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Ferulic acid enhances the laccase activity of Dichomitus squalens

WU Jie', LI Jing'¥, LUO Feng'?*’, CHANG Peng"**

1 Chongqing Key Laboratory for Innovative Application of Gene Technology, School of Resources and Environment,
Southwest University, Chongqing, China
2 PUROTON Gene Medical Institute Co., Ltd., Chongqing, China

Abstract: [Objective] To study the effect of ferulic acid on the laccase activity of Dichomitus
squalens and its molecular mechanism, providing a theoretical basis for microbial degradation of
aromatic compounds. [Methods] Ferulic acid was added to the synthetic medium at different
concentrations to investigate its effects on the growth of D. squalens and laccase activity.
Transcriptomic and proteomic analyses were performed to examine the changes in laccase
transcription and protein expression levels induced by ferulic acid. The /cc3 gene was knocked
down using RNAI technology, and the impact on laccase activity and the ability to degrade various
aromatic compounds was assessed. A self-constructed dual-luciferase system based on Gaussia
luciferase and Nano luciferase was employed to identify the core promoter region of the /cc3 gene.
[Results] An appropriate concentration of ferulic acid can significantly enhance laccase activity in
D. squalens. Transcriptomic and proteomic analyses revealed that the transcription and expression
levels of the /cc3 gene were markedly up-regulated under ferulic acid induction. In the /cc3-gene-
knocked-down strain, both laccase activity and the ability to degrade various aromatic compounds
decreased significantly, confirming that /cc3 is a key gene for laccase-related activities in degrading
aromatic compounds in D. squalens. Moreover, the dual-luciferase system successfully identified
the core promoter region of the /cc3 gene. [Conclusion] This study first revealed that ferulic acid
can induce D. squalens laccase activity and clarified the molecular mechanism. It was also proved
that lcc3 is a key gene for ferulic acid-induced laccase activity and degradation of aromatic
compounds in D. squalens. Identifying the core promoter region of /cc3 lays a foundation for gene
expression regulation research, and these findings offer theoretical support for using microbial
laccases to degrade aromatic compounds.

Keywords: Dichomitus squalens; ferulic acid; laccase; lcc3; RNAI1; dual luciferases
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Table 1 Plasmids used in this study

Plasmid Feature Usage Source

pDsV53 P;-Dslcc3 CDS partial-P,,;, G418R lcc3 RNAI Lab stock

pCDS8b Piecsp (-1--1909y"NLUC-Typg, Pypg-GLuc-G418R-T,,, lcc3 promoter analysis This study
pCDS8b1 Piecsp (-1--1 3397 NLuc-Tg,q, Popa-GLuc-G418R-T,,

pCDS8b2 Pieesp (=11 101y"NLuc-Ty, g, Pgyi-GLuc-G418R-T,,,,

pCDS8b3 Pieesp (-1--539"NLuc-Ty,g, Pg,i-GLuc-G418R-T,,,

pCDS8b4 Piecsp (-1--342"NLuc-Tg,g, Pgyi-GLUc-G418R-T,,

pCDS8b5 Piecsp (-1--273"NLuc-Tg,4, Pg,i-GLuUC-G418R-T,,,

1.2 1EFE PRI A e a s . R ER Y . A2 2P

15 X 22U E LRI H YMA fil YMB #5557
F(g/L): BERFEEECY 3.00, FZFHREY 3.00,
A E A A B 10.00, £ 1R 5.00, BifE 15.00
(YMB MRS FRIEATTZN), MKEZZE 1.00 L.
KEZM A 115°C, 15 min, ZFiREF -

15 X 22 AL 5 7 E T AT SC & i F 4
LRI 10.00 g, L-RABE 1.50 g, 44 &
Bl 0.12 mg, KH,PO, 0.46 g, K,HPO, 1.00 g,
MgSO,4+7H,O0 0.50 g, 1 000xTrace elements
2 uL, iR 20.00 g, V% pH £ 6.0, MKEZR
% 1.00 L, KE MR 115°C, 15 min, =il
fitife o

1 000xTrace elements (mg/L): FeCl;-6H,0
5.00, HBO; 0.06, (NH4)¢Mo0s054-4H,0 0.04,
CuSO,-5H,0 020,  ZnSO4-7H,0  2.00,
MnSO,-4H,0  0.10,  CoCl,- 6H,0  0.40,
Ca(NOs), - 4H,0 1.20, MI/KEZ 2 1.00 L, K
B4l 115°C, 15 min, ZIRAEE.

