BB A & Az v] AR 55 42 () FE [A]
P Sl As 22, B g AR BR IR T Cryptoccus
neoformans . iM% Aspergillus flavus . FIEIR
W K B EESE Magnaporthe grisea FIARZ 8] TH
Fusarium graminearum , C {104 7] 28 B $2 3t
a7 AR 4.3% (277 AR 1.3% (162 3%
). 1.4% (151 DMEPHF 1.7% (231 PEH)
(Loftus et al. 2005; McGuire et al. 2008 ;
Ramani et al. 2011; Zhao et al. 2013), AMF5EA]
AR T 4 R s B A2 CBS513.88 (WS 4H)
oA RS B R B DA 3 486 1>, i BRI
) 23.55% (% S4), SZAIMBFTEAMILL, AIAE
B R AERE RN L. XTREEWRE KB M
02 2 Ak DR 20 B 52 24k 1) L T R A ] A8 BT AR AR
Ryl s, X5 Gehrmann et al. (2016)F) WL A5
— 2.

AT ST 50 500 53 B T T 1 R LA BT 4 3R
ff BTS2 S5 E (WS A1) FIAK J5T 21 4 25 5 fie T B i
ZAE(G H) PRy AR B, 2 R AR ORS
S A 3R A I L DR R 1 AN (] g A AR B
REH . BAE G A BmATE WS 4 Bn] 28
B R AR TUET AR PR BRE AT 71, HAE WS
HHBMATE G AP AR B R e i &R
Wi L A 8>, AE 2 40 R34 th BT AR BT HZ Y
KRELF R BRI A 6 1>, BEADIITIE
SER 3 AN IBUR T4 R BE AR REEL . xynF 1
abnC M cbhC 1 2 41 Hf I B Al AR BTHE A I B0, 22
SHEONRE, 3 DK WS A B ARGy
e, M7E G APpica i, XRS5 AURR
RT-PCR Z{3R . W& T PCR 453 M Fr4s
SRAH B, 3% 7 W] B A Jo 2T 4 2% I S Tl ik
DA ] AR BT AR AN ) AR KSR AP 5,

D] A B Bz ] R AE S g R A o 4T 4 2R R T Y
TR P EA —E WP ER . —2esE
U, AR AR, BFH S AR K
BARMA X, BIERIREIT Y, 8 & 22N
GATR B 11 S A 5L X 1 B 2 2 DRI R sl R AR
Y36 T 2725 (Palusa er al. 2007). 7E AN —
SO K VG T 200 8 T 0 434k A 3 DR ek mT AR
BUEJEA TR 5 (Salomonis et al. 2010), AT
7 1 S R DR A R R O A T AR BT R A L 4]
PEREAE K S T A2 4L, WIESE T Zhao
et al. (2013) KRR 5 H WL R T B S
TEASTR] 00 A2 K S5 F T H B [] B9 AT 728 B8 432 1 491)
R

A AR BT R BUE Y B B 2 AR
B, (HRT AR A A e S AR TP 1
W T IEAT AR IS AR SE I 0, DT 3K S 2
SEASAN HA AH N 1Y) A W) 2 T RE (Vilardell er al.
2000), AHFFEHA ) abnC 3 FFT cbhC
(1) IR ZEAYA] AR By AR R = A T 2 F %505 71 32
s R AR B, Rt 2 Ahal AR BT AR
e TIRE W) o Hofth B A ST 4k 25 A il 2k
PR B A A8 B 4 A R B S " W LA SR R A
A AR EFR DIRE, T AT R (TR OF K
DIRE A A3 ARSI, X 26 0] A8 BY AR I IR AR
TR AT RE & 30 it B b B B AR Jo 4 4 3R R A
syl
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