KIGFFRE R IR A LB B33 (g/L): RE A
J 10.00, FERESRECY 5.00, ALY 10.00, B
g 15.00 RIAKE FREEATFZ), MKERFEE
1.00 L, KE&MEHR 121 °C. 15 min, ZERAEL
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Jfie. 4t4=3% B1. DMSO. EDTA. ABTS. [
B A-FREREER . AR R M LR AR I A AR
TAY TR B A R ] FastRNA™
Pro Red Kit Iy H MP Biomedicals 2 7] ;
GoScript™ Reverse Transcription Mix, Oligo(dT)
R R & . GoTug® qPCR Master Mix % 7
% Fl1 Nano-Glo® Luciferase 5 il i 7 £ ¥ 19 A
Promega /N Tl 2xPhanta Max Master Mix 14 [
T b E T AR R By A R A D e B
6 F WA FE PRI AN & A R s R
EYIEAR B A A RA W s 2 )58 DNA 4li4L ]
W) L e Al B SR /)N R B IR
DNA marker 453 W [ b 5% [l 2 18 356 B R A
PR
14 PEBREGSSIER

A R B B R 22 56 R0 2] YMA B SR
B b, 28 °ClGfk 5d, FRRERAMETE TS L 22
FLIR AR 2 S AW E 73509 0.0, 1.0, 1.5, 2.0
F1 2.5 mmol/L FiIZRFR ) SC G hL 3 77 1 (Pt %
A0 FEAT SR . RSB B R i) SC
G NI FRIAE IR, A 3R
2, 28 °CHrEEE# 5 d.
1.5 CREETRMEAN

W22 R AR 5 d JE O R £ R T
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K3t 4h, SRJ5TF 4°C. 12 000xg &> 10 min,
B S BERGE . ABTS kU000 e i il vh v . 76
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1.7 Icc3-RNAi BEHkHIE
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NMDCX0001782,
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{ifi J1] FastRNA™ Pro Red Kit & BUR 7% 5 1
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22 5 RNA, o e 40 6L B TR I RNA
JER4lfE . fdiH GoScript™ Reverse Transcription
Mix . Oligo(dT)iFI &K 2 pug B RNA 5 5% A%
cDNA, # T-80 °C{47. ffi il GoTag® qPCR
Master Mix, BZ il RT-qPCR e Wik &, I #Hliz
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1.9 FEEXEVIREGRERE
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Table 2 Primers used for quantitative real-time PCR

Gene Primer sequences (5'—3")
lec2 F: ACCACAGTCATCTTTCCACG
R: TGAGGGTAATCACGGTCGAG
lec3 F: ATGTCGTCGACCAGTTAACCA
R: GGTACCAGTAGGTGCCAGAC
lec4 F: CATTTCTCCTGACGGCTACTC
R: TCGATGACGTTGAGTTGGAAG
lecs F: AGCTCAATGTCATCGACCAG
R: TCTGCCCAGTTTGTACCATG
lec7 F: CTTGTACGACTTCCATGTCCC
R: CCGTCACAATACTGGGTAGATAG
lecl0 F: CAAACAAGGACATTTCGCCC
R: AGCATGGTCTCGTTCTCAAG
lecll F: ACTGCGACCAGTATCCATTG
R: TGGTCAGGGACGTTGAAATTA
gpd F: ACCCTGCCAACATCAAGTG

R: GGGCGGAAATGACTACCTTC
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FRIFMAE R R, HASH 3 M EYEEE,
28 °CHPEIEFE 5 do BURME 22T 1.5 mL
BEPR 22 il (pH 4.5) ), 1E 4 °CARAF TRz B 7
4h, 4°C, 12 000xg &> 10 min J&5 B i B
it Y ok ABTS 2 0 V% il 0% M O 0 % Tl P
BT 4 °CIRAE

FHZEIBKECH] 50.0 mg/L H 4L (neutral red) .
100.0 mg/L H! 4% (methyl orange) FI 100.0 mg/L
UG 3E £1 (amaranth); F 40% [¥) DMSO Bt i
20.0 mmol/L #Y {4 % M2 (L-tryptophan), 7 ¥ iR
(vanillic acid) F1 4- ¥ 3 W H MR (rrans-4-
hydroxycinnamic acid). K Fc il 4 1) 75 & G L&
VIR IR AE I 200-600 nm (1978 il N #1740
K, e S B R K .

fE 1.5 mL B ff S AR & doim A5 L
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DIK AR LB VR X IR, R 45A 3 M E
Ve E e K ROVARRIR G STE 40 °C/K ik
FTREfR N o BRI E 3 ANEE . S lAE
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S A5 B TG A WA 5 R WS A Ak 1 WO
fE. FEAE YRR AR QPR
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A A X RRALIMOE R, Ay R SEE 2 A
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A EMELZ T 1.5 mL ESRRENZE KT, 4 °C,
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L 10 min JGBUR. 298] Nano-Glo® Luciferase
A 0 32X 5 R e T R ' 3R il A A R BRI )
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2.1 PR AI BHIE S5 XL L ERES
SEMFES
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K75 22 AL TR T 22 R0 T 5 AN TR e 5 Bl R 1R
(0.0. 1.0, 1.5, 2.0. 2.5 mmol/L)J SC & i3
FRHA M AT BB A0 1, 5557 5 d 5 WS TR 24
AREOL(E 1A). Z5R B, A BRIk E
(R38N BT 22 A A 52 B R A g — 2B A
22 1 A B R () 1B), & R 1.0 mmol/L Al
1.5 mmol/L B 2R i 4b P 4 25 45 /= 1 BRI 1
3 75 e B A BT /2 (2.0 mmol/L AT 2.5 mmol/L)
MIREAR 1 XA R . X RIABT B IR 7E — &
W BE 0 Rl X B PR A R E R . 2R G
JE T 22 A IR BTG M, E#E 1.5 mmol/L Fif 4
Iy RN EES 2T ST
22 EXLILE lec3 BREMRERES
FfRiEEZE LA

15 X 22 LA TP BRI A MG 12 > [R]
FEDH R S M A 4R T AT RE VR T e Y RS M
S| AN e P S v O 1 ) g o TR S
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TR MR KB 4 m, BARERE G
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AT BRI 2 H 22 5 KRB R WL LIRS
AP E AT

Wk 3 frn, RS A 7wk, ]
IR S A BB JL K lecl . lec3. lee5. lecT .
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b, 0 lec2. lecd R lec6 I FER KT . ik
BUR 53 KT A8 Ak I 2 1 R S [ lec2. lece3 .
lecd ., lec7. lecl0 Rl lecll, i# 3 RT-qgPCR X H:
WS IKEBEAT I AUE . lec2 A lecll ARAG N 3] B i3
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A B
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— a
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El PEREEXH S 4 FL Mm% KAMINREE 2R, A: ARVEEL0.0. 1.0, 1.5, 2.0, 2.5 mmol/L)fi]
BTS2 AL 2 A KA B: AFRWEEO0.0, 1.0, 1.5, 2.0, 2.5 mmol/L)BIBRAR T 15 L 22 fL
HEAMA T =t (52 R TR 22 AE S RRIVREE(0.0. 1.0, 1.5, 2.0, 2.5 mmol/L)AYB&RAR H7 35 % 34K SC
GG SRR B RS AR AT IR M ARSI E o a by oy ARSI BB RR I BE 2 Z [ 7E ST
T PAFE L 22 5:(P<0.05)0 SRITANOVA S 7 22 53 W B4 7500 43 #7

Figure 1  Effects of ferulic acid on mycelial growth and extracellular laccase production in Dichomitus squalens.
A: Myecelial growth of D. squalens under varying ferulic acid concentrations (0.0, 1.0, 1.5, 2.0, 2.5 mmol/L); B:
Extracellular laccase production by D. squalens under the same ferulic acid concentrations. Mycelia were
cultured on cellophane-overlaid SC synthetic medium plates supplemented with 0.0-2.5 mmol/L ferulic acid for
5 days, followed by photographic documentation and extracellular laccase activity assay. a, b, ¢, d indicate
significant differences among different ferulic acid concentration groups statistically (P<0.05). Data were
analyzed using one-way ANOVA.

*”3 HREMBAREMRBRAREKIES TERREHREBER
Table 3 Differentially expressed laccase genes under ferulic acid induction revealed by both transcriptomic and
proteomic study

Transcriptome Proteotome

Gene ID Gene FA-tpm CK-tpm  FA/CK Regulate FA CK FA/CK  Regulate
177001 lecl 14.41 13.28 1.09 Up 239.84 0 2454 Up
142773 lec2 2.38 4.05 0.59 Down ND ND ND ND
176907 lec3 20.82 13.47 1.55 Up 12 685.80 1525.23 8.32 Up
201365 lecd 19.79 29.85 0.66 Down 11 767.24 9.5876 1227 Up
169869 lecs 8.08 7.76 1.04 Up ND ND ND ND
180464 lec6 4.81 5.45 0.88 Down ND ND ND ND
179829 lec7 24.56 10.09 2.44 Up 480.18 186.87 2.57 Up
67925 lee8 15.13 12.85 1.18 Up 757.44 1 682.96 0.45 Down
105748 lec9 15.08 13.15 1.15 Up ND ND ND ND
173305 lecl0 16.86 9.81 1.72 Up ND ND ND ND
110823 lecll 10.87 5.58 1.95 Up ND ND ND ND
62489 lecl2 4.02 3.13 1.29 Up ND ND ND ND

FA: The ferulic acid induction group (Sample names DsFA 1/2/3/4 in the transcriptome and DsFA 5/6/7/8 in the proteotome); tpm:
Transcripts per million; CK: The control group without ferulic acid (Sample names DsCK_1/2/3/4 in the transcriptome and DsCK_5/
6/7/8 in the proteotome). ND: Not detected.
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Figure 2 Down-regulation of lcc3 gene expression in the /cc3 knockdown strain resulted in decreased laccase
activity. A: Total laccase activities were measured in the wild-type (WT) and lcc3-RNAI strains; B —E: The
mRNA levels of lcc3 (B), lec4 (C), lcc7 (D), and lec10 (E) were quantified by RT-qPCR, with transcription levels
normalized to the gpd reference gene. Statistical significance was analyzed using one-way ANOVA and is
indicated as follows: ns: P>0.05; *: P<0.05; **: P<0.01; ***: P<0.001.
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Figure 3

Effect of ferulic acid induction on the degradation of various aromatic compounds by crude

laccase solutions from Dichomitus squalens. Crude laccase solutions were prepared from the /cc3-RNAi and
the wild-type (WT) strain under conditions with or without ferulic acid induction (+/-FA). A: L-tryptophan
(Trp); B: Vanillic acid (VA); C: Trans-4-hydroxycinnamic acid (CA); D: Neutral red; E: Amaranth; F: Methyl

orange.
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Figure 4 Analysis of the core promoter of /cc3 based on the dual luciferase system. A: Schematic diagram of the
core regions of plasmids containing the /cc3 promoter and its truncants with Gaussia luciferase and NanoLuc
luciferase (NanoLuc: NanoLuc luciferase using furimazine as its substrate; Tg,,: The terminator of D. squalens
gpd gene; Pg,;: The promoter of D. squalens gpd gene; GLuc: Gaussia luciferase using coelenterazine as its
substrate; G418R: The NPTII gene (G418 resistance); Teyn: The terminator of CaMV 35S. The figure is not
scaled); B: Activities of different lengths of the lcc3 promoter, expressed as the ratio of coelenterazine to
furimazine (FA: Ferulic acid. Statistical significance was analyzed using one-way ANOVA. ns: P>0.05; *: P<
0.05; **: P<0.01).
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Table 4 The DNA binding motif of /cc3 core promoter region predicted by TFinder

Motif type Motif sequence Predicted sequence Score adjusted P-value

Individual motif GGGRNYYYCC aatGGATGTTTCCgcg 4219275 8.086 0x107°
tgtGCAGATTCCAgat 3.329 458 1.453 3x1072

PWM HBGCCGGAGRM cgaTCCACCAGCGGaat 3.492 111 3.354 0x107°
tgtTTCCGCGGCATgca 2.834 332 4.059 0107
tttCCGCGGCATGCatc -0.946 578 9.804 0x107
agcTTGACGGCAGCcgt 0.201 673 9.804 0x107
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